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Abstract

Mammalian fertilization dynamics unfold as a series of remarkable events,
involving the active reorganization of the centrosome and cytoskeleton, the egg- and
sperm-derived nuclei, and the endomembranes within the zygote. Despite the many
advances in our knowledge of these events, the molecular mechanisms that regulate the
cytoplasmic and nuclear dynamics of fertilization are still poorly understood. This work
tests several hypotheses that involve the distribution and regulation of microtubule motor
proteins, nuclear envelope proteins, and Golgi proteins within the cytoplasm, as well as
nuclear dynamics during fertilization and assisted reproductive technologies (ART). In
our first hypothesis, we propose a role for cytoplasmic dynein and dynactin in associating
with pronuclear membranes to mediate genomic union. Qur results show that dynactin
associates with nuclear pore complex proteins, as well as the intermediate filament
vimentin and dynein on the cytoplasmic surfaces of the pronuclei. Inhibition of the motor
complex, as well as of nucleoporins and vimentin, blocks pronuclear apposition. Because
it is known that the molecule LIS1 directly associates with dynein and dynactin to
mediate neuronal migration, we also test whether LIS1 functions in the fertilized
mammalian egg to facilitate genomic union. We find that LIS1 associates with dynactin
on pronuclear surfaces, and that its inhibition blocks pronuclear apposition.

Cytoplasmic components that do not affect nuclear motility, in contrast, are Golgi
proteins. During mitosis, the putative matrix protein GM130 is phosphorylated and
relocalized to spindle poles, but when exposed to the drug brefeldin A the protein

associates with vesicle export sites on the endoplasmic reticulum. Given that most
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mammalian oocytes lack centrosomes at the meiotic spindle, we test the hypothesis that
GMI130 associates not with meiotic spindle poles, but with clusters of endoplasmic
reticulum in the mature oocyte. Indeed, GM130 co-localizes with Sec23, a marker for ER
vesicle export sites at Met-2 arrest, and does not distribute to the spindle region. We
conclude that the absence of a maternal centrosome precludes Golgi association with the
meiotic spindle, and show that when the sperm enters the egg, introducing the paternal
centrosome, GM130 reorganizes around the pronuclei. The question of what, exactly, the
sperm contributes to the zygotic centrosome is also addressed in the first of three
appendices, detailing work that was performed as part of several collaborative projects.
Cell-free Xenopus cgg extracts and human sperm are used to characterize zygotic
centrosome assembly. Our results support a model in which -tubulin, a major component
of the centrosome, is biparentally inherited, and in which maternal components are
attracted to a paternal template.

In many cases when human sperm cannot penetrate an oocyte by conventional
means, successful fertilization can be achieved through direct microinjection of a single
sperm into an oocyte — a technique known as ICSI (intracytoplasmic sperm injection).
While it succeeds in introducing both the nuclear and centrosomal material into the ege,
the technique has raised concerns with an increased report of sex chromosome anomalies
in children conceived through its use. To investigate the relationship between sex
chromosomes and ICSI, we identify a non-random localization of the X chromosome in
the apical region of the sperm nucleus — a region that remains condensed for a longer
period of time than the basal region — and describe the results in Appendix 2. Perhaps this

finding may contribute to a greater general understanding of sperm nuclear remodeling
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within an egg cytoplasm. What is perplexing, however, is why another form of ART used
in animals — nuclear transfer -succeeds in some species but not in others. Specifically, we
question why nuclear transfer has failed in non-human primates. Focusing on the role
played by another set of motor proteins, Eg5, HSET and NuMA, to organize and
maintain a bipolar meiotic spindle, we show in Appendix 3 that the conventional method
of nuclear transfer removes these essential proteins from the primate egg cytoplasm and
results in aberrant mitotic spindles.

With our increased understanding of the interactions among molecular motors,
spindle microtubules, nuclear envelope components, Golgi proteins and vesicle export
sites during fertilization, we are more fully defining the extensive cytoskeletal, membrane
and nuclear dynamics in the fertilized mammalian egg. This should allow us to begin

addressing the specific molecular mechanisms underlying this remarkable process.
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Chapter 1

Introduction

It has been over one hundred years since the first micrographs of sea urchin
fertilization were published by E.B. Wilson in An Atlas of the Fertilization and
Karyokinesis of the Ovum (Wilson, 1895). In the intervening century, our understanding
of the complex and remarkable dynamics occurring within the cytoplasm of the fertilized
egg has been extended to fish, amphibians, birds and a variety of mammals (reviewed in
Schatten, 1994). The process of fertilization unfolds in a series of events, involving the
active reorganization of the centrosome and cytoskeleton, the egg- and sperm-derived
nuclei, and the endomembranes within the zygote. Despite the many advances in our
knowledge of these events, the molecular mechanisms that regulate the cytoplasmic and
nuclear dynamics of fertilization are still poorly understood. This thesis investigates the
regulation of dynamic events that occur during mammalian fertilization, examining the
roles and interactions of molecular motors and microtubule-associated proteins on the
migration of the egg-derived (female) pronucleus to the sperm-derived (male) pronucleus
in zygotes, as well as the association between - and reorganization of - the Golgi
apparatus and endoplasmic reticulum during meiotic maturation and fertilization in
oocytes. The paternal and maternal contributions to zygotic centrosome assembly, the
significance of chromosomal positioning in sperm nuclei, and the mmportance of mitotic
spindle-associated molecular motors will also be described in the appendices that follow

the main chapters.




Localization of Motor Proteins and Endomembranes in Germ Cells

Molecular motors function in nearly every cell to transport vesicles to their
required location during interphase, and to build and maintain spindles to ensure proper
chromosome separation during mitosis and meiosis. One specific microtubule motor is
cytoplasmic dynein, which requires its cofactor dynactin to actively move cargo. The
dynein-dynactin complex, in addition to its role in protein trafficking and spindle
formation, also functions to localize the Golgi apparatus to the centrosome in the majority
of cells. Often this location_is juxtanuclear, in close proximity to nuclear membranes and
the nucleoporins embedded within their envelopes. The roles of different cytoplasmic
proteins will be examined in pronucleate-stage zygotes throughout this thesis, but first,
the distribution of cytoplasmic dynein, dynactin, nucleoporins, and Golgi proteins will be
presented in bull spermatozoa and bovine oocytes.

Mature bull sperm, at the time of insemination, contain a band of dynactin around
the equatorial region of the sperm head, but lack cytoplasmic dynein (Figure 1.1A,B).
This result is not surprising, given that the class of dynein found in sperm is axonemal,
and not cytoplasmic (Gagnon, 1995). Axonemal dynein, which localizes to the tail and is
required for its movement, is distinct from the cytoplasmic form of the molecule, sharing
only 25% identity in the amino acid sequence (Gibbons, 1995). Cytoplasmic dynein
contains two 532-kDa heavy chains, three 74-kDa intermediate chains, and four light
chains of M; 59, 57, 55, and 53 (Holzbaur et al., 1994). The 74-kDa intermediate chain of

cytoplasmic dynein directly interacts with the p1509"® subunit of dynactin (Karki and




Holzbaur, 1995; Vaughan and Vallee, 1995), itself a large complex that also contains:
one p62 subunit (62 kDa), five p50 dynamitin subunits (50 kDa), ten Arp-1/centractin
subunits (45 kDa), and four additional subunits of M, 37, 32, 27, and 22 (Holleran et al.,
1998). Thus, during fertilization, sperm have the ability to contribute some dynactin but
no cytoplasmic dynein. |

Nuclear pore complex (NPC) proteins also localize to the equatorial region of the
sperm head, as well as to the centrosome region of the midpiece in bull sperm (Figure
1.1C). NPC proteins comprise the complex that spans the nuclear pore, enabling transport
of protein and RNA to and from the nucleus. Proteomic analysis of the mammalian NPC
has identified 29 nucleoporins and 18 NPC-associated proteins (Cronshaw et al., 2002).
The presence of some of these nucleoporins in mature bull sperm suggests that even in its
remarkably compact form, communication between the highly condensed nucleus and the
tiny volume of cytoplasm is retained. The similarity between dynactin and NPC
distribution is also intriguing, given that dynactin localizes to the nuclear envelope in
somatic cells entering prophase (Salina et al., 2002; Busson et al., 1998).

Bull spermatozoa do not contain a Golgi apparatus, however, as neither the
putative matrix protein GM130 nor the ER-to-Golgi COPI vesicle coat protein -
coatomer (B-COP) are present (Figure 1.1D,E). This result agrees with recent data
showing that other Golgi components, including Golgin-97 and Golgin-160, are lost
during spermiogenesis, discarded in the cytoplasmic droplet that is cast off during the
maturation process (Moreno et al., 2000). Mammalian sperm, therefore, no longer appear
to retain the endomembranes necessary for protein secretion, and do not contribute Golgi

proteins during fertilization.




Mature bovine oocytes, in contrast to spermatozoa, contain both dynactin and
cytoplasmic dynein that are enriched at the meiotic spindle (Figure 1.2A,B). This
localization resembles the distribution of the dynein-dynactin complex in mitotic somatic
cells, concentrated at the spindle to ensure proper assembly and maintenance of the
microtubule array (Vaisberg et al., 1993). The process of meiotic maturation involves the
expulsion of maternal DNA into two polar bodies by a mechanism that demands the
accurate separation of chromosomes. Surprisingly, a high degree of meiotic errors can
occur during oocyte maturation, resulting in aneuploidy that adversely affects subsequent
embryo development (LeMaire-Adkins et al., 1997). Thus, the concentration of dynein
and dynactin at the meiotic spindle suggests their importance in maintaining this structure
with respect to normal development.

NPC proteins, however, are neither concentrated nor organized as a complex
within the oocyte, but instead are distributed diffusely throughout the cytoplasm (Figure
1.2C). These observations confirm earlier findings that NPC staining is quite dim and
unfocused in mature mammalian oocytes (Sutovsky et al.,, 1998). Given that NPCs
assemble and insert into nuclear membranes at the onset of interphase, it is not surprising
that the component proteins are not yet associated with each another at meiotic
metaphase. Sutovsky et al. showed that NPCs concentrate around the decondensing
sperm- and egg-derived pronuclei soon after insemination, and that their assembly is
required for proper pronuclear formation. Fertilization, therefore, promotes the
restoration of NPC protein associations with nuclear membranes.

The distribution of Golgi proteins in mature bovine oocytes, meanwhile, takes the

form of punctate foci, broadly dispersed throughout the cytoplasm (Figure 1.2D,E). Both




GM130 and B-COP localize with this pattern, appearing as membrane vesicles. The
highly fragmented appearance of the Golgi apparatus could explain the absence of a
functional secretory pathway in the oocyte at this stage, as the fragmentation of the Golgi
and the block in protein secretion coincide (Colman et al., 1985; Moreno et al., 2002). No
preferential concentration of Golgi proteins is observed at the meiotic spindle in bovine
oocytes, in contrast to mitotic somatic cells (Seemann et al., 2002).

Mature bull sperm, therefore, can conceivably contribute dynactin, nucleoporins
and tubulin to the oocyte during fertilization, in addition to other cytoplasmic
components like the centrosome and mitochondria (Sutovsky and Schatten, 2000). The
overwhelming majority of proteins and endomembranes required for fertilization and
early embryonic development, however, is provided by the oocyte and its large volume of
cytoplasm. Sperm incorporation is accompanied by the expulsion of the second polar
body, decondensation of the egg-derived and sperm-derived nuclei, and recruitment of
maternal endomembranes around the two pronuclei. At 9 h post-insemination, for
example, an accumulation of dynactin can be seen around the female pronucleus as well
as near the surface of the newly forming male pronucleus (Figure 1.3). This distribution
of dynactin resembles the localization of NPCs around the pronuclei at the time of their
formation (Sutovsky et al., 1998), suggesting that perhaps there is an association between
dynactin and NPCs. This interaction will be one of several that will be examined in this

thesis.
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One of the important cytoplasmic structures that bull sperm contribute to the
oocyte during fertilization is the centrosome. Still not completely understood at the
structural and functional levels after more than one hundred years since its discovery, the
centrosome serves as the dominant microtubule-organizing center in the majority of
animal cells (Kellogg et al., 1994). Consisting of an orthogonal pair of centrioles,
specialized organelles containing nine groups of triplet microtubules fashioned into
cylinders, that are, in turn, surrounded by an amorphous cloud of pericentriolar material,
the centrosome nucleates microtubules from a central structure known as the 7y-tubulin
ring complex (Zheng et al.,, 1995). In most mammalian species, including cow and
monkey, the centrosome degenerates in the oocyte and is retained in the sperm during the
maturation process (Schatten, 1994). Rodents, however, differ from this scenario and
show maternal centrosomal inheritance and centrosome degeneration in the sperm
(Schatten et al., 1986; Manandhar et al., 1999). Bovine and rhesus gametes, therefore,
more closely resemble human oocytes and sperm, and will be used as model systems
throughout this thesis.

