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Abstract 

 The goal of this work was to identify the nuclease associated with sperm 

DNA degradation in the sperm and surrounding fluid of the vas deferens and 

cauda epididymis of the mouse.  Earlier work in our laboratory demonstrated 

sperm nucleolytic activity that cleaved chromatin to the size of 50 kbp with Mn2+ 

and Ca2+, which could be reversed using EDTA.  We have named this activity 

Sperm Chromatin Fragmentation (SCF).  The reversible nature and activation of 

SCF using Mn2+ and Ca2+ are hallmarks of the nuclease topoisomerase IIB.  When 

SCF is active for a period of time a different activity is observed that completely 

and irreversibly degrades the sperm chromatin.  We have named this activity 

Sperm DNA Degradation (SDD).  The complete degradation seen in SDD is much 

more pronounced in sperm from the vas deferens and the activity is greatly 

accelerated by the use of EGTA and Ca2+.  We found that this combination causes 

the buffer to become acidic, and it is this acidity that activates the nuclease rather 

than EGTA and Ca2+.  We developed a purification scheme for this nuclease, and 

then identified it as DNAse II, a known acidic nuclease, by Western blot analysis. 

The cauda epididymis and vas deferens act as storage areas for sperm, but may also 

function as a quality control mechanism for defective sperm.  This is suggested by 

the drop in number of defective sperm seen in the cauda epidydimis compared to 

the caput suggesting they are being marked for degradation.  The presence of 
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DNase II in the vas deferens has yet to be described in the literature.  Here we 

present evidence of its presence and activity in the sperm and luminal fluid of the 

male reproductive tract.  
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Chapter 1. Introduction 

 

1.1.  Spermatogenesis 

 The formation of sperm cells begins with the round diploid 

spermatogonium, a stem cell, which differentiates into condensed haploid 

spermatozoa.  This process is known as spermatogenesis and is characterized in 

two stages: spermatocytogenesis and spermiogenesis. 

 During spermatocytogenesis, precursor spermatogonian stem cells remain 

undifferentiated by dividing mitotically and remaining diploid [1,2].  Spermatozoan 

production begins when a round of mitosis produces the primary spermatocyte 

which then undergoes a round of DNA synthesis and genetic recombination of 

meiosis I, resulting in two diploid secondary spermatocytes.  These cells then 

divide to form four haploid spermatids.  Spermiogenesis, the last stage of 

spermatogenesis, begins with the differentiation of spermatids, with the aid of 

Sertoli cells, resulting in the elongation and condensing of the nuclei [3-5].  During 

spermiogenesis the spermatid ejects the majority of its cytoplasm [6-8] while the 

histones of the somatic-like nuclear chromatin are replaced with sperm-specific 

nucleoproteins [4,9-13] which organizes the DNA more tightly and further 

compresses the chromatin.  The increase in chromatin compression has been 

attributed to the replacement of histones with protamines [14-16] which results in 
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a distinctive chromatin organization in spermatozoa [17-20].  Protamine organized 

chromatin forms toroid shaped “doughnuts” which loops in 25 to 50 kb sections 

[13,21,22]. 

 This compaction results in far less DNA being exposed as it is mostly 

hidden within toroids [23] and also is resistant to enzymatic digestion by nucleases 

[24].  The extent of genetic protection provided by the sperm cell has been tested 

in various ways with viability determined by the ability of the sperm nuclei to 

decondense and form pronuclei after injection into an oocyte.  Hamster, mouse, 

and human sperm nuclei were shown to be moderately heat stable:  spermatozoa 

that were treated at 90ºC for 30 minutes could still generate viable offspring when 

injected into oocytes [16,25-27].  Temperatures higher than 90ºC drastically 

reduced this ability.   The viability of mouse and human spermatozoa were also 

tested against sonication and their ability to participate in embryogenesis was 

maintained when injected into the oocyte immediately after sonication [16,28].  

Lastly, the stability of the chromatin was also successfully confirmed after freeze-

drying spermatozoa and injecting into an oocyte. 

 During spermatogenesis, most of the histones are replaced with protamines 

during the morphological changes that occur during spermiogenesis.  The 

presence of too many histones in mature spermatozoa has been linked to infertility 

and interpreted as evidence suggesting defective chromatin repackaging during 

spermiogenesis [24,29-32].  However, recent evidence makes it clear that some 
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histones are required in mature spermatozoa which has been interpreted as 

evidence for the possibility of DNA transcription during early embryonic 

development [33-35].  In either case, however, the points where sperm DNA 

intersects with the nuclear matrix have less protamine bound DNA and therefore 

are more sensitive to DNA manipulation by topoisomerase II-beta and nucleases 

[17,36] or, in the transcriptionally active spermatozoan model, genetic 

transcription [37-40]. 

 

1.2. Chromatin structure in the mature sperm 

 In order to efficiently transfer the genetic information stored in the sperm 

cell to the oocyte, and be readily accessible for replication and transcription, the 

structural organization of the paternal DNA is critically important.  Most of the 

histones in spermatid chromatin are replaced by protamines and the DNA is 

compacted and organized into toroids that are approximately 50 kbps in length 

[41-44] (Fig 1.1).  The majority of the histones are replaced with protamines, which 

are arginine rich and present a positive charge that neutralizes the negative 

phosphodiester backbone of DNA [45,46].  The structure also provides protection 

to the DNA by positioning it inside of the toroid [23,47].  Interestingly, the 

requirement needed for DNA to assume the toroid shape appears to be the 
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Figure 1.1. Histone Solenoid and Protamine Toroid Structures 

 

 DNA is interweaved around histones and packaged tightly in the form of solenoids 
in the nucleus of somatic cells.  In sperm cells the majority of histones are replaced with 
protamines, which allow greater compaction of the DNA and also changes the shape of the 
chromatin to that of a toroid.  The chromatin is attached to specific nuclear matrix 
attachment regions (MAR) by short strands of linker DNA. This DNA is accessible to 
nucleases such as DNase I. 
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neutralization of the molecules’ negative charge as the shape will spontaneously 

form even in the absence of protamines as long as the charge is neutralized by 

divalent cations [23,48].  The secondary organization of the toroid loops takes the 

shape of a package of “lifesavers” [49-51] with each toroid linked and stacked side 

to side.  This provides the maximum protection and also ensures no transcription 

until after fertilization.  Although the majority of sperm DNA is bound with 

protamine, the linking region between toroids is bound by histones.  The current 

data supports a model where the histone-associated linker region represents 

functional genes that are used during spermiogenesis [49,51-53] and early 

fertilization [34,54-58]. This region is also sensitive to nucleases [17,32,57,59-61]. 

 

1.3. Spermatozoan Maturation 

 Spermatozoa exit from the testis fully formed yet immature as they are 

immotile, cannot locate the oocyte, and cannot undergo an acrosomal reaction in 

order to penetrate the zona pellucida of the oocyte.  It is the migration through the 

epididymis where the sperm cell undergoes a maturation process, known as 

capacitation, and exits fully capable of fertilization (Fig. 1.2) [62-69]. 

 The capacitation [56,70-73] of the sperm cell has been the focus of research 

for many years.  Correlations have been made linking sperm cell maturation to 

interactions of the cells with various elements found in the luminal fluid of the  
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Figure 1.2.  Sperm Matures in the Epididymis 

 

 Morphologically complete spermatozoa exit the testis via the efferent ducts and 
enter the initial segment of the epididymis.  The sperm travel through the caput, corpus, and 
accumulate in the cauda of the epidimis.  Sperm also accumulate in the vas deferens.  Sperm 
from the caput are not able to move and cannot fertilize the oocyte.  Sperm from the cauda 
are able to move and can fertilize the oocyte.  There is also nuclease activity detected in the 
cauda epididymis and more so in the vas deferens. 
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reproductive tract.   It has long been recognized that epididymal secretions aided 

sperm cell maturation [65,67,74-76] and aposomes [77-80], apocrine secreted 

vesicles, are a common method of transferring maturation factors to the sperm 

cell.  Unlike classical merocrine exocytosis, where proteins are processed in the 

endoplasmic reticulum followed by the Golgi apparatus and finally translocated 

inside a vesicle to the plasma membrane, during apocrine secretion the protein 

remains in the cytoplasm and is exported by localizing to apical plasma membrane 

protrusions, or blebs, which then pinch off into the lumen.  Prostasomes, prostate 

aposomes secreted [81-85] into the luminal fluid after the vas deferens but prior to 

ejaculation, were identified in semen using fusogenic abilities to transfer proteins 

to sperm cells in-vitro [86-93] yet few proteins were actually transferred when 

measured in-vivo [84,94-96].  Prostasomes were also shown to transfer key lipids 

to the sperm cell [82,83,97,98] with effects on spermatozoan membrane fluidity 

[84,99] and have been shown to interact with sperm in seminal fluid aiding in 

promotion of forward motility and prevention of premature acrosome reaction.  

They also have antibacterial, antioxidant, and immunosuppressive actions 

[17,78,84,95,96,100-102].  As such, prostasomes have set the precedent for linking 

sperm maturation with aposomal interactions. 

 Epididymosomes, another type of aposome, are secreted from the apical 

epithelial layer of the epididymis and are physically similar to prostasomes but 
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enter the luminal fluid before ejaculation and differ biochemically from other 

apopsomes [17,24,103].  Therefore, they are more likely to be related to the normal 

processing of the sperm cell prior to its journey to fertilize the oocyte.  During 

epididymal transit in mice, epididymosomes have been described as exhibiting an 

increase in the plasma membrane cholesterol:phospholipid ratio and a decrease in 

polyunsaturated fatty acids (PUFAs), except sphingomyelin which increases, 

favoring a loss of fluidity [103-105]. Sperm membranes evolved in the opposite 

direction during epididymal transit, with an increase in membrane fluidity 

suggesting the occurrence of a lipid exchange between sperm cells and 

epididymosomes [103,106].  The concentration of sphingomyelin and cholesterol 

increases during transit through the epididymis.  Lipid rafts [107,108]phospholipid 

microdomains of the plasma membrane that also exhibit high sphingolipid and 

cholesterol concentrations, have been found on the surface of epididymosomes 

[93,109,110] and sperm cells.  The rafts, on both epididymosomes and sperm cells, 

present locations where glycosylphosphotidyl-inositol (GPI)-anchored proteins 

attach and are suggestive of the possibility that epididymosomes may contribute to 

the formation of lipid rafts on sperm cells [103,111]. 

 Differences in protein composition contained by epididymosomes from the 

caput and cauda have been described in the bovine model [112-115].  Evidence for 

the gain of zona pellucida binding function has been suggested with the presence 

of caput-derived P25b (zona pellucida binding protein that attaches to the outer 
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sperm membrane with a glycosylphosphotidyl-inositol anchor) [91,104,113,116] and 

cauda derived HSP90B1 (chaperone for zona pellucida receptor protein) [113,117].  

Protein P25b also has murine and hamster orthologues, SPAM1 (sperm adhesion 

molecule 1) [116,118,119] and P26h [120-122], respectively.  Additionally, 

epididymosomes from the caput or cauda epididymis have been biotinylated and 

incubated with sperm from either the caput or cauda epididymis showing that 

proteins transfer from caudal epididymosomes to both caput and caudal sperm in 

the same pattern, but biotinylated caput epididymosomes transfer protein 

differently to caput sperm compared to caudal sperm, further suggesting that 

protein transfer occurs in a serial manner and has been correlated with sperm 

maturation during transit through the epididymis [113,123]. 

 After maturation, sperm cells exit the cauda epididymis and enter the vas 

deferens, which is thought to act as a general reservoir for mature spermatozoa. 

Extensive research has yet to be done regarding the occurrence of similar 

aposome/spermatozoan activity in the vas deferens.  It has been shown, however, 

that the vas deferens also has apocrine activity in the production of a protein 

called MVDP (mouse vas deferens protein), an aldose-reductase present in the 

cytoplasm of epithelial cells and the luminal fluid [124,125] (however, it was 

recently shown that when MVDP was knocked out in mice the protein was not 

necessary for sperm maturation [126,127]).  The vas deferens also secretes steroids 

and removes excess water from the luminal fluid [17,128]. 
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1.4. DNA degradation during Apoptosis 

 Apoptosis, or the genetically planned death of a cell, has been studied for 

many years [1,129] and has traditionally been described as morphologically 

different from necrosis.  Apoptosis begins with cell shrinkage due to the 

fluctuation of osmotically active ions, such as K+, Na+, or Cl-, followed by 

detachment from the extracellular matrix.  With focal adhesion points gone, the 

cell undergoing apoptosis then assumes a round shape [17,130].  The detachment of 

the plasma membrane from the cytoskeleton follows next giving rise to membrane 

protrusions, or blebbing.  The apoptotic cell then undergoes condensation in 

which multiple invaginations of the plasma membrane pinch off into sealed vesicle 

compartments.  The nucleus is also pinched off into its’ own compartment where 

nuclear condensation proceeds with the disassembly of the nuclear matrix, nuclear 

lamina, and the aggregation of chromatin.  The DNA is cleaved into 200 bp 

segments by caspase activated nucleases (CAD/DFF40/CPAN) [37,39,40] and 

topoisomerase II.  The DNA is also cleaved at internucleosomal regions by 

topoisomerase II (independent of caspase) [6] as well as nucleases associated with 

topoisomerase II such as CAD/DFF40 [131,132].  Finally, the compartmentalized 

vesicles (apoptotic bodies) are phagocytosed by macrophages and non-

professional phagocytes.  These characteristics separate apoptosis from necrosis, 

which does not share the same traits and is visibly distinct from apopotosis, as 
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necrosis involves the swelling of the cell along with the loss of membrane integrity.  