Following the insemination of bovine or rhesus oocytes, the sperm centrosome,
which lies attached to the sperm nucleus in the egg cytoplasm, nucleates microtubules to
form a structure known as the sperm aster. Defined as a radial array of microtubules
anchored at the centrosome, the sperm aster grows and expands to reach both the surface
of the female pronucleus as well as the egg cortex (Schatten, 1994). Contact of the sperm
aster with the cortex is thought to generate the force necessary to propel the male
pronucleus to the center of the egg (Reinsch and Gonczy, 1998), and microtubule

association with the surface of the female pronucleus is thought to facilitate the migration




of the female towards the male pronucleus that completes the fertilization process
(Schatten, 1994). Thus, the paternally inherited centrosome plays an essential role in
establishing and supporting the microtubule-based motility within the zygote.

Until recently, however, it has not been clear how the sperm centrosome becomes
modified within the egg cytoplasm to become a fully functional microtubule-organizing
complex. In Xenopus, for example, 7-tubulin is thought to be acquired solely from the
maternal cytoplasm, with the assembly of y-tubulin into the complex occurring only after
sperm incorporation (Gard, 1994; Stearns and Kirschner, 1994). Centrin, a centrosome
protein that is biparentally inherited, is a Ca*"-sensitive molecule that is thought to sever
axonemal microtubules from the sperm centrosome, and may be involved in centrosome
duplication (Salisbury, 1995). Other components might also be biparentally inherited.
Centrosome reconstitution during mammalian fertilization, therefore, requires further
examination into which specific components are provided by the sperm and which are
provided by the egg.

Pronuclear migration and apposition in the bovine zygote is followed by the
breakdown of pronuclear envelopes, the formation of a mitotic spindle, and the first
interactions between the maternal and paternal DNA. The role of the centrosome in
anchoring a bipolar spindle is well known in somatic cells and cell-free extracts, and is
slowly becoming better understood in mammalian zygotes (Doxsey, 2001). Molecular
motors, interestingly, appear to serve even more important roles in spindle assembly and
maintenance, with molecules such as HSET and NuMA crucial for preserving proper
spindle structure and function (Mountain et al.,, 1999). When mammalian oocytes are

parthenogenetically activated, development to the blastocyst stage in the absence of a




paternal centrosome ensues — raising two possibilities of how mitotic spindles might be
formed in these cells: either that molecular motors exclusively assemble the spindles in
the absence of a centrosome, or that a centrosome forms de novo to organize the
microtubules (Kuntziger and Bornens, 2000). Further analysis will be needed to clarify

this developmental phenomenon.

Use of Assisted Reproductive Technologies

The use of in vitro fertilization (IVF) as an alternative method for human
reproduction has proven to be an unparalleled success since its introduction in 1978
(Thornton, 2000). Modifications and refinements to the technique, which created other
assisted-fertilization methods such as partial zona dissection (PZD) and subzonal
insemination (SUZI), inadvertently led to the successful microinjection of a single
spermatozoon directly into an oocyte to achieve pregnancies and normal, healthy live
births — a technique known as intracytoplasmic sperm injection (ICSI; Palermo et al.,
1992; Van Steirteghem et al., 1993). ICSI is now used in human IVF clinics to overcome
various types of male factor infertility, and the procedure bypasses many of the normal
steps that unfold during insemination, such as the sperm acrosome reaction, sperm-zona
binding and penetration, and sperm-oolemma binding and fusion (Ramalho-Santos et al.,
2000; Hewitson et al., 2000a; Sutovsky and Schatten, 2000). Although ICSI appears to be
a relatively safe and effective method to treat many cases of male factor infertility and to

produce healthy babies (Van Steirteghem et al, 2002), questions have been raised




regarding the safety and long-term consequences of the technique (In’t Veld et al., 1995;
Bowen et al., 1998; Lamb, 1999; Nudell and Lipshultz, 2001).

Recent evidence has shown that sperm DNA decondensation occurs
asynchronously following ICSI, with the apical region of the sperm head remaining
highly condensed for a longer period of time than the basal region (Ramalho-Santos et
al., 2000). The apical region contains the acrosome and perinuclear theca, structures
normally lost during IVF, and these components are still retained on the male pronucleus
even after pronuclear apposition — over 12 h after ICSIL. Furthermore, paternal DNA
synthesis, as evaluated by BrdU incorporation into the male pronucleus, occurs only once
the spermatozoon completely decondenses, and thus is delayed when compared to IVF
(Ramalho-Santos et al., 2000). These observations raise many questions concerning the
alteration of normal cell biological events that occur during fertilization, especially in
light of the reported higher incidence of sex chromosome anomalies in embryos and
fetuses produced by ICSI (In’t Veld et al., 1995; Bonduelle et al., 1998). These concerns
warrant additional investigation and experimental analysis using animal models to shed
light on the underlying mechanisms involved in this process.

Another method that falls within the category of assisted reproductive
technologies in animals, and especially in domestic livestock, is nuclear transfer (NT).
This technique involves the transfer of a nucleus - either with the entire cell via
electrofusion or with cell remnants via microinjection — from a donor embryonic or adult
somatic cell into an enucleated oocyte (Wolf, et al. 1999). First demonstrated in
amphibians, NT using embryonic donor nuclei has successfully produced live offspring

‘in mice, rabbits, pigs, sheep, goats, cows and other mammalian species in the past decade




(Sun and Moor, 1995). In 1997, the first live mammalian birth using an adult donor
nucleus resulted in a lamb named Dolly (Wilmut et al., 1997), and in the intervening
years live offspring using adult somatic cell NT have been generated in cCows, goats, pigs,
mice, rabbits, and one cat (Kato et al., 1998; Baguisi et al., 1999; Polejaeva et al., 2000;
Wakayama et al., 1998; Chesne et al., 2002; Shin et al., 2002). One report of successful
NT in rhesus monkeys using embryonic donor nuclei has been published (Meng et al.,
1997), but thus far no live monkey births using adult somatic cells have been achieved.
The majority of mammals produced by somatic cell NT, unfortunately, die in
utero and display abnormalities related to large offspring syndrome, with metabolic and
respiratory disorders and enlarged, dysfunctional placentas (Young et al., 1998; Rideout
et al., 2001; Jaenisch et al., 2002). The challenges of reprogramming the donor nucleus,
combined with the hurdles presented in the host cytoplasm, are thought to be the chief
obstacles that decrease the efficiency of this technique and increase the developmental
abnormalities observed in embryos. Optimization strategies, therefore, need to be pursued
with respect to nuclear reprogramming and the donor-host cytoplasmic environment. For
example, it is possible that vital components within the cytoplasm of the oocyte are lost
during enucleation and are not replenished during NT, reducing the likelihood of
embryonic survival. These components mi ght consist of molecular motors,
endomembranes, or other molecules that associate with the nuclear apparatus in the
mature oocyte, and that could be discarded during the enucleation process. The
exploration of this possibility would shed light on the dynamics of motors, membranes,
and nuclear material during fertilization, and would have implications on the success of

assisted reproductive technologies like ICSI and NT.
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Figure 1.1. Bull spermatozoa contain dynactin and nucleoporins but do not express either
cytoplasmic dynein or Golgi proteins. (A) Dynactin subunit p150CHhed (red) localizes to the equatorial
region of the mature sperm head; DNA (blue) and microtubules (green) are also shown for A-E. In contrast,
the intermediate chain of cytoplasmic dynein (B) is not detected in either the heads or the tails. (C)
Nucleoporins, which comprise the nuclear pore complex (red), distribute to both the centrosomal region
where the head connects the tail, as well as the equatorial region of the head. Neither Golgi matrix protein

GM130 (D) nor vesicle trafficking $-coatomer protein (3-COP; E) are detected.
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Figure 1.2. Mature bovine oocytes contain dynactin, cytoplasmic dynein, and Golgi proteins but not
organized nuclear pore complexes. (A) Dynactin subunit p1505“ (green) concentrates at the site where
the maternal DNA is aligned on the metaphase plate (inset: DNA, blue). (B) Cytoplasmic dynein
intermediate chain (green) also localizes to the region of the meiotic spindle (inset: DNA, blue), showing a
slightly broader distribution than dynactin. (C) Nucleoporins show weak, diffuse staining, with no
identifiable nuclear pore complexes evident; arrow denotes DNA (blue). Both Golgi matrix protein GM130
(D; green) and vesicle trafficking protein 8-COP (E; green) distribute throughout the ooplasm as punctate

foci; arrows denote DNA (blue).
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Figure 1.3. Dynactin concentrates around the decondensing sperm- and oocyte-derived nuclei at 9 h

post-insemination. The p150"*? subunit (green) localizes at the surfaces of both nuclei (blue), with the
oocyte nucleus showing a greater accumulation of dynactin than the sperm nucleus at this time point (top

and bottom inset). Differential interference contrast optics allow for the identification of the sperm tail

(arrow; left panel).
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Chapter 2

Materials and Methods

Bovine and Rhesus Monkey Oocyte In Vitro Maturation and In Vitro Fertilization

In vitro maturation (IVM) and in vitro fertilization (IVF) are carried out according
to standard protocols (Sirard et al., 1988; Wolf et al., 1989; Navara et al., 1994; Hewitson
et al., 1998), with bovine oocytes obtained either from a local abattoir or from BOMED,
Inc. (Madison, WI), and rhesus oocytes obtained from the Assisted Reproductive
Technology Cores at the Oregon National Primate Research Center (Beaverton, OR) and
the Pittsburgh Development Center (Pittsburgh, PA).

Bovine ovaries obtained after slaughter are transported in thermoses containing
normal saline at 39°C. Immature oocytes are then recovered by aspiration of 3- to 5-mm
large ovarian follicles using an 18-gauge needle; only those oocytes having an
homogenous cytoplasm and surrounded by at least three layers of cumulus cells are
selected. These oocytes are then washed through three rinses in Tyrode’s medium (114
mM NaCl, 3.2 mM KCI, 2 mM CaCl;2H,0, 5§ mM MgCL6H,0, 25 mM NaHCO;, 0.4
mM NaH;PO,, 10 mM Na lactate, 100 IU/ml penicillin; TL stock), modified with 10 mM
Hepes, 1 mg/ml BSA, 2 mM pyruvate, and 25 pug/ml gentamycin (TALP-Hepes; Bavister
et al., 1983). Oocytes are matured for 24 h in 50-ul drops of TC199 medium modified
with 10% fetal calf serum, 5 ug/ml follicle stimulating hormone (FSH), 1 ug/ml estrogen,

and 25 pg/ml gentamycin at 39°C in 5% CO, under mineral oil.
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Rhesus oocytes are recovered by laparoscopy from gonadotropin-stimulated
female rhesus monkeys (Zelinski-Wooten et al., 1995; Hewitson et al., 1996; Meng et al.,
1997). Beginning at menses, females are down-regulated with the gonadotropin-releasing
hormone (GnRH) antagonist Antide (Serono), administered sub-cutaneously at 0.5 mg/kg
body weight, for six days during which recombinant human FSH is administered twice
daily, followed by 1, 2 or 3 days of thFSH + recombinant human luteinizing hormone
(thLH; Serono), administered intra-muscularly at 30 IU each, twice daily.
Ultrasonography is performed on day 7 to assess the follicular response, and recombinant
human chorionic gonadotropin (rHCG; Serono) is administered at 1000 TU when follicles
are 3-4 mm in diameter. Follicular aspiration is then performed 27 h after HCG
administration. Oocytes are aspirated from the follicles using a needle suction device at
~40-60 mm Hg pressure into heparinized blood collection tubes, which are transported to
the laboratory for oocyte recovery and evaluation.