This ultimately leads to cell lysis and surrounding tissue inflammation. 

 Even though the events are morphologically distinct, it has been suggested 

that apoptosis and necrosis are extreme forms of cell death.  The signaling 

involved in apoptosis can be moderated to different strengths giving rise to cells 

which exhibit both morphologies [133].  As such, it may not be surprising that the 

machinery used for apoptosis is also used for other purposes as well, such as 

embryonic development [134], and more specifically, the development of germinal 

cell lines [135] like spermatozoa [136-140].  As such, it has been observed that 

nuclease activity is not restricted strictly to the cellular compartment.  Nucleases, 

like DNASE1L3, have been described in extra-cellular seminal fluids [41,141] outside 

of the sperm cell. 

 

1.5.  Role of Topoisomerase II in Apoptosis 

 Due to the amount of chromosomal DNA that needs to be synthesized and 

organized during cellular division a detangling tool that prevents entanglements 

during the manipulation of DNA is required.  Topoisomerase II operates in this 

context by creating a temporary covalent bond with DNA and then a temporary 

double-strand break allowing for DNA manipulations without entanglements, 

which is then followed by re-ligation [142]. The size of chromosomal DNA 
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fragments created after a topoisomerase II excision have been repeatedly measured 

between 50 and 100 kbp, and the site of the excisions are localized to the 

internucleosomal linker regions.  The size of the DNA fragments and points of 

excision in cells induced to apoptosis [143,144] also coincides with those of cells 

undergoing cellular division.  Further investigations into the nature of 

topoisomerase II have led to the conclusion that the enzyme is also active and 

functioning during apoptosis [1] as well as neuronal development [3,5].  During 

apoptosis these regions of DNA are bound by topoisomerase II, histone H1, and 

HMGB1/2 which stimulate caspase activated DNase (CAD) resulting in the 

production and digestion of high molecular weight (HMW) DNA fragments that 

correspond in size to chromatin loop domains [6,8]. 

 

1.6.  Apoptosis in Spermiogenesis  

 The same protein tools used during normal apoptosis have been identified 

during spermiogenic development in the testis.  During spermiogenesis the Sertoli 

cells induce normal apoptosis in 50-60% of germ cells during spermatogenesis as 

the primary spermatocytes enter meiosis I, marking them with Fas leading to 

apoptosis and phagocytosis [9,11-13].  Many of the enzymes active during apoptosis, 

including topoisomerase II, have been shown in spermatids undergoing 

differentiation [14,16] as well as in fully formed sperm cells taken from the 

epididymis or vas deferens [17].  During spermatocytogenesis caspase activated 
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proteases, ribonucleases, and nucleases are used to digest unnecessary parts of the 

developing round spermatid leaving an oblong, fully formed sperm cell. 

 However, the efficiency is not perfect and some Fas-marked germ cells 

appear later as mature sperm bearing Fas markers along with abnormal genomic 

quality [13,21].  Even when leaving the testis, before entering the epididymis, some 

sperm have been shown to contain double-strand DNA breaks [16,25,27].  It has 

been suggested that DNA breaks seen in mature sperm chromatin may be the 

result of incomplete religation of spermatid chromatin during elongation in 

spermiogenesis [16].  DNA breaks can be artificially induced in mature 

spermatozoa by activating endogenous nucleases [24,29,31,32].  In species where 

DNA breaks are found, they have been correlated to infertility in males [33].  It has 

been hypothesized that in some species spermiogenesis has evolved to increase 

sperm production rate at the expense of quality, increasing genetic mutations [36] 

and which may explain the regularity of un-religated DNA breaks. 

 

1.7.  Nuclease Activity 

 Nuclease activity, which occurs during the end stages of apoptosis, can be 

activated under various conditions.  Typical means include caspase 

(CAD/DFF40/CPAN) [37,39,40] as well as ionic flux activation [41].  Ion induced 

nuclease activity has been observed in model systems ranging from plants and 
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bacteria to human cells.  Plant systems have been shown to exhibit calcium and 

magnesium dependent nucleases in apoptotic cells.  Extracts from plant cells 

undergoing apoptosis where able to trigger DNA fragmentation and apoptotic 

morphology in human cells [45]. 

 As the initiation of apoptosis relies in part on the fluctuating concentrations 

of ions, ion channels of the mitochondria help control apoptosis by regulating the 

ion concentration in the cytosol.  This, in turn, regulates the activity of proteases 

and nucleases.  These ion channels also regulate the release of apoptogenic factors 

from the intermembrane space to the cytosol [48]. 

 Rat nuclease DNase gamma, and it’s human homologue DNAS1L3 [49,51], 

are calcium/magnesium dependent nucleases which have been extensively 

documented in somatic cells, localized in the nucleus, and associated with 

reproductive cells.  Both enzymes cleave DNA in nucleosome segments.  

Additionally, the sequence of DNase gamma is 45% similar to DNase I and Dnase 

X [49,51], therefore it has been suggested that DNase gamma and DNAS1L3 are 

part of the DNase I family as the amino acid residues associated with DNA 

catalytic hydrolysis are conserved.  An important difference between DNase 

gamma and DNase I lies in the location of activity; DNase gamma is found in the 

nuclear fraction while DNase I is secreted outside the cell.  The precursor region of 

DNase gamma suppresses activity while two sequences localize the protein to the 

nucleus.  On the other hand, the precursor region of DNase I is hydrophobic which 
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is suggestive for extracellular secretion [55,58].  DNAS1L3, a type of DNase I, has 

also been associated with sperm development [17,32,60,61]. 

 

1.8. Acidic Nucleases 

 Most nucleases require divalent metal cations for activation and feature two 

identical subunits used for double strand cleavage. The proposed mechanism 

involves the first metal cation coordinating a water molecule that performs a 

nucleophilic attack on the scissile phosphate to displace the 3'-leaving group, 

which is stabilized by the second metal cation [63,66] and the same occurs on the 

other subunit [70,73].  Of the DNA digesting class of enzymes there is a subset that 

do not require any metal and are known as metal-ion-independent DNases. 

 These non-metal cation activated nucleases belong to the phospholipase D 

(PLD) superfamily and use a different mechanism for cleavage involving 

phosphodiester bond hydrolysis in a two-step mechanism [54,56]. All PLD 

nucleases operate using two identical HxK motifs in the active site [59] which in 

some enzymes may be monomeric and located on the same protein, such as 

human tyrosyl-DNA phosohdiesterase 1 [62,64], or are each located on two homo 

dimers that are combined at the active site when joined, such as restriction 

endonuclease Bfil [56,71]. 
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 Acidic nucleases catalyze the DNA cleavage reaction in two-steps to 

generate 5’-phosphate and 3’-OH cleaved DNA.  The proposed mechanism involves 

the histidine in each HxK motif catalyzing the nucleolytic reaction by acting as a 

nucleophile and attacking the scissile phosphate forming a covalent 

phosphohistidine intermediate bond while the other histidine acts as proton 

donor/acceptor stabilizing the reaction [74]. 

 This catalytic mechanism is conserved in the PLD family and is used on 

phospholipids, DNA, and phosphorylated proteins [77].  DNase II, a nuclease 

contained in the lysosomes of macrophages, is a member of the PLD family and is 

one of the early documented nucleases, in the late 1940’s, named “acid DNase” [81] 

with ubiquitous  tissue distribution [86].  It is normally activated by low pH in 

macrophages after engulfing apoptotic cells during apoptosis [94].  This effect can 

be physiologically induced using HMA (hexamethylene amiloride), which 

decreases intracellular pH by inhibiting the Na-H exchanger [97].  The loss of 

DNase II is lethal at the embryonic stage [99]. 

 

1.9.  Sperm Chromatin Degradation by Topoisomerase II And An As Yet Unidentified 

Nuclease 

 The role of topoisomerase II has been well documented in somatic cell 

division and apoptosis.  Its activity has been observed in sperm cells as well.  In 
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spermatozoa, topoisomerase II cleaves DNA in similar fashion as in the somatic 

cell followed by a full degradation of DNA from other nucleases when incubated 

with manganese and calcium [17].  The cleavage site taken by topoisomerase II 

resides on nuclease-sensitive sites where DNA attaches to the nuclear matrix 

[17,24].  The spatial location of the other nucleases resides on (or is closely 

associated with) topoisomerase IIB [104,105]. 

 A current method for studying sperm/oocyte interactions during 

fertilization involves placing sperm nuclei, as is or altered according to 

experimental design, directly into the oocyte, in a process known as ICSI 

(intracytoplasmic sperm injection) [106].  What follows next (normally 

decondensation of chromatin DNA followed by replacement of protamines with 

histones [107], formation of paternal and maternal pronuclei, and finally zygotic 

cell division [109,110]) determines whether or not the alterations to the sperm 

nuclei were critical for fertilization.  The minimum requirements for pronuclear 

formation under experimental conditions require the nuclear matrix with 

accessible DNA still attached [111].  Interestingly, if topoisomerase IIB is activated 

to digest DNA in the sperm nuclei prior to ICSI, paternal pronuclei develop but no 

DNA synthesis occurs. As in somatic cells, other nucleases seem to become 

activated by topoisomerase IIB after excision if the DNA is not re-ligated within a 

set period of time, resulting in full DNA digestion.  When topoisomerase IIB is 

activated in sperm taken from the epididymis, more time is needed before full 
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digestion occurs in contrast with sperm taken from the vas deferens, where less 

time is needed prior to full DNA digestion [112,114,115].  As sperm taken from the 

vas deferens initiates full DNA degradation earlier than from the epididymis 

suggests that more nucleases are present and perhaps are imported into the cell as 

it waits in the vas deferens prior to its journey to fertilize the zygote. 

 

1.10. Identification of a Nuclease Activity in Epididymal and Vas Defens Luminal Fluid 

 In this section we will review prior data from our laboratory that provides 

the foundation for the project to be described.  We found a nuclease present in 

mouse spermatozoa, as well as in the surrounding luminal fluid from the vas 

deferens, which digests chromatin in conjunction with topoisomerase II that 

requires Mn2+ and Ca2+ for full activity.  As we isolated an extract containing the 

activity, we found that the nuclease requires incubation in EGTA, and then in Ca2+ 

to become activated, and so we termed the nuclease EAN (EGTA Activated 

Nuclease).  We hypothesized that EAN could become activated through one of 

three pathways: (1) EGTA initiates a cell-signaling pathway resulting in the 

activation of EAN, which then requires Ca2+ to digest DNA; (2) EAN is inhibited by 

a Ca2+ binding protein and EGTA releases EAN from inhibition, then additional 

Ca2+ activates EAN to digest DNA. (3) EGTA chelates an unknown divalent cation 

(not Ca2+) that inhibits EAN, and EAN requires Ca2+ to digest DNA. 
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 I tested these possibilities using a plasmid-based assay in which the soluble 

fraction from the vas deferens luminal fluid (enriched for EAN) was mixed with 

plasmid DNA and molded into agarose plugs.  With EAN and its substrate, DNA, 

in agarose plugs we could expose them to different conditions to determine the 

effects of EGTA and Ca2+ on EAN.  The buffers contained 50 mM Tris, pH 7.5, 100 

mM KCl (TKB).  When the plugs were first incubated in EGTA (10 to 30 mM), then 

in CaCl2 (1 to 10 mM), the plasmid DNA was digested. If either EGTA or Ca2+ was 

omitted, the DNA remained intact, verifying that the presence of both EGTA and 

Ca2+ was required for EAN activity. 

 Understanding the combined action of EGTA and Ca2+, we incubated plugs 

in EGTA, and then in buffer alone to remove the EGTA, then incubated in Ca2+, we 

found that there was no DNA digested.  When plugs were incubated in EGTA, 

then buffer, then EGTA again, then in Ca2+, there was EAN activity and the DNA 

was digested. 

 All three possibilities described above were inconsistent with these results 

because the EGTA and Ca2+ treatments should not have reversed either a complex 

cell-signaling pathway or reintroduced an extracted cation.  We then looked into a 

fourth possibility, that EAN was activated by the presence of EGTA and Ca2+ in the 

same buffer.  We incubated the plugs in a single buffer containing 2.5 mM EGTA 

and 2 mM Ca2+ that resulted in DNA digestion.  Under these conditions most of 

the Ca2+ is chelated by EGTA leading us to the possibility that free Ca2+ was not 
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responsible for nucleolytic activity, instead chelated EGTA was activating EAN.   