Mature bovine and rhesus oocytes, arrested in metaphase of second meiosis (Met-
2), are then placed into 50-p] drops of TALP medium (Bavister et al., 1983). Frozen bull
semen (American Breeders Service) is thawed to room temperature, layered over a 2-part
45%, 90% percoll gradient and centrifuged at 700 g for 15 min to isolate live sperm.
Rhesus semen is collected by penile electro-ejaculation (Bavister et al., 1983; Boatman
and Bavister, 1984). Following liquefaction at 37°C for 30 min, the sample is washed
twice in 10 ml TALP-Hepes by centrifugation at 400 g for 5 min, and the live sperm are
incubated for 4 h at 37°C in 5% CO, before the addition of 1 mM caffeine and 1 mM
dibutyryl cyclic AMP (Bavister et al., 1983). Sperm are the added to the drops of culture

medium containing the oocytes to give a final concentration of 1 x 10° sperm/ml. Bovine
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oocytes and sperm are incubated at 39°C under 5% CO,, and rhesus gametes at 37°C
under 5% CO, until the desired stages in development (Long et al., 1993; Laurinéik et
al., 1998).

To examine the effects of microtubule depolymerization on the localization of
dynein and dynactin in pronucleate-stage zygotes, some oocytes and sperm are incubated
until 14 h post-insemination, at which time the zygotes are transferred into drops of
culture medium containing 20 uM nocodazole (Sigma-Aldrich) and cultured in the
presence of the drug for 1 h. To examine the role of the sperm aster on the distribution of
dynein and dynactin to the female pronucleus, some oocytes are parthenogenetically
activated with two 5-min incubations in 5 ym ionomycin, given 4 h apart (Navara et al.,
1994). These activated oocytes extrude a second polar body, form a female pronucleus in
the absence of a sperm aster, and are cultured for 16 h.

To examine the effects of Golgi apparatus disruption on the migration and
apposition of the female and male pronuclei, some zygotes and embryos are cultured in
the presence of the fungal metabolite brefeldin A (BFA; Sigma-Aldrich). BFA
concentration in the medium ranges from 1 pg/ml to 20 pg/ml. Zygotes incubated with
BFA are either fixed 18-20 h post-insemination, or cultured with BFA for an additional
70 h. At 36 h post-insemination, embryos are transferred into BFA-containing CR1
medium: 115 mM NaCl, 3 mM KCIl, 26 mM NaHCO;, 0.4 mM pyruvate, | mM L-
glutamine, 5 mM L (+) hemi-Ca®" lactate, 0.3% BSA, 1X BME and MEM amino acids.
Embryos are then transferred into fresh drops of BFA-CR1 medium every 12 h, and

allowed to develop until 90 h post-insemination. BODIPY FL conjugate of BFA
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(Molecular Probes) is used to verify that the BFA enters the zygotes and embryos in

culture.

Nuclear Transfer and Embryo Transfer

Oocyte enucleation is accomplished using a 30-um inner diameter pipette
(Humagen) to aspirate the first polar body and underlying cytoplasm, including the
second meiotic spindle (Dominko et al., 1999). This is performed after a brief incubation
in TALP-Hepes containing 7.5 pg/ml cytochalasin D and 1 pg/ml Hoechst 33342
(Sigma-Aldrich). Maternal chromosome removal is confirmed by DNA epifluorescence
imaging. For nuclear transfer, one of two methods is used: a) the single donor cell is
microinjected directly into the enucleated oocyte, or b) the donor cell is fused into the
enucleated oocyte by electric current. For the second method, the single cell is
micropipetted into the perivitelline space of the enucleated oocyte. After a recovery of
30-60 min, they are fused with two DC pulses (1.2 kV/em, 30 psec) using a BTX Cell
Manipulator 2001 (Genentronics, Inc.) in 0.3 M sorbitol, 0.1 mM Ca**-acetate, 0.1 mM
Mg**-acetate and 0.5 mg/m]l BSA (Sigma-Aldrich).

Rhesus cumulus, granulosa, umbilical endothelial, cultured inner cell mass cells,
fibroblasts, and dissociated blastomeres from 4- to 32-cell embryos are used for nuclear
transfer. Activation of the fused single cell-oocyte is induced 1-4 h after fusion by
microinjection of 120-240 pg/ml rhesus sperm extract prepared in 120 mM KCl1, 20 mM
HEPES, 100 uM EGTA, 10 mM sodium glycerolphosphate (Swann, 1990), or by 5uM
ionomycin (5 min) and 1.9 mM DMAP for 4 h (Susko-Parrish et al., 1994) Nuclear

transfer into concomitantly fertilized oocytes is accomplished by performing nuclear
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transfer first, then performing IVF or intracytoplasmic sperm mjection (ICSI).
Fertilization of reconstituted oocytes is performed by fusing the enucleated oocyte with
the cytoplasmic fragment removed during the enucleation process, followed by IVF or
ICSI 2-3 h later. Surrogate female rhesus monkeys are selected on the basis of serum
estradiol and progesterone levels, and following embryo transfer, pregnancies are

ascertained by endocrine profiles and fetal ultrasound performed 24-30 d later.

Preparation of Human, Bovine, and Xenopus Sperm For Use in Cell-Free Extracts
Human sperm are obtained from fertile donors at in vitro fertilization clinics
(University of Wisconsin-Madison or Rush Medical Center, Chicago, IL) or from a
sperm bank (Follas Labs, West Lafayette, IN, or Cryobiology, Columbus, OH). Bovine
sperm are obtained from American Breeders Service (DeForest, WI). Frozen sperm
specimens are thawed and selected for viable sperm by centrifugation through a 2-part
45%, 90% percoll gradient, adjusted to a concentration of 1x10’ sperm/ml, and
sedimented onto coverslips. The sperm are treated with 0.05% lysophosphatidylcholine
(lysolecithin; Sigma) in KMT buffer (100 mM KCI, 2 mM MgCly, 10 mM Tris-HCI, pH
7.0, and 5 mM EGTA), followed by 3% BSA in KMT. For male pronuclear
decondensation in vitro (also referred to as “priming”), the methods of Ohsumi et al.
(1986) are followed. Sperm are incubated in 5 mM DTT (pH 8.2) followed by 1 mM N-
ethylmaleimide (pH 8.2) to irreversibly block thiol groups by alkylation. Xenopus sperm

are prepared according to the methods of Félix et al. (1994).
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Preparation of Cell-Free Xenopus Egg Extracts

Concentrated CSF-arrested Xenopus egg extracts are prepared according to the
methods of Stearns and Kirschner (1994). Before experimental use, the extract is fortified
with an “energy mix” containing 150 mM creatine phosphate, 20 mM ATP, pH 7.4, 2
mM EGTA, pH 7.7, and 20 mM MgCl, (5 ul/100 pul extract), plus the addition of 10
pg/ml each of cytochalasin B and a protease inhibitor cocktail (leupeptin, chymostatin,
and pepstatin A; completed extract). In addition, 2 pg/ml nocodazole (Sigma) is added to
the thawed extract before incubation with sperm in all cases except those in which in
vitro microtubule aster growth is desired. Immunodepletion of ~-tubulin from CSF-

arrested extracts is performed as reported previously by Stearns and Kirschner (1994).

Incubation of Sperm in Egg Extracts

For immunocytochemical experiments, ~1000 sperm/pl are added to 10 pl of
complete extract and incubated at 37°C for 40 min. After extensive washing in KMT
buffer, sperm are affixed to clean 12-mm-round coverslips, fixed, and then processed for
immunocytochemistry. For aster formation in vitro, sperm are treated with 1 UM
ionomycin for 5 min and then washed in KMT buffer. Sperm are permeabilized in 0.05%
lysolecithin in KMT buffer for 10 min at ambient temperature before subsequent
exposure to 5 mM DTT in KMT buffer (pH 8.2) for 1 h at 37°C. After several washes in
KMT buffer, 1 pl of the treated sperm is added to 8 pl of completed extract containing
0.08 mg/ml rhodamine-labeled tubulin prepared from bovine brain (a gift from G. Borisy,

University of Wisconsin, Madison, or purchased from Cytoskeleton, Inc.). The mixture is
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incubated for 60-90 min at 29°C. Nucleation and growth of the sperm asters are analyzed

according to the methods of Stearns and Kirschner (1994).

Isolation of Total RNA and Reverse Transcribed (RT)-PCR

Total RNA from rhesus and bovine oocytes, as well as from bovine zygotes, is
isolated and prepared using the StrataPrep® Total RNA Microprep Kit following the
manufacturer’s protocol (Stratagene). Reverse transcription and amplification of cDNA
are performed on the PTC-200 DNA Engine Cycler from MJ Research, using the
ProSTAR™ HF Single-Tube RT-PCR System (High Fidelity) from Stratagene.
Oligonucleotide primers designed for Lisl RT-PCR vield a 329 bp product: 5’-
GTCGTAGCAACAAAGGAATGC-3’> and 5’-CGCTTGTTCTTGTAATCCCATAC-3’
(primers LIS1(71)1001F and LIS1(71)1329R, respectively; Lo Nigro et al. 1997). For 8-
actin RT-PCR, primers yield a 225 bp product: 5’-CTGGCATTGTCATGGACTCT-3’
and 5-TCGAAGTCTAGGGCGACATA-3’. Control primers provided by the
ProSTAR™ system are used to amplify control products with a size of 500 bp. This
control amplification is recommended by the manufacturer to ensure that the kit reagents
are working properly.

The reverse transcription (RT) and PCR steps occur consecutively in the same
tube: reverse transcription is performed at 42°C for 15 min and PCR amplification is
carried out with an initial denaturation at 95°C for 1 min, followed by 40 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 68°C for 1 min.
A final extension of the PCR products occurs at 68°C for 10 min. A negative control

reaction is carried out excluding the reverse transcriptase from the reaction mixture. RT-
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PCR fragments are electrophoresed on 2.5% (w/v) agarose gels and referenced with the
100 bp ladder by Life Technologies. Visualization and analysis of RT-PCR products are
achieved using the Gel Doc 2000™ system from Bio-Rad. Quantitation of RT-PCR is
performed using the software included with the Gel Doc Imaging system, comparing

levels of the Lis1 products with the normalized standards of the f-actin products.

DNA Sequencing and Sequence Alignment

PCR products were end-sequenced using the Lisl oligonucleotide primers with
dye terminators (373 DNA ABI Sequencer; Perkin-Elmer Biosystems). The cDNA
sequences for the rhesus and two bovine Lis] fragments were submitted to GenBank and
given the accession numbers AY260741, AY260742 and AY260743, respectively.
Sequence alignments are performed using ClustalW Multiple Sequence Alignment
computer program, comparing the bovine and rhesus cDNA sequences to human LIS/
exons 8, 9 and 10 (GenBank accession numbers U72339, U72340 and U72341,
respectively; Lo Nigro et al. 1997). Human LIS coding sequence used in the alignment
encompasses bases 534-650 from U72339, bases 295-396 from U72340, and bases 404-
513 from U72341. Deduced protein sequence is generated from the bovine and rhesus

nucleotide sequences.

SDS-PAGE and Western Blotting
Sperm, oocyte and zygote proteins are separated on 4%-20% linear gradient Tris-
HCl polyacrylamide gels (Bio-Rad) for 16 h at 20 V. Equal amounts of protein are loaded

into each lane, determined using the Bradford assay. Following electrophoresis, the gels
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are soaked in Towbin’s transfer buffer (25 mM Tris, 192 mM glycine, 0.037% SDS, 20%
methanol) and the proteins are transferred onto polyvinylidene difluoride (PVDF)
membranes using a SemiPhor semi-dry blotting apparatus (Hoefer Scientific Instruments)
at a current of 0.8 A/cm’ for 2 h. The membranes are then blocked with Tris-buffered
saline + Tween (25 mM Tris, 137 mM NaCl, 2.7 mM KCl, and 0.2% Tween)
supplemented with 3% IgG-free BSA and 5% fetal calf serum (complete blocking
solution) for 1 h on a rotating platform. After blocking, the membranes are washed with
Tris-buffered saline and incubated for 16 h at 4 C with primary antibodies diluted in
complete blocking solution.

Gels are also silver-stained using the Silver Stain Plus system (Bio-Rad) to verify
the presence and relative amounts of protein. LIS1 is identified on the Western blots
using goat and rabbit polyclonal anti-LIS1 antibodies (Santa Cruz Biotechnology) at a
concentration of 1.25 pg/ml. Mouse monoclonal anti-dynactin p150°" antibody (BD
Biosciences) is also used at 1.25 pg/ml.

Following incubation with primary antibodies, the membranes are washed four
times (15 min each) with Tris-buffered saline and then incubated for 1 h with 1:5000
dilutions of horseradish peroxidase (HRP)—conjugated secondary antibodies, diluted in
complete blocking solution. HRP-conjugated secondary antibodies are obtained from
Molecular Probes and Jackson ImmunoResearch.