This suggests that a novel nuclease has been found in the mouse epididymis and 

vas deferens and that we can further characterize it using its unique activation 

requirement. 
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Chapter 2.  Results I: A novel nuclease activity that is 

activated by Ca2+ chelated to EGTA. 

 

This work has been published in Systems Biology in Reproductive Medicine 55:193-

199, 2009. 

2.1. Introduction 

 There are several different types of enzymes in the cell that degrade DNA, 

collectively referred to here as nucleases.  They are involved in a host of functions 

from DNA repair to apoptosis, and are required for proper cell function [104,116].  

Most of the nucleases so far identified, with few exceptions, such as prokaryotic 

exonuclease VII [117], and DNase IIα [116,119], require divalent cations as cofactors 

for activity, and are inhibited by EDTA and EGTA, which chelate the cation 

cofactor.  The prototypical enzyme of this group is deoxyribonuclease 1 (DNase I), 

originally isolated from the bovine pancreas [120].  DNase I is a 32 kd protein that 

requires Ca2+ and/or Mg2+ for activity, and is completely inhibited by EDTA or 

EGTA [123].  Both DNase I and DNase IIα are inhibited by Zn2+ [124].  It has been 

proposed that the use of metal cations by metal cation dependent nucleases is 

required for substrate specificity. The notable substrate specificity of particular 

base-pair sequences and/or single or double-strand structures are examples of this 

in nucleases, polymerases, and also in the high copy fidelity of RNA/DNA 
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polymerases [126].  The current hypothesis for the mechanism of action consists of 

the first cation functioning in the role of nucleophile formation while the second is 

needed for transition state stabilization [126]. 

 We have recently found evidence for an apoptotic-like degradation of DNA 

in mature mouse spermatozoa [17].  Upon incubation of spermatozoa with Mn2+, 

sperm chromatin is first degraded to 50 kb fragments that can be religated with 

EDTA, a hallmark of reversible Topo2B cleavage [1].  With further incubation, the 

sperm DNA is more completely degraded in a typical nuclease digestion pattern 

that is not reversible [17].  In later studies focusing on the nuclease step of this 

sperm DNA degradation, we demonstrated that the sperm nuclease could be 

activated by pretreatment with EGTA followed by incubation with Ca2+ [2,60].  In 

this work, we tested the role of EGTA in activating the sperm nuclease.  

 

2.2. Materials and Methods 

2.2.1. Animals 

 Male B6D2F1 (C57BL/6J X DBA/2) mice were obtained from the 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 Resources National Research 
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Council (DHEF publication 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. 

 

2.2.2. Preparation of Extracts 

 For extracts from the vas deferens or epididymus, mice were sacrificed 

using carbon dioxide asphyxiation followed by cervical dislocation.  A schematic 

diagram for the isolation of the vas deferens extract is shown in Figure 2.1.  The 

epididymis and/or vas deferens were excised and fluid from the epididymis and/or 

vas deferens gently extracted, using tweezers, and diluted to a concentration of 

approximately 108 spermatozoa/ml in 25 mM Tris, pH 7.4, 150 mM KCl buffer 

(TKB) and kept on ice.  Extracted fluid from the epididymis and/or vas deferens 

was centrifuged at 2,000 x g for 2 minutes at room temperature.  This gave rise to a 

pellet consisting of sperm cells, which was reconstituted in TKB.  The resulting 

supernatant, Sup A, was centrifuged at 36,000 x g for 10 minutes at 4º C giving rise 

to two subfractions, the supernatant, Sup B, and pellet, Pel B.  Sup B was used for 

the size fractionation experiments for which large amounts of enzyme were 

required (Figs. 4 and 6). The Pel B, thought to contain vesicles, was reconstituted 

in TKB, frozen at -80º C, then thawed to disrupt vesicle membranes then  
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Figure 2.1.  Schematic diagram of the isolation of the sperm nuclear extract 
used. 
 

 

 
 

 Fluid extracted from the vas deferens was diluted in buffer.  The suspension was 
centrifuged at 2,000 x g for 2 minutes at room temperature (RT).  The luminal fluid 
remained in the supernatant, Sup A, while spermatozoa separated to the pellet, Pel A.  The 
SupA was then centrifuged at 36,000 x g for 10 minutes at 4ºC.  The resulting luminal fluid 
supernatant, Sup B, was aspirated while the luminal fluid pellet, Pel B, was resuspended in 
the same volume of buffer and was kept frozen at ‐80ºC overnight.  Pel B was then thawed 
and centrifuged at 36,000 x g for 10 minutes at 4ºC.  The resulting supernatant, Pel B‐ 
Supernatant, was aspirated while the resulting pellet, Pel B‐Pellet, was resuspended in the 
same volume of buffer. 
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centrifuged again at 36,000 x g for 10 minutes at 4º C, giving rise to the 

supernatant, designated Pel B-Sup, and pellet, designated Pel B-Pel.  Pel B-Sup was 

the fraction with the highest concentration of CEAN activity, and used for 

experiments that characterized the activity of CEAN (Figs 2.2, 2.3 and 2.5).  

 For extracts from the liver and brain, mice were sacrificed as above, and the 

liver or brain was excised separately.  Each were homogenized in 0.5% TX-100 in a 

homogenizer, centrifuged at 3,000 x g for 10 minutes, then centrifuged at 20,000 x 

g for 10 minutes at 4ºC. The supernatants of both were analyzed for activity. 

 

2.2.3. Size fractionation of Extracts 

 Samples were further fractionated according to size using Vivaspin 500 

spin-tubes.  Approximately 300 µl of sample was centrifuged through a 100, 50, 30, 

10, or 5 kDa filter at 13,000 x g for between 10 to 40 minutes at 4ºC.  In order to 

clean the retentates, they were resuspended with approximately 500µl TKB and 

centrifuged three times until eluent fully removed from retentate. Retentate then 

resuspended in 300µl TKB. 
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2.2.4. Nuclease Assay 

 Plasmids for the nuclease assay were prepared using a CompactPrep 

Plasmid Midi Kit (Qiagen, Catalog Number 12743).  Midi Kit Plasmid procedure 

was followed resulting in the harvest of purified plasmid DNA (0.51 µg/µl).  

Nuclease activity was activated by incubating approximately 3 µl of one of the 

various sperm, liver or brain preparations described above in a total of 20 µl of TKB 

with 0.624 µg plasmid DNA supplemented with divalent cations (Mn2+, Ca2+, Zn2+, 

or Cu2+) and/or EGTA.  The reaction was incubated at 37ºC for 15 minutes to 2 

hours.  Cation and EGTA concentrations varied from 2.5 mM to 50 mM in TKB.  

Evidence of activity was measured by visual detection of digested plasmid DNA 

separated by electrophoresis on 0.05% ethidium bromide 1% agarose gel. 

 

2.3. Results 

2.3.1. Nuclease Activity Requires both EGTA and Ca2+ 

 To study the nuclease activity in sperm extracts, we developed a plasmid 

based assay for DNA degradation [4,60].  A schematic of the isolation of the vas 

deferens extract used in these studies is shown in Fig 2.1.  The enzymatic activity of 

the nuclease described below was present in all fractions, but highest in Sup A and 

Pel B-Sup.  Pel B-Pel also contained nuclease activity, but required treatment with 
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the non-ionic detergent to release it (data not shown).  This is consistent with our 

previous report that the sperm nuclease was sequestered in small vesicles in the 

vas deferens fluid surrounding the spermatozoa [7,60]. 

 We used a plasmid based assay to determine the role of EGTA in the 

activation of the nuclease.  As a control, we incubated the plasmid with four 

divalent cations, alone, and with each cation in the presence of EGTA in the 

absence of tissue extracts.  None of these conditions caused DNA degradation (Fig. 

2.2A).  We next incubated plasmid DNA with the vas deferens sperm extract (Pel 

B-Sup) in the presence of varying concentrations of EGTA and divalent cations.  

We found that Ca2+, Cu2+, Zn2+ or Mg2+, alone, did not activate nuclease activity in 

the vas deferens extract (Fig. 2.2B lanes 2 and 12, and Fig. 2.2C, lanes 2 and 7).  

Mn+2 alone did activate a nuclease activity in the extract (Fig. 2.2B, lane 7).  We 

cannot yet establish whether this activity is the same nuclease that requires both 

EGTA and Ca2+ or a different nuclease in the extract.  Therefore, for the rest of the 

work we used Ca2+ as the divalent cation, which exhibited no activity alone.  The 

nuclease activity that required EGTA and Ca2+ disappeared when the extract was 

boiled, suggesting the activity depends on a protein. 

 When the plasmid was incubated in the presence of both EGTA and either 

Ca2+, Zn2+, or Cu2+ the plasmid was digested (Figs. 2.2B and C).  For all  
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Figure 2.2.  Nuclease activity requires both EGTA and a divalent 

cation.  

 
 (A) Plasmid DNA was incubated with 2.5 mM Ca2+, Mn2+, Cu2+, or Zn2+, with or 
without 2.5 mM EGTA, as indicated, without vas deferens extract, for 1 hr at 37ºC.  (B and C)  
Plasmid DNA was incubated with vas deferens extract (Pel B Sup) in the presence of varying 
concentrations of EGTA and divalent cation for 1 hr at 37ºC, as indicated. In all figures, grey 
boxes indicate that EGTA or the cation was not added to the sample.  Lane M contains 
molecular weight markers. 
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combinations, the lowest concentration of chelators and cation was 2.5 mM, 

although Ca2+ exhibited some activity at 1.25 mM.  For these cations, the nuclease 

activity depended on the presence of both the chelators and the cation.  Mg2+, one 

of the most common cofactors for nucleases, did not activate the nuclease either 

by itself or in the presence of EGTA (Fig. 2.2C, lanes 7 – 11).  These data indicated 

that the nuclease activity required the presence of both EGTA and a divalent 

cation. 

 

2.3.2. The Nuclease Activity Requires EGTA Chelated to Ca2+  

 The fact that the nuclease activity required the presence of both EGTA and 

Ca2+ suggested the possibility that it was the chelated complex that activated the 

enzyme.  Furthermore, because EGTA and Ca2+ alone did not degrade DNA (Fig. 

2.2A, lane 2) but required the presence of the sperm deferens extract (Fig. 2.2B, 

lanes 3 - 6), it was probable that both chemicals activated the enzyme.  We tested 

this by incubating the vas deferens Pel B-Sup with varying combinations of EGTA 

and Ca2+.  EGTA chelates Ca2+ in a 1:1 ratio under normal conditions [4,10,145].  One 

possible mechanism by which EGTA might activate the nuclease was that EGTA 

was removing an inhibitory cation, which then allowed Ca2+ to bind to the 

nuclease.  To control for this possibility, we tested the nuclease activity in 

concentrations of Ca2+ that were up to 16-fold excess of the EGTA (Fig. 2.3, lanes 6  
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- 8).  Under these conditions, all the EGTA would be expected to be saturated in 

the chelated form.  We found that with excess Ca2+, the enzyme was still active, 

suggesting that EGTA was not removing an inhibitory cation.  We also found that 

the enzyme was active when the extract was incubated in the presence of excess 

EGTA (Fig. 2.3, lanes 9 and 10).  Under these conditions, there is no free Ca2+, 

suggesting that free Ca2+ was not activating the enzyme.  The enzyme was 

inhibited by an 8 fold excess of unchelated EGTA to chelated EGTA (Fig. 2.3, lane 

11) suggesting that when free EGTA is present in high enough concentrations it 

may compete with chelated EGTA to inhibit nuclease activity. 

 These experiments suggest that the nuclease requires chelated EGTA for 

activity, and does not require free Ca2+.  We therefore term this nuclease CEAN, for 

Chelated EGTA Activated Nuclease. 

 
2.3.3. EGTA-Ca2+ Activation of CEAN is Reversible 

 To further test the role of EGTA in activating CEAN, we next tested whether 

EGTA-Ca2+ activation of CEAN was reversible.  If EGTA-Ca2+ activation of CEAN 

was irreversible, it might suggest that the chelator initiates a signal pathway that 

results in enzymatic activation that may include phosphorylation or defined 

proteolytic degradation.  However, if the EGTA-Ca2+ activation was reversible, it 

would be more likely that the chelator acted as a direct cofactor.  To test this, the 

vas deferens extract Sup B was incubated with EGTA, Ca2+ and plasmid DNA, and  
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Figure 2.3.  Nuclease activity requires Ca2+ chelated to EGTA. 

 

 
 
 Plasmid DNA was incubated with vas deferens extract with varying concentrations 
of EGTA and Ca2+, as indicated.  Lane 1 is a control with no vas deferens extract, and lane 2 is 
a control with extract (Pel B Sup), but no EGTA or Ca2+.  Lanes 3 and 4 contain extract and 
EGTA or Ca2+, but not both.  Lane M contains molecular weight markers.  Grey boxes 
indicate that EGTA or the cation was not added to the sample. 
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then centrifuged in a microtube containing a 10-kDa filter to remove the EGTA-

Ca2+ from the enzyme.  The less pure Sup B fraction was used because the larger 

total amount of CEAN activity that was present was needed for spin columns. The 

retentate was then resuspended in buffer without EGTA or Ca2+ and tested for 

nuclease activity.  As shown in Fig. 2.4, lanes 3 and 4, the CEAN digested the DNA 

before centrifugation but stopped when EGTA-Ca2+ was removed.  When EGTA-

Ca2+ was added back to the reaction, the nuclease digestion again proceeded (Fig. 