Membranes are washed again as described above. To induce enzymatic reactions,
the membranes are incubated with chemiluminescence reagents (ECL Plus, AP Biotech)
for 1 min, covered in plastic wrap, and immediately exposed to autoradiographic

HyperFilm (AP Biotech). Protein bands are referenced to Kaleidoscope pre-stained
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standards (Bio-Rad), and analyzed by a densitometer. Preimmune serum is used in place
of primary antibodies for negative control reactions.

In some cases, Western blots are reprobed with different primary antibodies.
Membranes are first stripped of primary and secondary antibodies by incubation in 0.1 M
glycine (pH 2.7) for 30 min at room temperature. To ensure that primary antibodies are
completely removed, the stripped membranes are incubated with secondary antibodies (as
described above) and exposed to chemiluminescence reagents. Films obtained after this
control procedure show a complete absence of immunostaining. These membranes are

then immunostained with different primary antibodies.

Immunoprecipitation of Proteins

Immunoprecipitation of dynactin subunit p150“™* with the accompanying co-
immunoprecipitation of associated proteins, is performed using Protein A Sepharose 4
Fast Flow medium (AP Biotech). Mature bovine oocytes are either lysed immediately or
fertilized in vitro and cultured until 14 h post-insemination, at which time they are lysed
and prepared for antibody incubations. The lysis buffer consists of 50 mM
Triethanolamine (TEA), 500 mM NaCl, 0.5% Triton X-100, 1 mM DTT, 1 mM PMSF
and 1:1,000 dilution of CLAP protease inhibitors (10 mg/ml each of chymostatin,
leupeptin, antipain and pepstatin A). Lysates are cleared by centrifugation at 10,000 g for
10 min at 4°C, and protein concentrations are determined using the Bradford assay. Equal
amounts of protein from each sample are used for immunoprecipitation.

Lysates are incubated with ~3 ug of either anti-p150“™* dynactin antibody or, as

a negative control, pre-immune mouse IgG antibody for 1 h at 4°C. Protein A Sepharose
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4 Fast Flow medium is then added to the samples for a 16 h incubation at 4°C. Samples
are centrifuged at 10,000 g for 2 min to isolate supernatants from the Protein A Sepharose
pellets. Supernatants are concentrated to a volume of 15 ! by centifugation at 5000 g for
6 h at 4 C through Centricon spin column filters, which allows the entire sample of
proteins that do not immunoprecipitate with p1506Tued dynactin (or control IgG) to be
loaded into one lane of a polyacrylamide gel as a control for SDS-PAGE. Pellets, which
contain the Protein A Sepharose beads bound with the anti-p1509™ed antibody, dynactin
protein and associated proteins that co-immunoprecipitate, are washed, resuspended in
Laemmli buffer, and denatured at 100°C for 3 min. Concentrated supernatants (non-
immunoprecipitated), proteins denatured from the Protein A Sepharose beads
(immunoprecipitated), the beads alone, and whole egg lysates are carefully loaded onto
4%-20% linear gradient Tris-HCl polyacrylamide gels and processed by SDS-PAGE and
Western blotting as described above. The Silver Stain Plus system from Bio-Rad is used

to verify the presence of proteins on the gels.

Antibodies For Inmunodetection, Microinjection and Transfection

Three monoclonal antibodies raised against dynein intermediate chain are used for
immunocytochemistry (ICC), Western blotting and transfection/protein inhibition studies:
MAD1618 (1:50 for ICC, 1:500 for Westerns; Chemicon), clone 74.1 (1:200 for ICC;
Covance/Babco) and clone 70.1 (1:150 for transfections; Sigma-Aldrich). Anti-dynein
heavy chain antibody clone 440.4 (Sigma-Aldrich) is also used for both transfection and
immunocytochemistry, at 1:20 dilution. Three monoclonal and two polyclonal antibodies

raised against p1509"* dynactin are utilized: MAb150.1 and MADI150B (1:20 each for
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ICC and transfections; kind gifts from Trina Schroer), MAb clone 1 (1:20 for ICC, 1:250
for Westerns; BD Biosciences), and polyclonal N-19 and G-18 (1:50, for ICC; Santa
Cruz Biotechnology). The p62 subunit of dynactin is labeled with polyclonal antibody N-
17 (1:50 for ICC and transfections; Santa Cruz Biotechnology), and the p50 subunit is
labeled with MAb clone 25 (1:20 for ICC and transfections; BD Biosciences).

To identify the nuclear pore complex, MAb414 (1:250; Covance/Babco) and anti-
nucleoporin p62 antibodies clone RL31 (1:50 for ICC, 1:500 for Westerns; Affinity
BioReagents) and polyclonal N-19 (1:50 for ICC and transfections; Santa Cruz
Biotechnology) are wused for immunocytochemistry, Western blotting and
transfection/protein inhibition studies. Anti-vimentin polyclonal antibodies H-84 and C-
20 (1:50 each; Santa Cruz Biotechnology) and anti-3-tubulin antibodies clone E7 (1:5 for
ICC; Developmental Studies Hybridoma Bank) and polyclonal ATNO2 (1:200;
Cytoskeleton, Inc.) are also used. LIS1 is identified using both goat and rabbit anti-LIS1
polyclonal antibodies (1:50 for ICC and transfections, 1:500 for Westerns; Santa Cruz
Biotechnology).

Golgi protein GM130 is identified using mouse monoclonal antibody clone 35
(1:20 for ICC, 1:250 for Westerns; BD Biosciences). Rabbit polyclonal antibody PS25
(kind gift from Martin Lowe) is an antibody that specifically recognizes GM130 when it
is phosphorylated on serine residue 25 , and it is used at 1:50 for ICC, 1:500 for Westerns.
Anti-3-COP rabbit polyclonal antibody (1:400; Affinity BioReagents) and anti-giantin
mouse monoclonal antibody (1:50 for ICC; Calbiochem) are used to identify Golgi
components on COP I vesicles. Anti-mannosidase II mouse clone 53FC3 (1:1600;

Covance/Babco) is used to recognize the Golgi enzyme found within the cis/medial Golgi
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apparatus. Calreticulin, a Ca**-binding resident protein of the endoplasmic reticulum, is
identified using a rabbit polyclonal antibody (1:1600; Affinity BioReagents). Sec23, a
component of the COP 1l vesicle coat that is a marker for export sites on the endoplasmic
reticulum, is identified using a goat polyclonal antibody (1:50 for ICC; Santa Cruz
Biotechnology). NuMA, HSET and Eg5 are detected as described in Mountain et al.
(1999).

Microtubules and sperm tails are labeled with monoclonal antibodies raised
against acetylated a-tubulin 6-11B-1 (Sigma-Aldrich) and glutamate o-tubulin (a gift of
C. Bulinsky, Columbia University, New York, NY), respectively. 1-Tubulin is detected
with an affinity-purified rabbit polyclonal antibody raised against the entire sequence of
Xenopus 7y-tubulin (XG-1-4; Stearns et al., 1991; Stearns and Kirschner, 1994). Anti-
centrin antibody 20H5, a mouse monoclonal antibody raised against bacterially derived
Chlamydomonas reinhardtii centrin (Errabolu et al., 1994; Salisbury, 1995), is used to
detect the centrosome. Two other anti-centrosomal antibodies are used in these studies:
MPM-2, a mouse monoclonal antibody raised against mitotic HeLa cell extracts that
detects phosphorylated epitopes, and anti-y-tubulin antibody XG-1-4.

Control experiments are performed using pre-immune mouse IgG antibodies
(Chemicon). Pre-incubation of antibodies for 1 h with either their corresponding antigens
or human endothelial cell (HEC) lysates is performed as an additional control for both
immunocytochemistry and antibody transfection. HEC lysates are provided by the cell
culture core facilities at the ONPRC and PDC. AlexaFluor 488- and 568- conjugated
secondary antibodies are obtained from Molecular Probes and used at 1:200 dilutions.

Secondary antibodies are also obtained from Jackson ImmunoResearch. To label cortical
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granules in some experiments, FITC-conjugated Lens culinaris agglutinin (FITC-LCA;
Sigma-Aldrich) is added to 10 mM PBS + 0.3% BSA to prepare a 10 pg/ml solution,
Mature, zona pellucida-free oocytes are incubated in the FITC-LCA solution for 30 min,
then washed three times in 10 mM PBS + 0.3% BSA and attached to coverslips for
fixation and immunocytochemistry (ICC).

For the microinjection and transfection experiments, antibodies are dialyzed
overnight using Slide-A-Lyzer cassettes (Pierce) in multiple changes of 10 mM PBS to
remove sodium azide from the storage buffer. Microinjection of rhesus oocytes is
performed using front-loaded 9-um inner diameter micropipettes (Humagen).
Approximately 5% of the oocyte volume (~700 pl) is microinjected with antibodies at 2-
10 mg/ml. Final antibody concentrations are between 70-350 pg total Ig protein per
oocyte.

Transfection of bovine zygotes at 12 h post-insemination is achieved using the
Chariot™ reagent following the manufacturer’s protocol (Active Motif). Briefly, for each
antibody transfection into 20 zygotes, we prepare a 20-pl volume mix containing a 1:10
dilution of Chariot™ reagent and one of the following concentrated dilutions of
antibodies: 1:2 of anti-dynactin (MAb150.1), 1:5 of anti-dynactin p62 (N-17), 1:15 of
anti-dynein (clone 70.1), 1:2 of anti-dynein (clone 440.4), 1:25 of MAb414, 1:5 of anti-
nucleoporin p62 (N-19), 1:5 of anti-vimentin (H-84), 1:150 of anti-calreticulin (PA3-
900), 1:2 of anti-GM130 (clone 35), 1:5 of anti-LIS1 antibodies, and 1:20 of pre-immune
IgG. These dilutions are determined empirically by performing antibody titrations on
oocytes and zygotes and assessing staining specificity and function-blocking ability. The

concentrated mixtures of Chariot™ reagent and antibodies are made in serum-free TALP
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medium and incubate at room temperature for 30 min. Following this Chariot™ reagent-
antibody binding step, each 20 ul volume is added to one well of a 96-well plate that
contains 20 cumulus cell-free, zona pellucida-free zygotes in 80 ul of serum-free TALP
medium. The samples are incubated at 39°C for 1 h, after which an additional 100 pl of
serum-containing TALP medium is added to each well; samples are cultured for an

additional 7-11 h, and then fixed for immunocytochemistry at 20-24 h post-insemination.

Immunocytochemistry, Conventional Microscopy and Confocal Microscopy

For immunocytochemistry (ICC), the methods used here are described in Navara
et al. (1994) and Payne and Schatten (2003). The attached cumulus cells and zona
pellucidae of oocytes, zygotes and embryos are removed with short incubations in TALP-
Hepes medium containing 1 mg/ml hyaluronidase and 2 mg/ml pronase, respectively.
Gametes and embryos are then gently attached to poly-L-lysine coated coverslips (2
mg/ml solution for coating) in Ca**-free, BSA-free culture medium, fixed for 40 min in
2% formaldehyde, and permeabilized in 10 mM PBS + 0.1% Triton X-100 for an
additional 40 min. Alternatively, samples are fixed in absolute methanol using the
methods of Simerly and Schatten (1993). After fixation and permeabilization/protein
extraction, the samples are blocked for 1 h in 10 mM PBS + 0.3% BSA + 1% fetal calf
serum (ICC blocking solution) prior to incubation with primary and secondary antibodies.

The primary antibody is applied for up to 16 h in a humidified chamber at room
temperature, and the samples are then rinsed with four changes of 10 mM PBS at 10 min
for each wash. To detect the primary antibodies, fluorochrome-conjugated secondary

antibodies are applied for 1 h in a humidified chamber at room temperature in the dark.
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Following incubation with secondary antibodies, samples are once again rinsed 4 x 10
min with 10 mM PBS. DNA is labeled using one of three dyes: DAPI (Vector
Laboratories) at 1 ug/ml, Hoechst 33342 (Sigma-Aldrich) at 5 pg/ml or TOTO-3
(Molecular Probes) at 10 pg/ml. If TOTO-3 is used to detect DNA, then 200 pg/ml
RNase is added to the secondary antibody incubation to reduce the background labeling
of RNA. Coverslips are mounted in an anti-fade medium (Vectashield H-1000, Vector
Laboratories) to retard photobleaching.

Fixed oocytes, zygotes and embryos are imaged with a Leica TCS SP2 spectral
confocal microscope, using laser lines at 488 nm, 568 nm and 633 nm wavelengths.
Differential Interference Contrast optics are also used for imaging on both the Leica
confocal, as well as on a Nikon E1000 epifluorescence microscope equipped with CCD
camera (Hamamatsu) and controlled by MetaMorph software (Universal Imaging). Live
oocytes, zygotes and embryos are visualized in 50 ul drops of TALP-Hepes under
mineral oil in 35-mm or 60-mm diameter plastic petri dishes using a Nikon TE300
inverted microscope equipped with Hoffman Modulation Contrast optics. Live sperm and
extract-treated sperm are imaged between coverglass and microslides, and are analyzed
on the Nikon E1000. For the extract-treated sperm experiments, counts of at least three

microscopic fields with a minimum number of 100 spermatozoa are recorded.

Immunogold Electron Microscopy
Immunogold electron microscopy is performed using a modification of the
method described previously by Sutovsky et al. (1993). Briefly, sperm are pelleted by

centrifugation at 700 g and fixed for 2 h at 4°C in 3% glutaraldehyde in 0.05 M
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piperazine-N,N 9-bis[2-ethanesulfonic acid] buffer (pH 7.3) containing 2 mM CaCl, and
0.5 mM MgCl,. After washing in piperazine-N,N 9-bis[2-ethanesulfonic acid] buffer, the
sperm pellet is embedded in hot 1% agar and the fixed sperm are dehydrated in an ice-
cold graded ethanol series up to 90%, then embedded in LR White resin (Electron
Microscopy Sciences) at 220°C. Polymerization is performed by the addition of 1 ml/ml
LR White accelerator (Electron Microscopy Sciences). Ultra-thin sections are cut using a
Sorvall MT2B ultramicrotome and collected on formvarcoated 100-mesh nickel grids.
Colloidal gold labeling is performed by sequential incubation in 5% normal goat
serum (Sigma) in PBS with: 0.1% BSA (Sigma) for 1 h, 20H5 anti-centrin (1:50) in PBS
with 0.1% BSA and 1% normal goat serum for 90 min, and 5-nm colloidal gold—
conjugated anti-mouse immunoglobulin G plus immunoglobulin M for 1 h (British
BioCell International, Cardiff, UK; purchased from Ted Pella, Redding, CA). Grids are
stained with uranyl acetate for 10 min and examined with a Phillips CM 120 transmission
electron microscope (Phillips, Eindhoven, Netherlands). Negatives are scanned with an
Eastman Kodak image scanner, recorded onto computer disk, and processed using Adobe
Photoshop software. Negative controls are performed by the omission of 20H5 from the

labeling protocol.
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Summary

Fertilization, complete once the parental genomes unite, requires the migration of
the egg nucleus to the sperm nucleus (female and male pronuclei, respectively) on
microtubules within the inseminated egg. Neither the molecular mechanism of pronuclei
binding to microtubules nor the role of motor proteins in regulating pronuclear motility
have been fully characterized, and the failure of zygotic development in some patients
suggests their contribution to human infertility. Based on the minus-end direction of
female pronuclear migration, we propose a role for cytoplasmic dynein and dynactin in
assoclating with the pronuclear envelope and mediating genomic union. Our results show
that dynein intermediate and heavy chains preferentially concentrate around the female
pronucleus, while dynactin subunits p150““®, p50 and p62 localize to the surfaces of
both pronuclei. Transfection of antibodies against dynein and dynactin block female
pronuclear migration in zygotes. Both parthenogenetic activation in oocytes and
microtubule depolymerization in zygotes significantly reduce the localization of dynein
to the female pronucleus, but do not inhibit the pronuclear association of dynactin. When
immunoprecipitated from zygotes, p150°™* associates with nuclear pore complex
proteins, as well as the intermediate filament vimentin and dynein. Antibodies against
nucleoporins and vimentin inhibit pronuclear apposition when transfected into zygotes.
We conclude that preferentially localized dynein and perinuclear dynactin associate with
the nuclear pore complex and vimentin and are required to mediate genomic union. These
data suggest a model in which dynein accumulates and binds to the female pronucleus on

sperm aster microtubules, where it interacts with dynactin, nucleoporins and vimentin.
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Introduction

The molecular motor cytoplasmic dynein, together with its cofactor dynactin,
transports cargo organelles towards the minus ends of microtubules (Karki and Holzbaur,
1999). Both are large multi-subunit complexes that coordinate many events throughout
the cell cycle, including interphase trafficking of vesicles from the endoplasmic reticulum
(ER) to the Golgi (Presley et al., 1997), mitotic spindle assembly (Vaisberg et al., 1993),
and prophase nuclear envelope breakdown (Salina et al., 2002; Beaudouin et al., 2002).
Association of dynein and dynactin with the nuclear envelope has been observed in
somatic cells (Salina et al., 2002; Busson et al., 1998) and localization of dynein heavy
chain to pronuclei has been detected in C. elegans zygotes (Génczy et al., 1999), but
specific nuclear envelope binding partners have not yet been identified.

Pronuclear migration and apposition, the events concluding the fertilization
process, are hypothesized to involve dynein and dynactin based upon the directionality of
female pronuclear movement and the dynamics of its motion along sperm aster
microtubules (Schatten, 1994; Rouviére et al., 1994; Reinsch and Karsenti, 1997; Reinsch
and Gonczy, 1998). The sperm aster, a radial array of microtubules nucleated by the
sperm centrosome, is essential to unite the female with the male pronucleus in most
mammalian zygotes (Navara et al., 1994). Interestingly, rodents do not utilize a sperm
aster during fertilization, precluding their use for investigating sperm aster-mediated
motility in mammals (Schatten, 1994). Bovine and non-human primate zygotes, on the
contrary, both rely upon sperm asters to mediate genomic union and serve as ideal

models for studying the dynamics of human fertilization (Navara et al., 1994; Hewitson
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et al., 2000b). Synthetic nuclei assembled in Xenopus egg extracts have been shown to
require dynein to move along centrosome-anchored microtubules towards their minus
ends in vitro (Reinsch and Karsenti, 1997), but a role for dynein and dynactin in
mediating pronuclear movement has not yet been demonstrated in vivo.

Embedded within the envelopes of somatic nuclei and zygotic pronuclei, nuclear
pore complexes (NPCs) are macromolecular assemblies involved in nucleocytoplasmic
transport, cell cycle progression and gene expression (Allen et al., 2000; Takizawa and
Morgan, 2000; Cronshaw et al., 2002). Recent characterization of mammalian NPCs
using mass spectrometry identifies approximately 30 core nucleoporins and additional
NPC-associated proteins (Cronshaw et al., 2002). One of these NPC-associated proteins,
vimentin, not only corresponds with the 10 nm filaments attached to the ring structure at
the nuclear pore cytoplasmic face (Fujitani et al., 1989), but also associates with
microtubules, dynein and dynactin (Helfand et al., 2002). Given this evidence of
interaction among microtubules, motor proteins, intermediate filaments and NPCs, we
questioned whether dynein and dynactin associate with pronuclear NPCs and vimentin
during mammalian fertilization. Our results identify a novel physical interaction between
motor proteins and NPCs, and suggest that dynein and dynactin bind to nucleoporins and
vimentin at the cytoplasmic surface of the female pronuclear envelope to mediate

pronuclear migration along sperm aster microtubules.

Results
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Dynein concentrates exclusively around the migrating female pronucleus

Following insemination in bovine and rhesus oocytes, the distinct sperm and egg
genomic material becomes enclosed within separate pronuclear envelopes. The sperm-
derived male pronucleus and egg-derived female pronucleus occupy predominantly
central and cortical locations, respectively, within the majority of zygotes examined
(91%; 2486/2724). Male pronuclei can be discerned by identifying attached sperm tails
(data not shown). The female then migrates through the egg cytoplasm to join the male
pronucleus in the center. During female pronuclear migration, microtubules extend from
a region adjacent to the male pronucleus and contact the surface of the female pronucleus
(Figure 3.1A, left panel). Subsequent movement of the female to the male pronucleus
results in pronuclear apposition (Figure 3.1A, right panel). Previous studies have shown
that when microtubules are either depolymerized with nocodazole or stabilized with
taxol, female pronuclear migration to the male is inhibited (Schatten, 1982).

The organization of microtubules and orientation of female pronuclear motility
suggest that the minus-end directed motor cytoplasmic dynein might facilitate this
pronuclear migration. We therefore first examined where dynein localizes in the zygote,
and whether it might be able to transport the female towards the male pronucleus. During
both pronuclear migration and apposition, dynein intermediate chain concentrates
exclusively around the female pronucleus (Figure 3.1B, left and middle panels). Weak,
diffuse staining is also detected throughout the cytoplasm. When pre-absorbed with its
antigen, the anti-dynein antibody no longer shows staining within the zygotes (Figure
3.1B, right panel). Dynein heavy chain shows a similar distribution as the intermediate

chain, localized around the female but not the male pronucleus (data not shown). The
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presence of dynein at the surface of the female pronucleus, and absence from the male,
suggests that it may have a specific temporal and spatial function to mediate female

pronuclear migration.

Dynactin concentrates around both female and male pronuclei

In order for dynein to transport cargo on microtubules, the cofactor dynactin is
required. Consisting of at least eight distinct subunits, the dynactin complex contains
domains that bind directly to dynein, microtubules, and cargo proteins (Schafer et al.,
1994; Waterman-Storer et al., 1995; Vaughan and Vallee, 1995; Karki and Holzbaur,
1995; Echeverri et al., 1996; Burkhardt et al., 1997). We therefore examined the
distribution of three different dynactin subunits in bovine zygotes to determine whether
they also concentrate around the female pronucleus. The p1509™< subunit, which binds
to dynein intermediate chain, concentrates around not only the female pronucleus but also
the male pronucleus (Figure 3.2A, far left panel). Dynactin subunit p50, which maintains
the structure of the complex with respect to microtubule organization, also concentrates
around both pronuclei during migration and apposition (Figure 3.2A, center left panel).
The p62 subunit, which resides in the domain that binds to cargo, localizes around the
pronuclei in a pattern similar to the other two subunits (Figure 3.2A, center right panel).
When pre-incubated with human endothelial cell lysates, the primary antibodies against
all three dynactin subunits are no longer detected by secondary antibodies in the zygotes;

09" is shown as an example (Figure 3.2A, far rightv panel). This association of

anti-p15
dynactin around both female and male pronuclei is distinct from that of dynein, examined

further by double-labeling zygotes with both anti-dynein and anti-dynactin antibodies
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(Figure 3.2B, top panel). Zygotes stained with antibodies against calreticulin, which
distributes throughout the cytoplasm, reveal that not all proteins concentrate around the
pronuclei during their migration (Figure 3.2B, bottom panel). The enriched distribution
and differential staining of dynein and dynactin at pronuclear surfaces may indicate

specific functions performed during fertilization.

Dynein and dynactin are required for female pronuclear migration

To determine whether dynein and dynactin are necessary for pronuclear migration
and apposition, we transfected antibodies against dynein intermediate and heavy chains,
as well as dynactin subunits p150“™ and p62, into pronucleate-stage bovine zygotes
using Chariot™ reagent (Morris et al., 2001). Transfection of antibodies occurred after
pronuclear formation but before pronuclear apposition, optimizing the temporal and
spatial effects of the antibodies. Zygotes were allowed to develop until just prior to
mitosis, when they were fixed and the distances between the male and female pronuclei
scored for inhibition of pronuclear union. Measured from edge-to-edge, inter-pronuclear
distances > 10 pum, the average diameter of a pronucleus, indicate disrupted pronuclear
migration.

The majority of zygotes transfected with antibodies against dynein intermediate
and heavy chains show pronuclei > 10 um apart (94% and 93% respectively), while all
zygotes transfected with pre-immune mouse IgG antibodies and Chariot™ reagent alone
have inter-pronuclear distances < 10 um (Figure 3.3A,B). Antibodies against dynactin
subunits p150““* and p62 also block pronuclear union, with the majority of pronuclei at

distances > 10 um from one another (98% and 74% respectively). Pre-absorption of anti-
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dynein and anti-dynactin antibodies with either their corresponding antigens or human
endothelial cell lysates prior to transfection results in all pronuclei to be < 10 pm apart
(Figure 3.3B).