2.4, lane 5).  Adding EGTA only or Ca2+ only to the vas deferens extract, and then 

adding Ca2+ or EGTA, respectively, after centrifugation also failed to activate the 

nuclease (Fig. 2.4, lanes 6, 7, 9 and 10), and only when both EGTA and Ca2+, 

together, were added did the reaction proceed (Fig. 2.4, lanes 8 and 11).  As a 

control, we performed the same experiment with purified DNase I and Mg2+, and 

demonstrated that removing the Mg2+ from the buffer inhibited the activity, but 

adding Mg2+ back reactivated the nuclease (Fig. 2.4, lanes 12-15).  These data 

support the hypothesis that Ca2+ chelated to EGTA binds directly to the CEAN as a 

cofactor. 



 

 
 
 

33 

Figure 2.4.  Removal of EGTA-Ca2+ from the nuclease reaction by 

size filtration centriguation. 

 
 Lane 1, control with plasmid DNA, only.  Lane 2, control with vas deferens extract 
(Sup B) and plasmid DNA with no EGTA or Ca2+.  Lane 3, vas deferens extract incubated with 
EGTA and Ca2+ and plasmid DNA for 1 hr at 37ºC, showing DNA digestion.  Lane 4, the 
extract  (Sup B) from lane 3 was centrifuged through a 10 kd filter, and the retentate 
resuspended in buffer containing additional plasmid DNA, and incubated for 1 hr at 37ºC.  
Lane 5, EGTA and Ca2+ was added to the suspension in lane 4 and then incubated for an 
additional 1 hr at 37ºC.  Lane 6, vas deferens extract (Sup B) incubated with EGTA and 
plasmid DNA for 1 hr at 37ºC, showing DNA digestion.  Lane 7, the extract from lane 6 was 
centrifuged through a 10 kd filter, and the retentate resuspended in buffer containing 
additional plasmid DNA and Ca2+, and incubated for 1 hr at 37ºC.  Lane 8, EGTA was added 
to the suspension in lane 7 and then incubated for an additional 1 hr at 37ºC.  Lanes 9 – 11, 
as for lanes 6 – 8, but with EGTA and Ca2+ reversed.  Lane 12, Dnase1 incubated with 
plasmid DNA for 1 hr at 37ºC.  Lane 13, Mg2+ added to the suspension in lane 12 and 
incubated for another hour at 37ºC, now showing DNA digestion.  Lane 14, the suspension 
from lane 13 was centrifuged through a 10 kd filter, and the retentate resuspended in buffer 
containing additional plasmid DNA, and incubated for 1 hr at 37ºC.  Lane 15, Mg2+ was 
added to the suspension in lane 14 and then incubated for an additional 1 hr at 37ºC.  Lane 
M contains molecular weight markers.  Grey boxes indicate that EGTA or the cation was not 
added to the sample. 
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2.3.4. Enzyme is specific for EGTA/EDTA 

 We next tested the specificity of CEAN for the chelator.  1,2-bis-(o-

aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid (BAPTA) is a stronger Ca2+ 

chelator than EGTA, but has a similar chemical structure to EGTA differing only by 

the addition of two aromatic rings [15,146].  Citrate is another Ca2+ chelator with a 

very different chemical structure to EGTA.  We found that neither BAPTA nor 

citrate were able activate CEAN in the presence of Ca2+ (Fig. 2.5, lanes 2-7).  BAPTA 

did not inhibit plasmid digestion by CEAN in the presence of EGTA and Ca2+ (Fig. 

2.5, lane 14).  However, the data do suggest that BAPTA does chelate Ca2+ in this 

experiment and may even compete with EGTA.  When 2.5 mM, each, of EGTA, 

BAPTA and Ca2+ were incubated with vas deferens extract the nuclease was 

inhibited (Fig. 2.5, lane 13).  In this experiment, we would expect BAPTA to 

compete with EGTA for chelating Ca2+, thereby decreasing the total level of EGTA-

Ca2+ to less than 2.5 mM, the point where CEAN is not activated (Fig. 2.5, lanes 8 

and 9).  This conclusion is supported by the restoration of CEAN activity when the 

Ca2+ concentration in this experiment was increased to 5 mM (Fig. 2.5, lane 14).  In 

that experiment, both EGTA and BAPTA would be expected to be saturated with 

Ca2+, providing the 2.5 mM EGTA-Ca2+ required for full activity (Fig. 2.5, lane 9). 

 These data suggest that it is not simply the chelation of Ca2+ that activates 

CEAN, but that the enzyme has some specificity to the chelator, itself, EGTA 

complexed to Ca2+. 
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Figure 2.5.  CEAN is specific for EGTA. 

 
 
 Plasmid DNA was incubated with vas deferens extract  (Pel B Sup) in the presence of 
varying concentrations of EGTA, BAPTA, citrate, and Ca2+, as indicated, for 1 hr at 37ºC.  
Lane M contains molecular weight markers.  Grey boxes indicate that EGTA or the cation 
was not added to the sample. 
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2.3.5. CEAN is Present in Several Other Tissues 

 The novelty of a nuclease that is activated by Ca2+ chelated to EGTA in the 

sperm vas deferens fluid prompted us to examine other tissues for the presence of 

similar activity.  We prepared crude extracts from mouse liver and brain, as 

described in Methods.  We then fractionated the vas deferens, liver and brain 

extracts using spin columns with different size filters, and tested each for CEAN 

activity.  We found that for both the vas deferens and liver extracts, the CEAN 

nuclease activity was in the <50 kd and >30 kd fractions (Fig. 2.6, lanes 5, 6, 11 and 

12).  We found no activity for a CEAN like nuclease in the brain.  While this 

method cannot establish the molecular weight of CEAN, it does suggest that the 

activities in the two tissues do fractionate the same way in size filtration columns.  

We also tested several other tissues including heart, intestine, stomach, spleen, 

and kidney and found that in all these tissues, nuclease activity that required 

EGTA chelated to Ca2+ was present (data not shown).  This suggests that CEAN is 

not restricted to the male reproductive tract, but may be a more ubiquitous 

enzyme. 
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Figure 2.6.  CEAN activity is present in liver, and is a protein 

between 50 and 30 kDa. 

 
 
 Vas deferens (lanes 2-7, Sup B), liver (lanes 8-13), and brain (lanes 15-20) extracts 
were fractionated into different size fractions using size filter centrifugation tubes.  Lanes 2, 
8 and 15, total extracts.  Lanes 3, 9, and 16, 100 kDa eluents.  Lanes 4, 10, and 17, 50 kd 
retentates.  Lanes 5, 11, and 18, 50 kDa eluents.  Lanes 6, 12, and 19, 30 kDa retentates.  
Lanes 7, 13, and 20, 30 kDa eluents.  All extracts were incubated with plasmid DNA, 5 mM 
EGTA and 2.5 mM Ca2+ for 4 hrs at 37ºC.  Lane M contains molecular weight markers.  Grey 
boxes indicate that EGTA or the cation was not added to the sample. 
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2.4. Discussion 

 When we first described the existence of a nuclease activity in mouse sperm 

fluids that could be activated by pretreatment with EGTA and subsequent 

incubation with Ca2+, we proposed two possible models to explain the role of 

EGTA in the nuclease activation [18-20,60].  One possibility was that EGTA 

initiated an activation reaction, perhaps by releasing a calmodulin-like protein 

from inhibiting the nuclease, which then required Ca2+ as a cofactor.  The data 

presented here suggest that this hypothesis is incorrect for two reasons.  First, the 

activation by EGTA-Ca2+ is reversible; suggesting that activation by EGTA is not 

the result of a complicated cell-signaling pathway.  Second, the data clearly 

suggest that it is the chelated form of EGTA-Ca2+ that activates the nuclease (Fig. 

2.3).  This means that it cannot be a sequential reaction in which EGTA has one 

function, and Ca2+ has another. 

 The second possible model to explain EGTA activation of CEAN was that 

EGTA chelated an inhibitory cation and Ca2+ then served as the cofactor of the 

nuclease.  But our data do not support this model, either.  Fig. 2.3, lanes 6 – 8, in 

particular, indicate that CEAN is activated in a large excess of Ca2+ in the presence 

of EGTA.  Under these conditions, EGTA would be expected to be saturated by 

Ca2+ and would not be expected to be available for chelation of another cation.  

Additionally, Zn2+, which is a typical inhibitory cation for many nucleases 

activates, rather than inhibits, CEAN (Fig. 2C).   
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 Our data support a model in which the nuclease directly binds to the 

EGTA-Ca2+ complex.  We were unable to find another report of a nuclease that is 

activated by chelated EGTA.  The fact that it is also present in the liver, spleen, 

heart, kidney, stomach and intestine suggests that it is not limited to the male 

reproductive tract, and may represent a novel class of nuclease not previously 

described.  We propose that the natural cofactor of CEAN is a EGTA like molecule.  

One candidate is γ-carboxyglutamic acid, a post-translational amino acid 

modification that can chelate Ca2+ [22,147].  The interaction between matrix Gla 

protein (MGP) and BMP-4 is facilitated by Ca2+ chelation of γ-carboxyglutamic 

acid residues on MGP [26,148].  It is possible that CEAN is activated by a similar 

protein-protein interaction.  

 We are currently attempting to isolate CEAN to test the role of EGTA 

activation of this nuclease more specifically.  This is the first report of a nuclease 

that is activated by chelated EGTA.  It suggests that a novel, previously undefined, 

class of nuclease exists.  Based on our previous report [28,60] it is possible that 

CEAN functions in the apoptotic degradation of cell chromatin.  While much more 

work is remains before these findings are definitive, the data clearly demonstrated 

the existence of a novel nuclease activity. 
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Chapter 3.  Results II:  Acidic Nuclease Activity 

 

3.1. Introduction 

 All nucleases need activation to function, usually requiring a co-factor to do 

so.  The majority of nucleases are single or di-cation dependent.  Divalent cation 

dependent nucleases are involved in a wide range of biological functions from 

digesting DNA and RNA to reversibly cleaving and recombining DNA.  There is 

little correlation between the mechanism of catalysis and function as an individual 

catalytic mechanism can be adapted in a variety of reactions and biological 

pathways [30,142]. 

 The biological roles of this class of enzymes vary from DNA repair to 

apoptosis [34,35,104,116].  There are few exceptions that do not require any cations 

for activity, such as DNase II [17,116,119].  During apoptosis the enzymatic digestion 

of DNA is a well-understood event in the somatic cell.  Nucleases such as caspase-

activated DNase (CAD) play crucial roles during planned cell death. CAD requires 

cations Zn2+ for dimerization [38,149] and Mg2+ for activity [42-44,104], and is 

inhibited by ICAD [37,39,46,104].  Other nucleases such as topoisomerase II are 

activated during DNA replication, reversibly cleaving DNA during mitosis and 

meiosis to avoid strand entanglement [23,150,151]. Topoisomerase II is also 

activated during apoptosis, during which a set of nucleases may interact with the 
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enzyme to completely degrade the DNA [23,131,132].  Caspase activated DNase 

(CAD) is such an enzyme. It is bound by topoisomerase II, enhancing CADs 

cleavage activity [8,50].  There is also evidence of intracellular acidification being 

involved during the initiation phase of apoptosis [52,53,152,153].  Nucleases such as 

DNase II represent a different class of enzymes that are cation independent and 

are activated under acidic conditions.  One of the known functions of DNase II is 

the digestion of leftover apoptotic DNA, downstream of CAD/DFF40, where if left 

undigested has been linked to autoimmune disease [34,57,154].  Some of the 

identities of the various nucleases that completely degrade the DNA during 

apoptosis are known, however, many are not. 

 We have previously demonstrated that mouse spermatozoa also exhibit an 

apoptotic-like event we have called Sperm Chromatin Fragmentation (SCF), where 

chromatin is cleaved by topoisomerase II in the presence of Mn2+ and Ca2+ and 

reversed when the cations are chelated with the addition of EDTA [17,57].  We 

have also identified a separate type of DNA digestion that is irreversible and is 

activated with EDTA or EGTA and Ca2+. We have named this activity EGTA 

Activated Nuclease (EAN) and have observed it in the vas deferan luminal fluid as 

well as other parts of the body [65,67-69,155].  We hypothesize that the EGTA and 

Ca2+ activated nuclease interacts with the protein complex involved in SCF 

resulting in SDD. 



 

 
 
 

43 

 Here, we demonstrate in the liver that the requirement for EAN is in fact 

low pH rather than EGTA and Ca2+, and that the vas deferens derived nuclease is 

most likely an acidic nuclease that is metal-ion independent [72,74,142].  We have 

learned that when EDTA chelates divalent cations the pH is reduced by the release 

of hydronium ions [65,67,75,76,156] (Fig. 3.1). Furthermore, it is likely that the 

nuclease is similar to DNase II, a metal-ion independent nuclease that is activated 

by low pH [78-80,97]. 