Zygotes transfected with antibodies against dynein and dynactin display a modest
alteration in staining when compared to control zygotes examined at earlier stages:
dynein 70.1 is enriched at the surface of the female pronucleus proximal, but not distal, to
the sperm aster, and dynactin p150°"*® distribution around both pronuclear surfaces, as
well as along microtubules, exhibits decreased concentration (Figure 3.3A). These
alterations can be attributed to the effects of the different antibodies on the ability of
dynein and dynactin to bind to membranes and microtubules. Despite the failure of
pronuclear apposition in the zygotes transfected with anti-dynein and anti-dynactin
antibodies, the sperm aster microtubules appear unperturbed between the male and
female pronuclei (Figure 3.3A). Thus, while both dynein and dynactin are required for
female pronuclear motility, disruption of these proteins with antibodies does not
reorganize the sperm aster. The stabilizing presence of the centrosome likely precludes

such alteration.

The sperm aster is necessary for dynein localization to the female pronucleus

We next examined the role of the sperm aster in distributing dynein and dynactin
to the female pronuclear surface by parthenogenetically ~activating oocytes.
Parthenogenesis generates polymerized microtubules throughout the ooplasm, but the
absence of a sperm centrosome prevents aster formation. In all of the parthenogenotes

observed (131 total; n=3), dynactin concentrates around the female pronucleus while
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dynein redistributes towards the cortex, strikingly absent from the female pronuclear
surface (Figure 3.4). Microtubules are also enriched at the cortex, unfocused in their
orientation. These results suggest that dynein association with the female pronucleus

requires a sperm aster, and that polymerized microtubules alone are not sufficient.

Microtubules are necessary for dynein retention at the female pronucleus but are
not required for dynactin concentration around both pronuclei

Because the localization of dynein, but not dynactin, to the female pronucleus
depends upon the formation of a sperm aster, we then questioned whether microtubules
are necessary to retain dynein and dynactin at the female pronuclear surface once they are
there. Nocodazole was administered to pronucleate-stage zygotes to depolymerize
microtubules; exposure occurred after the female pronucleus is contacted be the sperm
aster but before its apposition with the male pronucleus. In nocodazole-treated zygotes,
the association of dynein with the female pronucleus is only 7% * 2.7%, compared to
82% % 5.6% in controls (p< 0.001; n=4; Figure 3.5A,B). In contrast, nocodazole does not
cause significant redistribution of dynactin from male and female pronuclear surfaces
(i.e. 80% =+ 4.3% in controls vs. 62% + 8.3% in nocodazole-treated zygotes; Figure
3.5A,B), even though the microtubules are clearly disassembled.

Microtubules distribute near the surface of the male pronucleus in controls in the
absence of dynein, suggesting that microtubule localization to male pronuclear surfaces is
dynein-independent. The loss of dynein from the female pronuclear surface after
nocodazole supports the hypothesis of a microtubule-dependent distribution of dynein to

the female pronucleus. The retention of dynactin at the surfaces of both pronuclei in the
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absence of microtubules raises the possibility that dynactin associates with structural

components found near, at or within pronuclear membranes.

Nuclear pore complex proteins associate with dynactin and dynein and are required
for pronuclear apposition

Because dynactin concentration around both pronuclei is retained after
microtubules are depolymerized, we examined whether a physical interaction exists
between dynactin and pronuclear envelope proteins. Embedded within the pronuclear
envelope, nuclear pore complexes (NPCs) discriminate pronuclear membranes from ER
and Golgi membranes and are attractive candidates for an association with dynein,
dynactin and microtubules (Salina et al., 2002; Lénart and Ellenberg, 2003). The
p150°" subunit of dynactin was immunoprecipitated from pronucleate-stage zygotes
and unfertilized oocytes, and an antibody with wide specificity against nucleoporins was
used to probe the dynactin immunoprecipitate (IP). We chose the pan-nucleoporin
antibody MAb414 to detect the NPCs, since it has been shown to recognize nucleoporins
with molecular mass 270 kDa, 175 kDa and 62 kDa (Davis and Blobel, 1987), and
depending on the cell type being used for SDS-PAGE and Western blotting, can detect up
to an additional 3-4 nucleoporins of varying molecular mass (Aris and Blobel, 1989;
Cronshaw et al., 2002).

Comparing the pellets and supernatants of the dynactin IP, along with protein A
Sepharose beads alone and whole cell lysates from both zygotes and unfertilized oocytes,
we detect five bands corresponding to nucleoporins with molecular mass 270 kDa, 175

kDa, 62 kDa, 35 kDa and 18 kDa in the IP pellets isolated from zygotes (Figure 3.6A).
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These nucleoporins are also detected in the whole zygote lysates, but not in the IP
supernatants or beads alone. This observation contrasts with the samples isolated from
oocytes, in which the nucleoporins are identified in the IP supernatants as well as the
whole oocyte lysates, but not in the IP pellets or beads alone (Figure 3.6A). Thus,
nucleoporins co-immunoprecipitate with dynactin in pronucleate-stage zygotes, but not in
unfertilized oocytes.

Vimentin is also detected in the IP pellets isolated from zygotes, and is identified
with molecular mass 58 kDa (Figure 3.6B). Found at low abundance in the IP
supernatants, vimentin is absent from the beads-alone samples. In the oocyte-derived
samples, vimentin is detected in the IP supernatants and the whole cell lysates, but not in
the IP pellets or beads alone (Figure 3.6B). The low level of vimentin detected in the
zygote IP supernatants suggests that not all of the vimentin protein associates with
dynactin during pronuclear migration We conclude that like nucleoporins, however,
vimentin co-immunoprecipitates with dynactin specifically under zygotic conditions.
When the Western blots are then probed for dynein intermediate chain and dynactin
p1509"¢d both proteins are detected in the IP pellets and whole cell lysates of both
zygotes and oocytes, and are identified with molecular mass 74 kDa and 150 kDa,
respectively (Figure 3.6C).

The distribution of nucleoporins and vimentin during pronuclear migration and
apposition was then characterized by confocal microscopy. Nucleoporin p62, recognized
in the dynactin immunoprecipitate by MAb414, localizes predominantly to the surfaces
of the male and female pronuclei, with additional punctate cytoplasmic foci (Figure

3.6D). Co-distribution of this NPC protein with dynactin p150°™ is observed when the
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images are merged. Vimentin, meanwhile, displays a branched staining pattern between
the two pronuclei, concentrating around their surfaces and extending throughout the
cytoplasm (Figure 3.6E). Co-localization of vimentin and dynactin p1509™M<d g
pronuclear surfaces is detected when the images are merged, with additional distinct
patterns of vimentin observed between pronuclei.

The association of nucleoporins and vimentin with both dynactin and dynein
suggests that they might also be required for female pronuclear migration. To determine
whether nucleoporins and vimentin are necessary for pronuclear apposition, we
transfected antibodies against them into pronucleate-stage zygotes once again using the
Chariot™ reagent. Inter-pronuclear distances were scored as before to determine the level
of inhibition of pronuclear union. When transfected with MAb414 and anti-nucleoporin
p62 antibodies, the majority of zygotes show pronuclei > 10 pm apart (83% and 91%
respectively), while all zygotes transfected with pre-immune mouse IgG antibodies have
inter-pronuclear distances < 10 um (Figure 3.7A,B). Antibodies against vimentin also
block pronuclear union, with the majority of pronuclei at distances > 10 ym from one
another (98%; Figure 3.7A,B). Pre-absorption of anti-nucleoporin and anti-vimentin
antibodies with their corresponding antigens prior to transfection results in all pronuclei
to be < 10 pm apart (Figure 3.7B).

Nucleoporins show normal distribution around pronuclei in both control IgG-
transfected and anti-nucleoporin-transfeéted zygotes, despite the arrest in female
pronuclear migration seen in the latter group (Figure 3.7A). Vimentin, meanwhile,
branches around and between the two pronuclei in zygotes transfected with anti-vimentin

antibodies. Dynactin p150%"™* shows normal localization to pronuclei in control IgG-

42




transfected and anti-nucleoporin-transfected zygotes, while its distribution around
pronuclear surfaces appears reduced following transfection with anti-vimentin antibodies
(Figure 3.7A). This reduction could be due to an alteration in binding between vimentin
and dynactin in the presence of the antibodies, or a masking effect revealed during the
immunocytochemistry. Dynein distributes around female pronuclei in transfected
zygotes, with decreased concentration at pronuclear surfaces following transfection with
anti-vimentin antibodies (data not shown). Antibodies against the ER resident protein
calreticulin and the Golgi apparatus protein GM130 do not inhibit pronuclear union, as all
zygotes transfected with these antibodies have inter-pronuclear distances < 10 um (Figure
3.7B). Thus, specifically, nuclear pore complex proteins and vimentin appear to be

necessary for pronuclear migration and apposition.

Discussion

We have shown that mammalian fertilization requires both dynein and dynactin to
mediate genomic union, and that dynein concentrates exclusively around the female
pronucleus. Dynactin, in contrast, localizes around both pronuclei and associates with
nucleoporins and vimentin, in addition to dynein. The finding that a sperm aster is
required for dynein to localize at the female pronucleus, and that microtubules are
necessary to retain dynein, but not dynactin, at its surface, suggests that nucleoporins,

vimentin and dynactin may associate upon pronuclear formation, and that subsequent
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sperm aster contact with the female pronuclear surface allows dynein to interact with

these proteins.

Dynein and dynactin exhibit distinct spatial and temporal pronuclear associations
during fertilization

The dependence of dynein on the sperm aster to localize at the female pronuclear
surface is consistent with earlier observations that female pronuclear movement does not
begin until sperm aster contact has been established (Schatten, 1982; Navara et al., 1994).
We conclude from the parthenogenetic activation experiments that the preferential
distribution of dynein around the female pronucleus is due to sperm aster-mediated
delivery of dynein to the female pronuclear surface on the plus ends of microtubules.
Recent studies in budding yeast provide evidence in support of this mechanism for
dynein transport to its target membrane, showing that dynein is delivered to the cell
cortex on the plus ends of polymerizing astral microtubules (Sheeman et al., 2003). Such
accumulation of dynein at microtubule plus ends would be expected to occur in the
absence of dynactin, and indeed, Sheeman and colleagues saw this when they examined
dynactin mutants. Given the differential distribution of dynein and dynactin observed
during mammalian fertilization and parthenogenesis, and the necessity of a sperm aster
for proper dynein concentration, this mechanism could explain how dynein localizes to
the female pronuclear surface independent of dynactin.

The preferential localization of dynein likely depends upon the spatiotemporal
control of the cell cycle. Fertilized eggs enter S-phase after the formation of the sperm

aster and during the migration of the pronuclei, as detected with 5-bromo-2’-
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deoxyuridine-5’-monophosphate (BrdU) (Nomura et al., 1991; Eid et al., 1994). Recent
evidence has shown that centrosome-anchored microtubule arrays in fibroblasts do not
accumulate dynein at their minus ends until after entering S-phase (Quintyne and
Schroer, 2002). Because maintenance of the sperm aster is also likely to be dynein-
independent until after S-phase entry, proximity of the centrosome to the male pronucleus
might preclude dynein from both associating with the male pronuclear surface and
accumulating at the centrosome until after pronuclear migration commences.

Dynactin concentration around zygotic pronuclei, meanwhile, resembles its
localization to prophase nuclear envelopes in somatic cells, where it is thought to
facilitate nuclear envelope breakdown (Salina et al., 2002; Beaudouin et al., 2002).
Neither dynein nor dynactin, to our knowledge, has previously been reported to associate
with interphase nuclear envelopes. Because migrating pronuclei are in S-phase, dynactin
concentration around pronuclear envelopes is likely to persist throughout zygotic

interphase, revealing a unique functional association during fertilization.

Dynactin interacts with pronuclear envelopes independent of the sperm aster
Retention of dynactin around both pronuclei in the presence of nocodazole
demonstrates a microtubule-independent, dynein-independent association of dynactin
with pronuclear membranes. While not required to retain dynactin at pronuclei once they
have formed, microtubules are necessary for recruiting membrane material around
paternal and maternal chromatin, bringing nuclear pore complexes to these membranes
for insertion, and allowing pronuclei to form properly as shown through the use of

Xenopus egg extracts (Sutovsky et al., 1998; Ewald et al., 2001). Microtubules involved
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in these roles do not require the formation of a sperm aster, however, as female
pronuclear membranes complete their formation around the maternal chromatin in
parthenogenetically-activated oocytes, as well as in zygotes prior to contact by the sperm
aster (C. Payne, unpublished observations). In phyla where oocytes complete meiosis
prior to fertilization, as in many echinoderms, a female pronucleus is fully formed before

sperm entry, demonstrating its independence from the sperm aster (Gilbert, 1997).