 

3.2. Materials and Methods 

3.2.1. Animals 

 Male B6D2F1 (C57BL/6J X DBA/2) mice were obtained from the 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 Resources National Research 

Council (DHEF publication 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. 
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Figure 3.1. Chelation of EDTA Releases Hydronium Ions. 

 

 EDTA is in equilibrium with hydrogen as well as with metal ions.  Added calcium 
becomes chelated by free EDTA, which releases hydronium ions and lowers the pH.  The 
opposite is also true; removal of metal from the equilibrium causes EDTA to bind 
hydronium ions, causing the pH to increase [156]. 

  



 

 
 
 

45 

3.2.2. Preparation of Extracts 

 For extract from the liver, mice were sacrificed using carbon dioxide 

asphyxiation followed by cervical dislocation. The liver was excised and 

homogenized in ice cold 25 mM Tris, pH 7.4, 150 mM KCl buffer (TKB) with 0.25% 

TX-100 in protease cocktail inhibitor.  The homogenate was then centrifuged at 

60,000 x g for 20 min at 4ºC yielding a supernatant extract which was further 

processed by size fractionation and either analyzed for activity or used for further 

preparation. 

 

3.2.3. Size Fractionation of Extracts 

 Extracts prepared above were further fractionated according to size using 

Vivaspin 500 or Vivaspin 20 spin-tubes of 5, 10, 30, 50, and 100 kDa Molecular 

Weight Cut Off (MWCO) (GE Healthcare).  Approximately 500 µl or 8 ml of 

extract was centrifuged through a 100, 50, 30, 10, or 5 kDa filter at 13,000 x g for 

between 10 to 40 min at 4ºC. Eluents were kept on ice.  Retentates were 

resuspended in approximately 500 µl or 8 ml TKB then centrifuged three times 

until eluent fully removed from retentate.  Each retentate was then resuspended in 

either 500 µl or 8 ml TKB and kept on ice. 
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3.2.4. Heparin Chromatography 

 HiTrap Heparin HP column (GE Healthcare, 1 ml bed volume) was 

equilibrated with 50 mM sodium acetate pH 5 binding buffer at 1 ml/min.  Size 

fractionated extract was injected into the column at a flow rate of 0.5 ml/min using 

a peristaltic pump.  Flow-through fractions were collected and the binding buffer 

was replaced with elution buffer and the resulting flow through fractions was 

collected. Elution buffer was then replaced with a salt wash consisting of TKB with 

1.5 M NaCl2. The resulting flow through fractions were collected and desalted using 

a HiTrap Desalting column (GE Healthcare, 5 ml bed volume). 

 

3.2.5. Nuclease Assay 

 Plasmids for the nuclease assay were prepared using a CompactPrep 

Plasmid Midi Kit (Qiagen, Catalog Number 12743, Valencia, CA, USA). Midi Kit 

Plasmid procedure was followed, resulting in the harvest of purified plasmid DNA 

(0.51 mg/ml). Nuclease activity was activated by incubating approximately 3 µl of 

one of the various sperm, liver, or brain preparations described above in a total of 

20µl of TKB with 200ng plasmid DNA supplemented with divalent cation Ca2+ 

and/or EGTA. The reaction was incubated at 37ºC for 15 min to 2h. Ca2+ and EGTA 

concentrations varied from 2.5mM to 50mM in TKB. Evidence of activity was 
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measured by visual detection of digested plasmid DNA separated by 

electrophoresis on 0.05% ethidium bromide 1% agarose gel. 

 

3.2.6. SDS/PAGE 

 SDS/PAGE, 12% (w/v) acrylamide, was performed according to Laemmli.  

After electrophoretic separation proteins were silver stained (BioRad Silver Stain 

Plus). 

 

3.3. Results 

 In our first attempt to isolate the nuclease we used its activation with EGTA 

and Ca2+ as a unique assay to follow and identify it in different column fractions 

[60,82-85].  With DNA being the nucleolytic substrate, and since heparin presents 

itself to the active site similarly as DNA, heparin was chosen as the column type to 

isolate the nuclease.  Immobilized heparin would selectively bind DNA binding 

proteins as well as nucleases activated by EGTA and Ca2+. The column would then 

be washed with at least ten column volumes of the same activating buffer to 

remove any remaining unbound proteins.  Finally, an inactive elution buffer 

missing EGTA and Ca2+ would be passed through the column.  Without EGTA and 

Ca2+ in the buffer all DNA and heparin binding proteins would remain bound, only 
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nucleases that require EGTA and Ca2+ would be released from the column and 

eluted. 

 The activation condition for EAN is 10mM EGTA, 10mM Ca2+, 25mM Tris, 

and 0.25% TX-100 at pH 7.3. The reaction typically occurs in 20µL in a 1.5 ml 

eppendorf tube incubated for 1 hour at 37ºC.  Our initial column activation 

(nuclease binding) buffer was the EAN reaction solution prepared at liter volumes. 

 The luminal fluid contained in the vas deferens is of low volume and 

accumulating enough for chromatography would require a large amount of mice 

so we chose the liver as the source of starting material to develop our protocol. 

The liver provides abundant starting mass with identical nucleolytic activity as the 

luminal fluid from the vas deferens.  After the protocol and workflow were 

optimized using the liver we would return to the vas deferens to fractionate the 

activity. 

 Interestingly, when we initially fractionated the liver extract and assayed for 

activity there was none found in any of the fractions collected.  We realized that 

when the reaction buffer was scaled up from 20 l to 1 l, although the pH of each 

individual reagent was neutral, the final pH had shifted to approximately 4.5.  The 

assay was always performed in microliter volumes and so the pH of the final buffer 

had never been tested.  A literature review led us to previously published work 

warning researchers of acidification following the chelation of EDTA or EGTA [87-
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93,156].  The pH shift is caused by the displacement of hydronium ions in the 

EGTA or EDTA molecule by divalent cations. 

 Our nuclease may not need EGTA and Ca2+ but instead low pH.  The 

protocol for binding the nuclease to the heparin column was adjusted to use a low 

pH instead of EGTA and Ca2+ buffer (binding buffer).  Likewise, neutral pH would 

be used to release the acid dependent nuclease (elution buffer).  The immobilized 

heparin would selectively bind proteins that bind to DNA and nucleases activated 

by low pH.  The column would then be washed with ten column volumes of 

binding buffer to clear it of remaining unbound proteins while still binding our 

nuclease.  Finally, the inactive (neutral) elution buffer would pass through the 

column.  At neutral pH all DNA and heparin binding proteins would still remain 

bound, only nucleases that require low pH would be released from the column and 

eluted. 

 

3.3.1. The nuclease is activated by low pH between pH 3 and 5 

 We tested whether the nuclease could be activated by low pH in the 

absence of EGTA or Ca2+ (Fig. 3.2).  We tested the pH range of the nuclease by 

incubating the liver extract at 37ºC for one hour with 200 ng of plasmid DNA in 

25mM Tris and 0.25% TX-100 with pH ranging from 3 to 7.5 for one hour.  The 

plasmid DNA control is unaffected by low pH (Fig. 3.2, lane C) but when nuclease  



 

 
 
 

50 

Figure 3.2. Acidic Nuclease is Active between pH 3 and 5.

 

 Extract prepared by homogenizing liver in cation-free buffer followed by 
centrifuging at 60,000 x g for 20 min at 4ºC.  The resulting supernatant was combined with 
TKB and 200 ng plasmid DNA between pH 3.0 and 7.5 except for lane 4, which was assayed 
for EAN activity with unadjusted pH, 10 mM EGTA and 10 mM Ca2+.  Acidic nuclease activity 
is present from pH 3.0 to 5.5 (lanes 1 – 6). EAN activity was tested in lane 4 and has a pH of 
4.4.  Lanes 7 – 11 did not contain nuclease acitivity.  All samples were analyzed by 
conventional agarose electrophoresis. 
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extract is added digestion is detected from pH 3 to 5 (Fig. 3.2, lanes 1 – 3 and 5 – 6).  

EAN conditions were also used to compare with acid activated nuclease in lane 4 

with full plasmid digestion occurring in both.  The pH of EAN activity in lane 4 

was checked at the beginning and end of the incubation at it remained at 4.4.  At 

pH 5.5 and higher the nuclease is inactive (Fig. 3.2 lanes 7 – 11). 

 

3.3.2. pH Dependent Activity Isolated with Heparin 

 Understanding the functional pH range of the nuclease, two new column 

mobile phase buffers were prepared: a binding buffer at pH 5.3 and an elution 

buffer at pH 7.5, both containing 25mM Tris-HCl, 0.25% TX-100.  Prior to 

fractionation, the pH of the heparin column was adjusted to 5.3 by passing ten 

column volumes of binding buffer through it.  One milliliter of liver extract was 

then adjusted to pH 5.3 with HCl and injected into the column.  Fifteen column 

volumes of binding buffer were consecutively eluted in three 5 ml aliquots: B1, B2, 

and B3.  Each fraction was concentrated on a 3kDa MWCO filtered spin tube to 1 

ml (Fig. 3.3 lanes 2 – 4).  Elution buffer was then passed through the column and 

ten 1 ml fractions were collected (Fig. 3.3 lanes 5 – 14) and tested for pH level.  Each 

fraction was then assayed for acidic nuclease activity by combining 18 µl of each 

with 2µl of 100 ng/µl plasmid DNA and incubated at 37ºC for one hour.  Binding  
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Figure 3.3.  Fractionated pH Dependent Activity 

 

 Liver extract acidified to pH 5.3 and fractionated on heparin column using acidic and 
neutral buffers.  “pH As Is” indicates the pH of each fraction upon collection.  “pH EQ’d” 
indicates the adjusted pH used for the assay.  The nuclease was retained by the heparin 
column at pH 5.3 (B1-E4, lanes 2 – 8)) and released at 7.2 (E5-E7).  The pH of each fraction 
was then adjusted to 4 and incubated with plamid DNA for 1h at 37ºC and analyzed by 
conventional agarose electrophoresis. 
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buffer fractions B1 – B3 as well as elution fractions E1 – E4 (Fig. 3.3 lanes 2 – 8) 

tested low pH and did not digest DNA indicating that the nuclease was not eluted  

and remained active and bound to immobilized heparin in the column.  Fractions 

E5 – E7 tested neutral upon elution and digested DNA when acidified again, 

indicating that neutral pH deactivated the nuclease allowing it to release the 

heparin and exit the column.  Elution fractions E8-E10 (Fig. 3.3 lanes 12 – 14) tested 

neutral pH but did not digest DNA suggesting that all the nuclease was eluted in 

fractions E5-E7. 

3.3.3. Protein Complexity of pH Dependent Heparin Fractions 

 The protein complexity of the eluted fractions compared to the injected 

liver extract was next examined.  Homogenized liver was centrifuged at 60,000 x g 

and the supernatant was filtered through a 30 kDa MWCO spin tube. The eluent 

was collected (L30e) and resulting retentate was reconstituted in TKB (L30r).  The 

pH of the L30r extract was equilibrated to 4.5 with HCl and injected into a new 

heparin column equilibrated with acidic binding buffer.  Fifteen 1 ml fractions were 

collected and concentrated on a 3 kDa MWCO filter to 1 ml and labeled fraction B.  

Neutral elution buffer was then passed through the column and six 1 ml fractions 

were collected and labeled E1 – E6. 

 The pH of all fractions were adjusted to 4.5 and assayed for acidic nuclease 

activity by combining 18 µl of each with 2µl of 100 ng/µl plasmid DNA and 
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incubated at 37ºC for one hour (Fig 3.4 B).  Activity was found in L30r and its 

elution fractions E2 and E3 (Fig 3.4, B lane 1 and lanes 6 and 7).  Extracts L30r, 

L30e, and all heparin fractions were also resolved on SDS-PAGE with silver stain 

(Fig 3.4, A).  L30r, B, and E2 (Fig 3.4, B, lane 1 and lane 5) had complex protein 

profiles compared to elution fraction E3 that had high nuclease activity and a 

simple protein profile indicating that the protein has been purified by 

fractionation. 

 In order to further isolate the nuclease we next repeated the fractionation 

process on fraction E3.  The pH of E3 was equilibrated to 4.5 with HCl and injected 

into a new heparin column equilibrated with binding buffer.  Fifteen 1 ml fractions 

were collected and concentrated on a 3kDa MWCO filter to 1 ml and labeled 

fraction E3B.  Elution buffer was then passed through the column and six 1 ml 

fractions were collected and labeled E3E1 – E3E6. 

 All fractions were assayed for acidic nuclease activity by adjusting the pH of 

each to 4.5 and combining 18 µl of each with 2µl of 200 ng plasmid DNA and 

incubated at 37ºC for one hour (Fig 3.4 D).  Activity was found in elution fraction 

E3E2 (Fig 3.4 D, lane 5).  L30r and E3 were used as positive controls (Fig 3.4 D, 

lanes 1 and 2).  Extract L30r, original fraction E3, and new fractions were also 

resolved on SDS-PAGE with silver stain (Fig 3.4, C).  Only L30r had a complex  
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Figure 3.4.  Heparin Fraction Protein Complexity 

 

 Heparin fractionated liver extract with corresponding activity assay. A. Silver 
stained fractions from extract. 30kDa retentate (lane 1) and eluent (lane 2). Acidic binding 
buffer (lane 3) and neutral elution fractions (lanes 4-9). B. Acidic nucelase activity detected 
in L30r (lane 1) and elution fractions E2 and E3 (lanes 6 and 7). C. Elution fraction E3 (lane 
2) was fractionated again on a new heparin column. L30r, E3, and fractions E3-B,and E3-E1 
– E3-E6 (lanes 1 – 9) were resolved and stained. D. Nuclease activity detected in L30r (lane 
1), E3 from earlier fractionation (lane 2), and E3-E2 (lane 5). All fractions in B and D were 
adjusted to pH 4.5 and incubated with plasmid DNA for 1h at 37ºC and analyzed by 
conventional agarose electrophoresis. 
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protein profile while active fraction E3E2 (Fig 3.4 C, lane 5) had only one protein 

visibly stained by silver, possibly the nuclease. 

 

3.4. Discussion 

 These data support the presence of acid activated nucleolytic activity in the 

liver that is pH dependent, which is indirectly due to the chelation of EGTA.  A 

likely candidate would be a metal-ion independent nuclease such as DNase II that 

is de-inhibited under acidic apoptotic-like conditions.  Such metal-ion 

independent nucleases are most likely present in their inactive form [84,95,96,157] 

and are specific in their substrate, preferring to hydrolyze single stranded, 

unstacked, and base unpaired DNA [82,83,98,142].  There is some literature 

available describing DNase II activity in the reproductive tract.  In avian oocytes 

DNase II activity has been described digesting all the extra sperm that enters the 

oocyte, leaving only one sperm cell for fertilization [84,158].  There is also evidence 

of DNase II present in loach sperm [78,84,95,96,100-102,159].  Here we present a 

novel and previously undescribed location for a nuclease, the mouse vas deferens. 

 The pH dependent nuclease may have a role in the male (and perhaps 

female) reproductive tract involving removal of non-viable sperm. The vas 

deferens acts as a reservoir for sperm prior to ejaculation.  As such, the longer 

sperm are kept in the vas deferens the more time they are exposed to reactive 
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oxygen species, many of which are produced by their own mitochondria [103,160].  

The pH in the vas deferens is mildly acidic, leaving only the removal of an 

inhibitor needed for the activation of the nuclease and this may function in the 

removal of non-viable sperm. 
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Chapter 4.  Results III: Identification of Nuclease 

 

4.1. Identification Schemes 

4.1.1. Identification via Mass Spectrometry 

 Mass spectrometry is an ideal method for identifying protein samples that 

have been purified to the point were the protein profile complexity has been 

reduced to a single or handful of bands.  The process involves the digestion of 

protein into polypeptide fragments, which are then ionized and further broken 

down to individual amino acids that are then measured according to mass.  The 

basic procedure involves resolving the proteins in a sample using SDS-PAGE and 

then staining with Coomassie Blue followed by excision from the gel and digestion 

to individual polypeptides using trypsin.  The liquid extract is then vaporized, 

ionized, and then accelerated into an ion beam through an electric and magnetic 

field to polypeptide fragments then measuring time of flight to calculate the 

molecular mass of the fragments. 

 We were not certain which of the stained protein bands was our nuclease.  

Following the heparin fractionated samples we tested for nuclease activity in each 

fraction as an indicator for the presence of the nuclease. We also used purified 
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bovine Dnase II (Sigma) to estimate the size of the enzyme in determining 

approximately which protein band to excise for analysis. 

 Three different forms of DNase II have been described in the mouse at 

different sizes: 45, 30, and 23 kDa [103,161].  The 45-kDa form is synthesized in the 

ER, processed during transport to the lysosome via the Golgi apparatus for 

secretion.  The 30 and 23-kDa forms are localized to the lysosomes.  DNase II has 

also been observed in the porcine model at sizes 45, 35, and 10 kDa representing 

various levels of post-translational modification and cleavage, with the 45-kDa 

pro-protein being the complete and uncleaved form [103,162].  Using this 

information we cut out stained bands from our heparin fractions that 

corresponded in size between 30 and 45 kDa for submission to mass spectrometry. 

 We used the mass spectromety procedure according to the Proteomics Core 

of the University of Hawaii.  Briefly, it involved cutting out protein bands 

embedded in acrylamide gel, reducing, alkylating, and then digesting with trypsin, 

followed by extraction of the peptide solution from the gel matrix.  The solution 

was injected into a nanoelectrospray liquid chromatography ion trap mass 

spectrometry (ITMS) apparatus for analysis. 

 The results received from screening the mass spectrometry data from the 

Proteomics Core in the Swiss-Prot database was inconclusive resulting in no 

identification. 
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4.1.2. Identification of DNase 2 via Western Blot 

 Our initial run using mass spectrometry was not conclusive and we chose 

another route to identify the nuclease.  Our data suggested that the protein of 

interest was DNase II or a DNase II-like nuclease. This is evidenced by the 

presence of nucleolytic activity during acidic conditions while in the absence of 

divalent cations.  Still, there is no evidence in the literature describing the 

presence of DNase II in the mammalian male reproductive tract.  Normally DNase 

II is observed in somatic phagocytes engulfing late stage apoptotic cells where it 

digests the fated cellular nuclei.  Here we have evidence suggesting the presence of 

DNaase II in the male reproductive tract.  In order to test for the presence of 

DNase II or a similar nuclease in the vas deferens we extracted the luminal fluid 

and prepared the extract using heparin column fractionation as described earlier. 

 

4.2. Methods 

4.2.1. Animals 

 Male B6D2F1 (C57BL/6J X DBA/2) mice were obtained from the 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 
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University of Hawaii and those prepared by the Committee on Care and Use of 

Laboratory Animals of the Institute of Laboratory Resources National Research 

Council (DHEF publication 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. 

 

4.2.2. Preparation of Extracts 

 For extracts from the vas deferens or epididymis, mice were sacrificed using 

carbon dioxide asphyxiation followed by cervical dislocation. The epididymis 

and/or vas deferens were excised and fluid from the epididymis and/or vas 

deferens gently extracted, using tweezers, and diluted to a concentration of 

approximately 108 spermatozoa/ml in 25 mM Tris, pH 7.4, 150 mM KCl2, and 1x 

protease inhibitor cocktail (TKB) and kept on ice. Extracted fluid from the 

epididymis and/or vas deferens was centrifuged at 2,000 x g for 2 min at room 

temperature. The sperm pellet was washed with TKB and kept on ice.  The 

resulting supernatant was then centrifuged at 60,000 x g for 10 min at 4ºC yielding 

a second supernatant subfraction containing soluble protein and a second pellet. 

Both kept on ice. 

 For extracts from the liver, mice were sacrificed as above, and the liver was 

excised. The organ was homogenized in TKB with 0.25% TX-100 in a homogenizer 
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and centrifuged at 60,000 x g for 30 min at 4ºC yielding a supernatant containing 

soluble protein which was kept on ice. 

 The supernatants of both were further processed by size fractionation and 

either analyzed for activity or used for further preparation. 

 

4.2.3. Size Fractionation of Extracts 

 Extracts prepared above were further fractionated according to size using 

Vivaspin 500 or Vivaspin 20 spin-tubes (GE Healthcare 5, 10, 30, 50, and 100 kDa 

MWCO). Approximately 500 µl or 8 ml of extract was centrifuged through a 100, 

50, 30, 10, or 5 kDa filter at 13,000 x g for between 10 to 40 min at 4ºC. Eluents were 

kept on ice.  Retentates were resuspended in approximately 500 µl or 8 ml TKB 

then centrifuged three times until eluent fully removed from retentate.  Each 

retentate was then resuspended in either 500 µl or 8 ml TKB and kept on ice. 

4.2.4. Heparin Chromatography 

 HiTrap Heparin HP column (GE Healthcare, 1 ml bed volume) was 

equilibrated with 50 mM sodium acetate pH 5 binding buffer and size fractionated 

extract was applied to the column at a flow rate of 0.5 ml/min using a peristaltic 

pump.  Minimum buffer pH supported by column is 5.  Flow-through fractions 

were collected.  The binding buffer was replaced with elution buffer and the 

resulting flow through fractions was collected.  
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4.2.5. Nuclease Assay 

 Plasmids for the nuclease assay were prepared using a CompactPrep 

Plasmid Midi Kit (Qiagen, Catalog Number 12743, Valencia, CA, USA). Midi Kit 

Plasmid procedure was followed, resulting in the harvest of purified plasmid DNA 

(0.51 mg/ml). Nuclease activity was activated by incubating approximately 3 µl of 

one of the various sperm or liver preparations described above in a total of 20µl of 

TKB with 200ng plasmid DNA supplemented with either sodium acetate adjusted 

to pH 4.5 or with 20 mM CaCl2 and 20 mM EGTA in TKB. The reaction was 

incubated at 37ºC for 1h. Evidence of activity was measured by visual detection of 

digested plasmid DNA separated by electrophoresis on 0.05% ethidium bromide 

1% agarose gel. 

 

4.2.6. SDS-PAGE 

 SDS/PAGE, 4-12% (w/v) acrylamide, was performed according to Laemmli 

in the mini protean gel kit (Bio-Rad).  After electrophoretic separation proteins 

were stained with colloidal Coommassie Blue [108,163]. 
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4.2.7. Western Blot 

 SDS/PAGE, 12% (w/v) acrylamide, was performed according to Laemmli.  

After electrophoretic separation proteins were transferred overnight to a 

nitrocellulose membrane (Amersham, GE HealthCare) using a wet blotter system 

(BioRad) at 4ºC followed by staining with Ponceau Red.  Nitrocellulose membranes 

were then blocked 1 h at room temperature in either blocking solution PBS (137 

mM NaCl2, 3 mM KCl2, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.3) supplemented 

with 0.1% Tween-20 and 5% non-fat milk or TBS (20 mM Tris, 137 mM NaCl2, pH 

7.3) supplemented with 0.1% Tween-20 and 3% (w/v) bovine serum albumin 

(Sigma) and incubated overnight with primary goat polyclonal antibody raised 

against a peptide mapping within an internal region of DNase II of human origin 

(DNase II N-13, sc-19271, dilution 1:100; Santa Cruz).  The membrane was then 

washed three times for ten minutes each with either PBST or TBST at room 

temperature.  The immune complex was revealed with donkey anti-goat secondary 

antibody coupled with horseradish peroxidase (donkey anti-goat, sc-2020, dilution 

1:75,000; Santa Cruz) in either 5% non-fat milk in PBST or 3% BSA in TBST.  The 

membrane was then washed three times for ten minutes each with either PBST or 

TBST at room temperature followed by treatment with ECL peroxidase substrate 

(SuperSignal West Pico Chemiluminescent Substrate, 34079, Thermo Scientific) 

for five minutes prior to imaging for chemiluminescence. 
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4.2.8. Zymogram 

 Zymography was conducted according to the method by Boone et al. (1995) 

with partial modification.  Extracts were prepared according to protocol described 

above, combined with 4x Laemmli sample buffer (Bio-Rad) without DTT or BME, 

and heated at 65ºC for 10 minutes then loaded on customized Laemmli gels.  The 

gels were made containing 3.5 µg/ml sheared salmon sperm DNA in both 4% 

stacking and 12% resolving acrylamide gels.  The proteins were resolved at 4ºC at 

150 V in 1x TGS running buffer (Bio-Rad).  Upon completion of electrophoresis the 

gels were washed three times ten minutes each in DI water to remove SDS, then 

incubated for one change in 50 mM sodium acetate pH 4.8 (activation buffer) at 

37ºC for 30 minutes.  The gels were then incubated in new activation buffer 

overnight at 37ºC.  The gels were then soaked in ethidium bromide for 10 minutes, 

washed with water, and the nuclease activity was detected as a dark area on a 

fluorescent background when exposed to ultra violet light. 

 

4.3. Results 

4.3.1. Detection of DNase II in Liver, Epidydimis, and Vas Deferens 

 We developed a functional and reproducible protocol for the Western blot 

of DNase II.  Briefly, samples were resolved using SDS-PAGE, transferred to 

nitrocellulose membranes, visualized with Ponceau Red, and blocked using 3% 

BSA in TBST.  The membranes were incubated overnight at 4ºC with 1:50 dilution 
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of goat anti-DNase II, followed by 1:75,000 dilution of donkey anti-goat secondary 

antibody coupled with horse radise peroxidase, and finally the immune complex 

was revealed by treatment with ECL peroxidase substrate. 

 Liver extract, a good source of DNase II [93,164], was chosen as a DNase II-

positive signal control.  Briefly, whole liver was excised and homogenized in TKB. 