Nuclear pore complexes and vimentin act with dynein and dynactin to mediate
pronuclear apposition

Immunoprecipitation of dynactin p150°™? from pronucleate-stage zygotes
identifies a physical interaction between dynactin and nucleoporins of molecular mass
270 kDa, 175 kDa, 62 kDa, 35 kDa and 18 kDa, as well as vimentin and dynein. The
nucleoporins appear enriched in the zygote immunoprecipitate when compared to whole
zygote lysates, showing a slight increase in intensity as analyzed by Western blotting.
Similar enrichment may also be seen for vimentin, dynein and dynactin. Localization of
the different immunoprecipitate components to pronuclear surfaces, including the co-
distribution of dynactin with nucleoporin p62 and vimentin, reinforces the association of
dynactin with nuclear pore complexes and intermediate filaments. Given that nucleoporin
p62 resides within the center of the nuclear pore, which has an estimated maximum
channel diameter of 40 nm (Ryan and Wente, 2000; Panté and Kann, 2002), the
interaction between nucleoporins and dynactin is most likely indirect. Recent evidence of
a direct interaction between the dynein-dynactin complex and vimentin at the

ultrastructural level (Helfand et al., 2002), combined with observations demonstrating an
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association between intermediate filaments and nuclear pores (Jones et al., 1982; Fujitani
et al., 1989), supports the hypothesis that dynactin may interact with nucleoporins
through vimentin,

Transfection of antibodies into pronucleate-stage zygotes has allowed us to
determine that dynein, dynactin, nucleoporins and vimentin are specifically required
during pronuclear migration and apposition. Inhibition of both the intermediate and heavy
chains of dynein, as well as the p150“™ and p62 subunits of dynactin dramatically
blocks genomic union. Perturbation of the motor complex, however, does not
significantly alter the microtubule network between the pronuclei. Blocking nucleoporins
and vimentin also inhibits pronuclear apposition, with a slight decrease in dynein and
dynactin concentration at pronuclear surfaces. Mammalian fertilization could thus
provide distinct roles for dynein and dynactin in the zygote: dynein, together with
dynactin, trafficking the female pronucleus towards the centrosome attached to the male
pronucleus, and dynactin, together with vimentin, associating with nuclear pore complex
proteins to provide attachment sites for dynein and sperm aster microtubules at the

female pronucleus.

Model for pronuclear assembly, motility and union

We propose a model for pronuclear formation, migration and apposition in which
dynactin, nucleoporins and vimentin interact together with microtubules and dynein to
mediate genomic union (Figure 3.8). Nuclear pore complex assembly and insertion into
the envelopes of newly forming pronuclei bring dynactin and vimentin filaments to the

cytoplasmic face of nuclear pores, where they interact as a macromolecular complex.
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This formation likely depends upon sperm aster-independent microtubules, appearing
within the ooplasm after egg activation and contacting the surfaces of the pronuclei
during their assembly. The sperm aster, meanwhile, concomitantly develops as a focused
set of microtubules radiating out from the centrosome, now serving as the dominant
microtubule-organizing center in the zygote. Enlargement of the sperm aster extends the
microtubule plus ends away from the male pronucleus, some of which then reach the
female pronuclear envelope. Growth of the sperm aster towards the cortex could deliver
dynein to the surface of the female pronucleus on these microtubule plus ends, allowing it
to bind to dynactin and vimentin at nuclear pores and activate its motor activity. The
dynein-dynactin complex would then be able to transport the female pronucleus to the
sperm aster minus ends, culminating in pronuclear apposition.

Understanding these protein interactions may shed light on certain cases of
clinical idiopathic infertility in which inseminated eggs arrest in development after the
pronuclei fail to unite (Simerly et al., 1995). It has been observed that in approximately
6% of human fertilization failures, characterized in embryos discarded from infertility
clinics, the sperm aster shows abnormal morphology within the zygote (Asch et al.,
1995). Both incomplete assembly and disarrayed organization of sperm aster
microtubules would compromise the association of dynein with the female pronucleus.
Should microtubules fail to bind to the female pronucleus, preventing dynein from
localizing to its surface, genomic union would be unsuccessful.

From these studies, we conclude that dynactin associates with nucleoporins and
vimentin at the surfaces of both pronuclei upon their formation and throughout the

fertilization cell cycle. Dynein, in contrast, depends upon sperm aster microtubules to
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associate with dynactin, nucleoporins and vimentin exclusively at the female pronucleus
to facilitate motility. The interaction between dynactin and nuclear envelope proteins
common to both pronuclei, together with the spatial distribution of dynein to these
proteins at the female pronucleus, may ensure successful genomic union that completes

mammalian fertilization.
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Figure 3.1. Sperm aster microtubules and dynein distribute to the female pronucleus. (A) Fluorescent
micrographs of microtubules (MTs) and DNA in bovine zygotes during pronuclear migration and
apposition. The male pronucleus (M) occupies a central position throughout these processes, while the
female pronucleus (F) initially occupies a cortical position (left panel) and then migrates to the center to
meet the male pronucleus (right panel). During pronuclear migration, sperm aster microtubules radiate out
from a region next to the male pronucleus (asterisk) and extend to the surface of the female pronucleus. The
arrow indicates the direction of female pronuclear movement. (B) During pronuclear migration and
apposition, dynein intermediate chain concentrates around the female pronucleus (left and center panels).
Dynein also distributes as dim cytoplasmic foci, but is absent from the surface of the male pronucleus. Pre-
absorption of anti-dynein antibodies with their antigens results in a loss of detection in zygotes (right
panel). Dynein localization is observed in both rhesus monkey zygotes (left panel) and bovine zygotes

(center panel). Bars, 10 um.
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Figure 3.2. Dynactin subunits localize around both female and male pronuclei, while dynein
distributes only to the female. (A) Dynactin subunits p150% P50 and p62 distribute around both female
(F) and male (M) pronuclei during pronuclear migration and apposition in bovine zygotes. Additional
diffuse staining is detected in the cytoplasm for both p150™d (far left panel) and p50 (center left panel).
Pre-incubation of anti-dynactin p150°"* antibodies with human endothelial cell lysates results in a loss of
detection in zygotes (far right panel). (B) Double-staining of dynein 74 kDa (green) and dynactin pl50Ciucd
(red) shows co-localization around the female, but not the male, pronucleus (Merge; top panel). Staining of
calreticulin (red) shows distribution throughout the cytoplasm, but no localization to pronuclear surfaces

(Merge; bottom panel). Bars, 10 um
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Figure 3.3. Dynein and dynactin are required for pronuclear migration and apposition. (A)

Pronuclear apposition is normal when control IgG antibodies are transfected into bovine zygotes, but

female pronuclear migration is inhibited following transfection of antibodies against either dynein

intermediate chain (70.1) or dynactin p150“™*. Dynein shows normal distribution around the female (B),

52

L




but not the male (M) pronucleus in controls (left panel), and localizes to the female pronuclear surface
proximal to the sperm aster after anti-dynein antibody transfection (center panel). Dynactin concentration
around both pronuclei appears less intense following anti-dynactin antibody transfection (right panel).
Microtubule (MTs) organization is unperturbed in zygotes transfected with anti-dynein and anti-dynactin
antibodies, with sperm asters clearly visible. Bar, 10 ym. (B) Quantification of the effects of antibody
transfection on pronuclear apposition. Zygotes were transfected 12 h post-insemination (HPI) and
developed until 24 HPI, when they were then fixed and analyzed by immunocytochemistry. Pronuclear
apposition was scored by measuring the distance between pronuclei, with 10 um representing the average
diameter of a pronucleus. Pre-absorbed antibodies refer to anti-dynein and anti-dynactin antibodies

incubated with their antigens or cell lysates prior to transfection.
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Figure 3.4. Dynein does not localize to the female pronucleus in the absence of a sperm aster.
Parthenogenetic activation of bovine oocytes induces female (F) pronuclear formation and microtubule
polymerization without aster formation. Dynactin p1509" (green; left) concentrates around the female
pronucleus (blue), while dynein intermediate chain (green; right) distributes near the cortex, enriched with
unfocused microtubules (red). Dynein is not detected at the female pronuclear surface. The arrow shows

dynactin surrounding the female pronucleus. Bar, 10 ym.
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Figure 3.5. Microtubules are required to retain dynein, but not dynactin, at pronuclear surfaces. (A)
Dynein intermediate chain localization to the female pronucleus is no longer detected in bovine Zygotes
following nocodazole treatment (left panels). Microtubules (MTs), observed around both female (F) and

male (M) pronuclei in controls, are not seen in nocodazole-treated zygotes. Dynactin p150%™ however,




localizes to both pronuclei in nocodazole-treated bovine zygotes, even when microtubules (MTs) are no
longer detected (right panels). Bars, 10 um. (B) Quantification of the effects of nocodazole treatment on
dynein and dynactin association with pronuclei. Results represent the average + s.d. of 4 sets of
experiments, with a total of 512 zygotes examined for dynein staining; p< 0.001 compared to controls
(Student’s ¢ test). A total of 504 zygotes were examined for dynactin staining, with the differences not

statistically significant compared to controls (Student’s ¢ test).
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Figure 3.6. Dynactin interacts with nucleoporins, vimentin and dynein during female pronuclear
migration. (A-C) Western blots following immunoprecipitation (IP) of dynactin p150“" from either
pronucleate-stage zygotes or unfertilized oocytes. Lanes on the blots are beads-only (B), IP pellets (P), IP
supernatants (S), and whole cell lysates from either zygotes (Z) or oocytes (O). (A) Five nucleoporins of
molecular mass 270 kDa, 175 kDa, 62 kDa, 35 kDa and 18 kDa are detected in the zygote IP pellet and
whole zygote lysate, as well as in the oocyte IP supernatant and whole oocyte lysate. Nucleoporins in the [P
pellet show modest enrichment. (B) Vimentin, identified at 58 kDa, is enriched in the zygote IP pellet and
detected in both zygote and oocyte IP supernatants, as well as in whole zygote and oocyte lysates. (C)
Dynein, 74 kDa, and dynactin, 150 kDa, are enriched in zygote and oocyte 1P pellets and detected in whole
zygote and oocyte lysates. (D) Dynactin p150% (green) and nucleoporin p62 (red) co-localize around the

female (F) and male (M) pronuclei and at cytoplasmic foci when the channels are merged (yellow). (E)
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094 (green) and vimentin (red) co-localize around the pronuclei when the channels are

Dynactin pl5
merged (yellow), with vimentin showing additional branching in the region between and surrounding the

pronuclei. Bar, 10 pm.
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Figure 3.7. Nucleoporins and vimentin are required for pronuclear migration and apposition. (A)
Pronuclear apposition is normal when control IgG antibodies are transfected into bovine zygotes, but
female pronuclear migration is inhibited following transfection of antibodies against either nuclear pore

complex proteins (NPCs) or vimentin. NPCs show normal distribution around the female (F) and the male
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(M) pronucleus in controls (left panel), and similar localization is seen following anti-nucleoporin antibody
transfection (center panel). Vimentin branching around and between the distant pronuclei is detected after
anti-vimentin antibody transfection (right panel). Dynactin p150°™* shows normal localization to pronuclei
in control IgG-transfected and anti-nucleoporin-transfected zygotes, while its distribution around
pronuclear surfaces appears reduced following transfection with anti-vimentin antibodies. Bar, 10 ym. (B)
Quantification of the effects of antibody transfection on pronuclear apposition. Zygotes were transfected 12
h post-insemination (HPI) and developed until 24 HPI, when they were then fixed and analyzed by
immunocytochemistry. Pronuclear apposition was scored by measuring the distance between pronuclei,
with 10 um representing the average diameter of a pronucleus. Pre-absorbed antibodies refer to anti-

nucleoporin and anti-vimentin antibodies incubated with their antigens prior to transfection.
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Figure 3.8. A model for pronuclear assembly, motility and union. Sperm entry activates the mature
oocyte, leading to second polar body extrusion (top; first polar body not shown). Formation of pronuclei is

accompanied by sperm aster-independent microtubules (second from top, left), which bring dynactin (black
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rectangle with side arm) and vimentin filaments (squiggly green lines) to the cytoplasmic face of the
nuclear pore complex (basket structure) (enlargement, upper right). Disassembly of microtubules and
inhibition of nucleoporins and dynactin block proper complex formation at the outer surfaces of both
pronuclei. Growth of sperm aster microtubules, nucleated by the centrosome attached to the male
pronucleus, extends microtubule plus ends away from the male pronucleus, some of which then reach the
female pronuclear surface (second from bottom, left). These microtubule plus ends could deliver dynein
(red wishbone) preferentially to the surface of the female pronucleus, allowing dynein to bind to dynactin
and vimentin at nuclear pores, and enabling the dynein-dynactin complex to transport the female
pronucleus to the minus ends along the sperm aster (enlargement, lower right). The inhibition of either

dynactin or dynein blocks migration and prevents apposition (bottom).
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Summary

Mutations in the human LIS/ gene cause the devastating brain disorder
lissencephaly. LIS1 also regulates microtubule dynamics; it interacts with the molecular
motor cytoplasmic dynein and its cofactor dynactin, and is necessary for neuronal
migration. Recently, LIS1 has been suggested to mediate pronuclear migration during
fertilization. Here we use rhesus monkey and bovine oocytes, as well as pronucleate-
stage bovine zygotes, to determine: Lisl RNA expression using reverse transcription-
polymerase chain reaction; LIS1 protein association with dynactin  using
immunoprecipitation, Western blot analysis, and immunocytochemistry; and LIS1
function in mediating genomic union using antibody transfection. We find that Lis] RNA
expression increases during fertilization, that LIS1 and dynactin subunit p150°"d ¢o-
immunoprecipitate and co-localize to pronuclear surfaces, and that anti-LIS1 antibodies
transfected into zygotes dramatically inhibit pronuclear mi gration and apposition. LIS1 is
therefore essential to mediate genomic union in a process that involves the dynein-
dynactin complex. These results shed light on an additional role for LIS]1 and raise

implications for human reproduction.