The homogenate was then centrifuged at 60,000 x g for 20 minutes at 4ºC and the 

supernatant was aliqouted to a 100 kDa MWCO spin tube. The resulting eluent 

(L100e) was collected and kept on ice.  The L100e samples were then resolved with 

SDS-PAGE, transferred to nitrocellulose membrane, and cut into strips containing 

sets of lanes of combined western and protein ladder (L) and resolved L100e.  All 

membrane strips where blocked with 5% BSA/TBST.  Also, each set had a 

secondary control that is absent anti-DNase II (Fig. 4.1 lanes 3, 6, and 9).  DNase II 

was detected strongly at approximately 55 and 30 kDa in all sets.  Minor detection 

was also noticed at approximately 48, between 38 and 30, 28 kDa, and 12 kDa (Fig. 

4.1 lanes 2, 5, 8)  

 We next prepared extracts from the epididymis and vas deferens by 

separately centrifuging each at 2,000 x g for 2 minutes at RT, aliqouting the 

supernatants (ES) and (VS) to new tubes, and washing the sperm pellets (EP) and 

(VP) with TKB.  The proteins of L100e, ES, VS, EP, and VP were resolved with SDS- 
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Figure 4.1. Optimized DNase II Signal in Liver Extract 

 

 Western analysis of DNase II in mouse liver extract.  (A) Proteins resolved with SDS-
PAGE and transferred to nitrocellulose and stained with ponceau-S.  (B) Following staining, 
proteins where then probed with or without 1:50 anti-dnase II and then 1:50,000, 1:75,000, 
and 1:100,000 donkey anti-goat IgG-HRP in 3% BSA/TBST or 5% milk/PBST followed by 
treatment with ECL peroxidase substrate. Lanes 1 – 3 probed with 1:50,000 secondary, 
lanes 4 – 6 probeded with 1:75,000, lanes 7 – 9 probed with 1:100,000 secondary, lanes 10 
– 12 probed with 1:2,000 secondary in 5% milk/PBST. 
L – Combined western and protein ladder, L100e – Liver high-speed supernatant 100 kDa 
eluent 
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PAGE, transferred to nitrocellulose membrane, and western blotted.   The luminal 

fluid fractions from both vas deferens and epididymis had a major signal for DNase 

II at approximately 30-kDa (Fig. 4.2 lanes 3 and 5).  A strong band was detected in 

sperm from the vas deferens at approximately 15 kDa (Fig. 4.2 lane 4).  The 15-kDa 

DNase II was also detected in sperm from the epididymis but much more weakly, 

however a 50-kDa band grew stronger in the epididymis (Fig 4.2 lane 6).  The 

secondary control indicates no background or non-specific binding (Fig 4.2 lanes 7 

– 13). 

4.3.2. Mn2+and Ca2+ Induced Detectable Transfer of DNase II from the Luminal Fluid 
into the Sperm Cell 

 Mn2+ and Ca2+ activated nucleolytic activity has been described in the sperm 

cell from the epididymis and vas deferens [17,103,115,165].  The cleavage of sperm 

chromatin DNA into fragments is reversible and has been called Sperm Chromatin 

Fragmentation (SCF).  A secondary activity has been observed occurring soon after 

SCF that completely digests the sperm chromatin DNA and has been called Sperm 

DNA Degradation (SDD) [17,113].  The link between SCF and SDD is of interest to 

our lab and DNase II may be an enzyme responsible for SDD as it has been 

observed active under conditions that would acidify the environment of the assay, 

in the presence of EGTA or EDTA and a divalent ion [17,60,91,113,155,156].  We 

exposed whole extract from the vas deferens and epididymis, consisting of sperm  
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Figure 4.2. Optimized DNase II Signal in Liver, Vas Deferens, and 

Epididymis Extracts 

 

 
 Western analysis of DNase II in mouse liver, epididymis, and vas deferens extract.  
(A) Proteins resolved with SDS-PAGE and transferred to nitrocellulose and stained with 
ponceau-S.  (B) Following staining, proteins where then probed with or without 1:50 anti-
dnase II and then with 1:75,000 donkey anti-goat IgG-HRP in 3% BSA/TBST followed by 
treatment with ECL peroxidase substrate.  Lanes 7 – 13 only probed with donkey anti-goat 
IgG-HRP 
L – Combined western and protein molecular weight ladder, L100e – Liver high-speed 
supernatant 100 kDa eluent, ES – Epididymis supernatant, EP – Epididymis sperm pellet, VS 
– Vas deferens supernatant, VP – Vas deferens sperm pellet 
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cells along with the surrounding fluid, to 10 mM manganese and 10 mM calcium 

for one hour at 37ºC followed by separation of sperm from fluid via centrifugation 

at 6,000 x g in order to determine if DNase II transferred from the fluid into the 

sperm cell.  This resulted in an observable change in DNase II detection in sperm 

and luminal fluid from both sources.  After the vas deferens extract was treated 

with Mn2+ and Ca2+ a decrease of 50-kDa DNase II in the luminal fluid (VS) (Fig. 

4.3 lane 9) along with an increase of 35, 30, and 23-kDa DNase II in sperm (VP) 

(Fig. 4.3 lane 10) was detected.  After the epididymal extract was treated with Mn2+ 

and Ca2+ an increase in 30-kDa DNase II was detected in the luminal fluid (ES) 

(Fig. 4.3 lane 11) along with an increase of 50 and 30-kDa DNase II in sperm (EP) 

(Fig. 4.3 lane 12). 

 

4.3.3. Isolation of DNase II from the Vas Deferens by Heparin Fractionation followed 
by detection via Western Blot and Zymogram 

 After heparin isolation of an acidic nuclease was developed using the liver 

extract we were able to apply the same protocol on extract from the vas deferens.  

Fluid was extracted from the vas deferens, diluted in TKB, and centrifuged at 

60,000 x g for 20 minutes at 4ºC.  The supernatant was then filtered through a 100-

kDa MWCO filter and stored on ice (V100e).  Prior to fractionation the heparin  
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Figure 4.3. MnCa Treated Vas Deferens and Epidydimis 

 

 Western analysis of DNase II in mouse liver, epididymis, and vas deferens extract. 
(A) Following staining, proteins where then probed with or without 1:50 anti-DNase II and 
then with 1:75,000 donkey anti-goat IgG-HRP in 3% BSA/TBST followed by treatment with 
ECL peroxidase substrate.  (B) Proteins resolved with SDS-PAGE and transferred to 
nitrocellulose and and stained with Ponceau-S. 
Change in DNase II levels detected in sperm from the epididymis and vas deferens.  Changes 
indicated with white arrows. 
W – Western blot molecular weight ladder, P – Protein molecular weight ladder, L100e – 
Liver high-speed supernatant 100 kDa eluent, ES – Epididymis supernatant, EP – 
Epididymis sperm pellet, VS – Vas deferen supernatant, VP – Vas deferens sperm pellet.  
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column was adjusted to pH 4.8.  The V100e extract was then adjusted to pH 4.8 

with HCl and injected into the equilibrated heparin column.  Fifteen column 

volumes of binding buffer was eluted and concentrated to 1 ml with a 3-kDa 

MWCO spin tube.  Elution buffer was then passed through the column and eleven 

1 ml fractions were collected.  Fifteen ml was collected for the eleventh fraction to 

ensure that all protein had eluted, and then the fraction was concentrated to 1 ml 

on a 3-kDa MWCO spin tube.  V100e and all its fractions where then assayed for 

acidic nuclease activity by adjusting the pH of each to 4.8 and combining 18 µl of 

each with 2 µl of 200 ng plasmid DNA (to assay V100e, 3µl was added to 2µl 

plasmid and 15µl 50mM sodium acetate pH 4.8) and incubated at 37ºC for 1 hour 

(Fig 4.4).  Activity was only found in V100e and elution fraction E4 indicating that 

all the nuclease had eluted in one fraction (Fig 4.4 lanes 3 and 8).  Elution fractions 

E5-E11 (Fig. 4.4 lanes 9 – 13) did not digest DNA confirming that all the nuclease 

was eluted in fraction E4. 

 We next assayed V100e and fractions B through E7 for activity following 

protein resolution via zymography.  The advantage of the technique is that it 

allows the correlation of molecular weight with enzyme activity. 

 The samples were prepared in Laemmli sample buffer without DTT or BME 

and heated at 65ºC for ten minutes.  The sample preparation for zymography is  
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Figure 4.4. Heparin Fractionated V100e Acidic Nuclease Assay 

 

 Acidic nuclease activity of V100e (lane 3) and the eluted fractions (lanes 4 – 15).  
Activity was found in elution fraction E4 (lane 8) indicating that all the nuclease had eluted 
in one fraction. V100e and all fractions were assayed for acidic nuclease by acidification of 
all samples to pH 4.8 and combined with 200 ng plasmid DNA at 37ºC for 1 hour and 
analyzed by conventional agarose electrophoresis. 
L – Ladder, V100e – Vas deferens high-speed supernatant 100 kDa eluent 
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designed to allow some SDS linearization and gel resolution while still being able 

to renature for activity.  The zymogram gel is prepared as per Laemmli with the 

exception of containing 3.0 µg/ml sheared salmon sperm DNA as substrate.  The 

samples were then resolved at 4ºC at 150 V in 1x TGS running buffer and washed 

three times ten minutes each in DI water to remove SDS and allow protein folding 

and renaturing, then incubated for one change in 50 mM sodium acetate pH 4.8 

(activation buffer) at 37ºC for 30 minutes.  The gels were then incubated in new 

activation buffer overnight at 37ºC, soaked in ethidium bromide for 10 minutes, 

washed with water, and the nuclease activity was detected as a dark area on a 

fluorescent background when exposed to ultra violet light.  Two nucleases were 

detected in V100e and one detected in E4 (Fig. 4.5 lanes 2 and 7).  V100e contained 

acidic nuclease activity at approximately 30 and 35 kDa while E4 contained activity 

at 30 kDa. 

 
 All samples were then prepared in duplicate with Laemmli sample buffer 

and resolved on SDS-PAGE after which one set was stained with colloidal 

coommassie blue and the other was transferred to nitrocellulose membrane and 

stained with ponceau-s in preparation for western blot.  After staining with 

colloidal coomassie blue the protein complexity of the active eluent initial sample 

E4 was reduced in comparison to the initial sample (Fig 4.6 lanes 7 and 2).  V100e 

contained two major protein bands at 30 and 35 kDa.  Most of the protein  
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Figure 4.5. Heparin Fractionated V100e Zymogram Assay 

 
 Zymography of V100e and eluted fractions B – E7.  Activity found in V100e and 
elution fraction E4.  Fractions correspond with western blot size location.  DNase II activity 
is indicated by the dark absence of DNA on the gel.  V100e has two locations of activity, 
approximately 30 and 35 kDa, while E4 only has one, 30 kDa.  All samples combined with 
Laemmli buffer and heated at 65ºC for ten minutes and resolved by SDS-PAGE on 12% 
acrylamide gels embedded with sheared salmon sperm DNA.  Photographs taken under UV-
light after incubation in activity buffer and ethidium bromide. 
L – Protein Ladder, V100e – Vas deferens high-speed supernatant 100 kDa eluent 
White arrows – Activity 
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Figure 4.6. Heparin Fractionated V100e Protein Complexity 

 
 
 Colloidal coomassie stained heparin fractions from V100e.  Protein complexity 
reduced in elution fraction E4 from V100e.  Strong protein bands detected at approximately 
30 and 35 kDa in V100e (lane 2) and at 30 kDa in elution fraction E4 (lane 7). 
L – Protein Ladder, V100e – Vas deferens high-speed supernatant 100 kDa eluent. 
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complexity in V100e was removed by fractionation leaving a single band in elution 

fraction E4 at 30 kDa. 

 With an optimized western blot protocol we were able to detect for the 

presence of DNase II in the fraction E4.  The nitrocellulose membrane was cut into 

two sets of strips with one containing lanes of combined Western and protein 

ladder (L), V100e, and all fraction samples and the other containing combined 

western and protein ladder and V100e as secondary control.  The membrane strips 

where blocked with 3% BSA/TBST and probed with 1:50 anti-DNase II and 1:75,000 

secondary antibody, except for the secondary control which was not probed with 

primary antibodies.  Two bands of DNase II were detected in V100e at 30 and 35 

kDa (Fig. 4.7 lane 2). One band was detected in E4 at 30 kDa (Fig. 4.7 lane 7).  The 

secondary control indicates no background or non-specific binding (Fig 4.7 lanes 

15 and 16). 

4.4. Discussion 

 In our efforts to identify the nuclease we first attempted mass spectrometry, 

however our results were inconclusive.  In our attempt to isolate a protein sample 

pure enough for mass spectrometry we attempted column fractionation and in 

doing so discovered the true means of activating the nuclease.  All the previous 

characterization work led to the initial conclusion that EGTA chelated to Ca2+ was  
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Figure 4.7. DNase II Detected in Heparin Fractionated V100e 

 
 
 Western analysis of DNase II in heparin column elutions of vas deferens extract.  (A) 
Proteins resolved with SDS-PAGE and transferred to nitrocellulose and stained with 
ponceau-S.  (B) Following staining, proteins where then probed with or without 1:50 anti-
dnase II and then with 1:75,000 donkey anti-goat IgG-HRP in 3% BSA/TBST followed by 
treatment with ECL peroxidase substrate.  Lanes 15 and 16 only probed with donkey anti-
goat IgG-HRP (secondary control).  DNase II detected in V100e at approximately 30 and 35 
kDa and in E4 at approximately 30 kDa 
L – Combined western and protein molecular weight ladder, V100e – Vas deferens high-
speed supernatant 100 kDa eluent 
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activating the nuclease [113,155].  We now know that chelated EGTA lowers the pH 

of a solution that is not adequately buffered [118,156] and that low pH was actually 

activating the nuclease.  Researching the various types of acid nucleases led to the 

DNase II family.  There are three DNase II-type nucleases: DNase IIα, DNase IIβ, 

and L-DNase II.  DNase IIα, commonly known as DNase II, is the most 

ubiquitously expressed and secreted enzyme of the family [121,122,161,166,167].  

DNase IIβ is expressed in the eye and degrades DNA during lens fiber cell 

differentiation [113,168].  L-DNase II has also been implicated in apoptosis [125,169] 

but is not secreted.  Our primary choice from the DNase II family was DNase IIα 

(DNase II) because of its ubiquity and that it is also secreted. 

 Optimizing a western blotting procedure allowed the detection of DNase II 

in the epididymis and vas deferens (and also in the liver as a positive control 

[127,164]). In the epididymis a major DNase II band was detected at 30-kDa in the 

luminal fluid (Fig. 4.2 lane 5) and at 55-kDa and 15-kDa at lower intensity in the 

sperm (Fig. 4.2 lane 6).  In vas deferens luminal fluid we also detected a major 

DNase II band at 30-kDa (Fig. 4.2 lane 3).  The 15-kDa DNase II was also present in 

the sperm (Fig. 4.2 lane 4) but at higher intensity.  Overall there is more DNase II 

present in the vas deferens, especially at 30-kDa, which correlates with data 

indicating that SDD is stronger in sperm extract from the organ. 

 We also tested for the transfer of DNase II into the sperm cell by incubating 

whole extract (sperm and its surrounding luminal fluid) from the epididymis or 
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vas deferens in buffer containing Mn2+ and Ca2+, which has been shown to activate 

SCF as well as SDD. It is also known that EGTA and Ca2+ greatly accelerates SDD 

[17,115,128,165].  Topoisomerase IIB is believed to be responsible for SCF however 

the enzyme machinery behind SDD is currently under investigation.  Here we 

present preliminary evidence linking DNase II to SDD.  After incubating the 

epididymal and vas deferens extracts in Mn2+ and Ca2+, both solutions were 

separated via centrifugation, immunoblotted, and compared to the same samples 

not treated with Mn2+ and Ca2+.  Although most of the DNase II was detected in 

the luminal fluids, especially at 30-kDa, Mn2+ and Ca2+ caused a detectable increase 

in DNase II in the sperm from both the epididymis and vas deferens (Fig. 4.3 B, 

lanes 10 and 12).  This data adds support to the likelihood of DNase II involvement 

in SDD. 

 Finally we isolated the enzyme from the vas deferens luminal fluid using 

heparin column chromatography.  Vas deferens luminal fluid was filtered and the 

100-kDa eluent was collected and fractionated on a heparin column.  The fractions 

were then assayed for the presence of acidic nuclease activity using a plasmid 

degradation assay (Fig. 4.4 lanes 3 and 8) and the acidic activity was correlated to 

molecular weights 30 and 35-kDa using zymography (Fig 4.5 lanes 2 and 7), 

colloidal coomassie stain (Fig. 4.6 lanes 2 and 7), and western blot (Fig. 4.7 lanes 2 

and 7). 
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 According to recent work on DNase II in the mouse [129,161] three forms of 

DNase II have been elucidated at molecular weights at 45, 30, and 23-kDa.  The 45-

kDa form is secreted while the 30 and 23-kDa forms are localized to the lysosomes.  

We found 45-kDa DNase II in the luminal fluid of the vas deferens (Fig. 4.2 and 

4.6) and with sperm from the epididymis (Fig 4.3) while 30-kDa DNase II was 

found in all tested samples (the luminal fluid and sperm of both the epididymis 

and vas deferens (Figs 4.2, 4.3, and 4.5)).  We did not find 23-kDa DNase II in these 

areas.  Finding DNase II with sperm from the cauda epididymis and vas deferens 

suggests that the nuclease was secreted as soluble protein (45-kDa) or packaged in 

lysosomes (30-kDa) from the epithelial cells and localized to the sperm cell.  The 

sperm pellet was washed, centrifuged, and the supernatant removed followed by 

pellet resuspension in buffer three times prior to analysis indicating that the 

DNase II was bound strongly to the sperm cell, or may have been transferred into 

the cell. DNase IIs were detected at different weights that have not been described 

in the literature and can represent different levels of post-translational 

modification and cleavage unique to the male reproductive tract. 

 This data confirms the presence of DNase II in the luminal fluid and sperm 

from the epididymis and vas deferens.  Furthermore, we have correlated the 

activity triggered by EGTA and Ca2+ [60,130,155] to the acidic nuclease DNase II.  

Lastly, we have provided preliminary evidence linking this activity to Sperm DNA 

Degradation [37,39,40,60]. 
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Chapter 5. Discussion 

 

 The nuclease activity we have described here was first seen in the male 

mouse reproductive tract.  The activity was thought to be the product of a nuclease 

that was first uninhibited by EGTA and then activated by calcium [6,60].  Later it 

was shown that both EGTA and calcium needed to be present at the same time to 

chelate the EGTA molecule that was directly activating the nuclease [131,132,155].  

Finally we found that chelated EGTA was not necessary and it was in fact the 

lowering of pH that was solely needed to activate the nuclease. 

 Our model has continued to evolve from our original hypothesis that the 

nuclease was a calcium-dependent protein that inhibited the nuclease where 

EGTA was added to chelate calcium and remove the inhibitory protein leaving the 

nuclease in an uninhibited state.   According to this model, a divalent cation is 

then introduced to activate the nuclease [60,133].  This model was adjusted to 

account for our unexpected data that both EGTA and calcium needed to be 

present at the simultaneously, which in turn suggested that the chelated form of 

EGTA was responsible for directly activating the nuclease [134,155].  Our current 

data indicates that the nucleolytic activity was actually due to an acidic nuclease 

that was activated by the drop in pH from chelating EGTA.  This nuclease is 
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present in the luminal fluid of the vas deferens and to a lesser extent in the 

epididymis. 

 The epididymis and vas deferens are known as storage areas for 

spermatozoa, but also may also function as a quality control mechanism for 

defective sperm.  This is suggested by the drop in number of defective sperm seen 

in the cauda epidydimis compared to the caput [135,170] and also by the 

extracellular ubiquitination of sperm seen throughout the epididymis [136-140,171] 

suggesting they are being marked for degradation. 

 The presence of an acidic nuclease in the vas deferens has not been directly 

described, however there is evidence of an abundance of lysosomes in the 

epithelial cells lining the epididymis and vas deferens [41,141,172] and so it is 

probable that a DNase II-like protein, which is normally localized within 

lysosomes, would be present in lysosomal vesicles in the epithelial cells of the 

epididymis and vas deferens and also excreted into the luminal fluid as soluble 

protein or contained in microvesicles such as epididymosomes [142,173]. 

 

5.1 DNase II relationship to SCF 

 Topoisomerase IIB can be activated in sperm with Mn2+ and Ca2+ causing 

the reversible cleavage of chromatin DNA, and after a window of time full 

degradation is observed, a process we have named Sperm DNA Degradation.  
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Interestingly, using EGTA and Ca2+ greatly accelerates the SDD reaction [60].  We 

now know that EGTA and Ca2+ lowers the pH of the solution activating an acidic 

nuclease.  Therefore, data presented here support our hypothesis that DNase II is 

the nuclease activated during SDD. 

 

5.2 Model for DNase II activation 

 DNase II is typically known for its role in somatic phagocytosis where 

macrophages engulf apoptotic nuclei.  In this context DNase II is found in the 

acidic lysosomes of the macrophage where it degrades apoptotic chromatin.  

DNase II is also found on the surface of the skin.  Here the nuclease is free from 

the lysosome and in the active state due to the natural acidity of skin [166].  In this 

context the nuclease functions to keep the body safe from exogenous DNA and 

viruses. 

 Our data indicate that different forms of DNase II are present in sperm and 

luminal fluid from the epididymis compared to the vas deferens.  Interestingly, an 

approximately 15-kDa DNase II was strongly detected in the sperm of vas deferens 

(Fig. 4.2 lane 6) but weakly in the epididymis (Fig. 4.2 lane 4).  This data parallels 

the pattern seen in SDD, which is much stronger in the vas deferens than in the 

epididymis [60].  It is likely that the 15-kDa DNase II is transferred to the sperm 

cell while in the vas deferens.  This transfer most likely occurs in the luminal fluid 
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when lysosomes containing the enzyme fuse with sperm, since higher molecular 

weight DNase II is normally secreted in the form of soluble protein and lower 

molecular weight DNase II is packaged in lysosomes [161]. 

 Although the environment of the vas deferens is acidic, viable sperm are 

protected because lower molecular weight DNase II is safely contained in 

lysosomes, while the free floating higher molecular weight form is kept in an 

inactive state due to inhibition by serum albumin [174], which is found in 

increasingly higher concentration towards the end of the epididymis as the tube 

approaches the vas deferens [175].  Activation of the nuclease probably occurs 

when lower molecular weight DNase II enters the sperm cell after lysosomal fusion 

or when higher molecular weight Dnase II finds exposed DNA, which it has a 

higher affinity to than albumin. 

 The model for SCF parallels apoptosis in somatic cells.  Although the 

conditions for activation of SCF in vivo are not yet well understood, in somatic 

cells DNase II is normally a late stage player during apoptosis.  Its role when 

contained in lysosomes in the macrophage is to remove apoptotic DNA from 

phagocytosed dying cells.  DNase II -/- macrophages cannot degrade engulfed 

DNA [154].  Additionally, DNase II -/- mice die during later developmental stages 

due to constitutionally active interferon B (IFN) production because they cannot 

degrade the apoptoic DNA from enucleated red blood cells [99,161,164,176].  In 

other words, DNase II is not necessary for apoptosis and is probably not directly 
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linked to the function of topoisomerase IIB, an integral component of the 

apoptotic machinery.  In its secreted high molecular weight (and free-floating) 

form, DNase II probably directly attaches to the DNA of damaged sperm that have 

lost membrane integrity and have exposed chromatin.  In lysosomal form, the 

nuclease probably enters sperm that have been extracellularly primed for DNA 

degradation.  Although phagocytosis of defective sperm has not been detected in 

the epididymis, an alternate means of dealing with them has been observed.  

Sperm “death cocoons” have been detected in the epididymis of hamsters.  These 

sperm are non-viable and are coated with fibrinogen-like protein fgl2.  The 

monomeric fgl2 protein of 64 kDa forms 260 and 280 kDa oligomers that coat 

defective sperm and all sperm fragments [177].  Normally the cell presents 

phosphatidylserine on the surface of the membrane during apoptosis to signal 

coagulation activity of macrophage fgl2 [178-180].  Phosphatidylserine has also 

been detected in damaged sperm [181], which has prompted the authors [177] to 

speculate that perhaps this acts as a signal for fgl2 binding to damaged sperm, 

promoting an extracellular protease reaction.  However it is not known how the 

cocoons are eliminated.  It is possible that phosphatidylserine and/or fgl2 may 

signal for DNase II as well. 
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5.3 Summary 

 The work presented here indicates the novel involvement of DNase II in a 

mechanism that degrades DNA in sperm that we have previously named Sperm 

DNA Degradation (SDD).  This activity occurs more strongly in sperm from the vas 

deferens and is greatly accelerated in the presence of EGTA and Ca2+.  The 

experimental data supporting what we thought was a new class of enzyme that was 

activated by EGTA chelated to Ca2+ remains valid and instead indicates the activity 

of an acid nuclease that we have identified to be DNase II.  Of the three variants of 

the enzyme, two have been detected and confirmed activatable in the cauda 

epididymis and vas deferens. 

 Future work will focus on how DNase II works in conjunction with 

indicators of damaged sperm, such as phosphatidylserine and protein fgl2, to 

understand how defective sperm is removed from the male reproductive tract in 

order to maximize the amount of viable sperm for fertilization.  Another direction 

would be to isolate the DNAse II from vas deferens luminal fluid by 

immunoprecipitation then attempt to sequence the protein by mass spectrometry 

to identify the exact form of DNAse II that is present in the vas deferens.   

 The work in this dissertation identifies DNAse II as the major nuclease in 

the luminal fluid of the vas deferens, and that it has a role in sperm chromatin 
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degradation.  While we do not yet know the exact mechanism for its action, we 

now have a target molecule to direct our experimental approaches in defining it. 
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