64




Introduction

Human type T lissencephaly is a severe brain disorder caused by the failure of
neurons to migrate from the paraventricular zone to the cerebral cortex during
development (Dobyns et al., 1993). This results in disorganized cortical layers and
reduced gyri, inducing epilepsy and severe mental retardation with death at an early age.
Haplo-insufficiency of the Lisl gene product leads to both isolated lissencephaly
sequence (ILS) and Miller-Dieker Syndrome (MDS), which together comprise a majority
of cases seen in the clinic (Lo Nigro et al., 1997). Whereas total lbss of Lisl is embryonic
lethal, heterozygous mutations generated in mice result in neuronal migration defects
(Hirotsune et al., 1998). The LIS1 protein, also a subunit of platelet-activating factor
acetylhydrolase (PAFAH), has been shown to modulate microtubule dynamics in vitro
(Sapir et al., 1997).

LIS1 shares 42% identity with NUDF, one of many nuclear distribution (NUD)
proteins in the filamentous fungus Aspergillus nidulans (Xiang et al., 1995). During
development in A. nidulans, nuclei migrate into the germtube and distribute within the
cell, and many of the genes that regulate this process share striking homology to
members of the cytoplasmic dynein-dynactin motor complex, including NUDM, a
homologue of dynactin subunit p/507"“ (Xiang and Morris, 1999). Mutations in
Drosophila LISI, C. elegans LISI, and the yeast homologue, PACI, generate dynein-
related defects in nuclear migration, nuclear orientation, and oogenesis (Swan et al.,

1999; Dawe et al., 2001; Geiser et al., 1997).
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Fertilization in most mammals requires a sperm aster, a radial array of
microtubules nucleated by the sperm centrosome, upon which the egg-derived female
pronucleus migrates to the sperm-derived male pronucleus in a process mediated by the
dynein-dynactin motor complex (Payne et al., 2003; Reinsch and Karsenti, 1997,
Schatten, 1994). Surprisingly, rodents do not utilize a sperm aster during fertilization,
precluding their use for investigating sperm aster-mediated motility in mammals
(Schatten, 1994), though Lis] expression was recently identified in mouse oocytes and
zygotes (Cahana and Reiner, 1999). Because of the relationship that exists among LIS1,
dynein, dynactin, and nuclear migration in non-mammalian species, we questioned
whether Lisl is expressed in rthesus monkey and bovine oocytes, and whether LISI is

required for pronuclear motility and union in bovine zygotes.

Results

Cloning and Expression of Lis1 in Rhesus Monkey and Bovine Oocytes and Zygotes
To characterize the expression of Lis] in mammalian oocytes that utilize a sperm
aster during fertilization, we isolated total RNA from rhesus monkey and bovine oocytes
and performed RT-PCR. Amplification of cDNA was performed using oligonucleotide
primers that recognize a coding region within the human LIS/ gene and which were
previously used to predict outcome associated with ILS and MDS (Lo Nigro et al., 1997).
This portion of the gene is relevant to the current study, as it is a region that might show

genetic variability across species. RT-PCR using these primers yielded 329 bp products
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(Figure 4.1A). Two bovine Lisl products (1031A and 1031B) and one rhesus Lisl
product (Rh6) were then sequenced and compared to the human LIS/ coding sequence of
that region (Figure 4.1B). Human Lis1 is 95% identical to rthesus Lis] and 91% identical
to bovine Lis1 over the length of the isolated cDNA. This high degree of homology is not
entirely surprising, since the recent comparison between human and thesus UDP-
glucuronosyl-transferase also revealed 95% identity, reflecting the extensive conservation
of sequence among primates (Dean et al., 2002). The deduced protein sequence is shown
in Figure 4.1C.

Mammalian Lis1 expression at fertilization was examined further by performing
RT-PCR and comparing the levels of Lisl products isolated from unfertilized bovine
oocytes and zygotes against the levels of B-actin products (Figure 4.2A). Semi-
quantitation of the Lis1 products indicates that levels in the zygotes are nearly double
those in the oocytes (~190%). These results suggest that Lisl mRNA might be
transcribed in the fertilized zygote. Recent evidence has shown that 1-cell bovine
embryos are indeed transcriptionally and translationally active for genes important for
embryonic development (Memili and First, 1999). Lisl transcription has also been
reported to occur in mouse zygotes, indicating the importance of this gene’s expression in

the early mammalian embryo (Cahana and Reiner, 1999).

LIS1 Associates with Dynactin in Pronucleate-Stage Bovine Zygotes
Western blot analysis was performed to determine whether LISI translation
occurs during fertilization. LIS1 protein is detected here as a single 45-kD band in

unfertilized bovine oocytes and zygotes (Figure 4.2B), with densitometry analysis
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showing levels approximately one-third (~30%) higher in zygotes than in oocytes. This
putative increase in mRNA and protein expression in the zygote suggests a potential
function for LIS1 during fertilization and early embryogenesis.

LIS1 interacts with the p150°"*! subunit of dynactin in embryonic, neonatal and
adult mammalian neurons, and its association with dynactin is particularly enriched at the
cortical plate and marginal zone of the embryonic brain, sites of neuronal migration
(Smith et al., 2000). We therefore questioned whether LIS1 associates with dynactin in
bovine zygotes during pronuclear migration. Co-immunoprecipitation experiments show
that the anti-dynactin p150°™* antibody pulls down LIS1 from pronucleate-stage
zygotes, but not from unfertilized oocytes (Figure 4.2C). The p150°™¢ subunit is
enriched in both samples. This result indicates that LIS1 interacts with dynactin at

fertilization, perhaps to mediate pronuclear motility.

Co-distribution of LIS1 and Dynactin to Pronuclear Surfaces

The distribution of LIS1 and dynactin p150°e during pronuclear migration and
apposition was then characterized by confocal microscopy. Both proteins localize at the
surfaces of the two pronuclei (Figure 4.3A). While some dim cytoplasmic foci can be
seen for LIS1 and dynactin, both proteins concentrate along the pronuclear rims. Pre-
absorption of anti-LIS1 antibodies with their antigens and pre-incubation of anti-
p150°"™ antibodies with human endothelial cell lysates result in no LIS] or dynactin
staining within the zygotes (Figure 4.3B). LIS1 has recently been identified to localize at
nuclear envelopes in prophase somatic cells (Coquelle et al., 2002), and dynactin has

been proposed to interact with cytoplasmic dynein to facilitate nuclear envelope
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breakdown (Salina et al., 2002). Another possible function of LISI and the dynein-

dynactin complex might be to facilitate pronuclear migration.

Requirement of LIS1 for Genomic Union

Co-localization of LISl and dynactin to pronuclear surfaces suggests their
importance in mediating genomic union. To determine whether LIS is required for
pronuclear migration and apposition, we transfected antibodies against LIS1 into
pronucleate-stage bovine zygotes using Chariot” reagent (Morris et al., 2001). Antibody
transfection occurred after the formation but before the union of the pronuclei,
specifically targeting pronuclear motility. Development of the transfected zygotes was
allowed until just prior to mitosis, whereupon distances between the two pronuclei were
measured to score the inhibition of genomic union. Measured from surface-to-surface,
inter-pronuclear distances =10 um reflect inhibition, with 10 pm representing the
average pronuclear diameter.

The majority of zygotes transfected with anti-LIS1 antibodies show pronuclei >
10 pm apart (81%; Table 1). LISI concentrates around both pronuclei and distributes
throughout the cytoplasm as punctate foci (Figure 4.4). All of the zygotes transfected
with pre-immune mouse IgG antibodies display inter-pronuclear distances < 10 ym and
normal LIS1 distribution (Table 1, Figure 4.4). We conclude from these data that LIS is
essential for pronuclear migration and genomic union. Recent observations of C. elegans
zygotes noted that pronuclear apposition does not occur when the animals are subjected
to Lis] RNAi (Dawe et al., 2001). Our results here demonstrate a role for LIS] on

nuclear motility during mammalian fertilization, with implications for human infertility.

69




Discussion

LIS1 is required for early mouse embryogenesis, with homozygous null mutants
exhibiting post-implantation lethality (Hirotsune et al., 1998). Morphological analysis of
homozygous null blastocysts revealed defects in inner cell mass growth and development,
resulting in embryonic death prior to neuronal differentiation or migration. While the
precise cause of such defects has not yet been identified, the ability of these embryos to
develop until implantation suggests that maternally-inherited Lis1 transcripts and protein
levels are sufficient in the zygote to permit development in the absence of gene
expression. This current study shows that when LIS1 protein is inhibited by antibody
transfection into the zygote, specific defects in genomic union are observed.

Co-immunoprecipitation and co-localization of LIS1 with dynactin in the zygote
identify a possible role for LIS1 in modulating the dynein-dynactin complex. Recent
studies report that LIS1, dynein, and dynactin localize to mitotic kinetochores and
microtubule ‘plus’ ends in somatic cells (Faulkner et al., 2000; Coquelle et al., 2002), and
that LIS1 interacts with specific regions in the dynein and dynactin molecules (Tai et al.,
2002). Indeed, in unfertilized oocytes LIS1 localizes to regions along the meiotic spindle
that are enriched with dynein and dynactin (C. Payne, unpublished observations). Given
the proposed role of dynein and dynactin in mediating pronuclear migration and
apposition during fertilization (Payne et al., 2003; Reinsch and Karsenti, 1997, Schatten,

1994), LIS1 likely regulates the motor complex at the surfaces of the pronuclei to
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facilitate nuclear motility and union. Recent evidence shows that when anti-dynein and
anti-dynactin antibodies are transfected into pronucleate-stage zygotes, the migration of
the female pronucleus is dramatically inhibited (Payne et al., 2003). Thus, the similarity
in outcome of blocking dynein, dynactin, and LIS1 dliring fertilization suggests their
involvement in an interactive complex that mediates pronuclear movement.

It is remarkable that a gene highly expressed in neurons and critical for neuronal
migration should also be expressed and functionally important at fertilization. Recent
studies illustrate, however, that neurons and gametes share more commonalities than
were once appreciated. The RNA binding protein CPEB (cytoplasmic polyadenylation
element binding protein), for example, regulates key functions in both cell types (Richter,
2001), and SPNR (spermatid perinuclear RNA-binding protein) shows abundant
expression in brain, ovary and testis (Pires-daSilva et al., 2001). Thus, proteins essential
for proper development of the nervous system might also, if defective, contribute to
infertility. With a role identified for LIS1 in mediating pronuclear migration and genomic
union, we might now add fertilization defects together with lissencephaly as devastating

consequences induced, respectively, by faulty LIS1 protein and gene expression.
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Table 1

Anti-LIS1 antibodies inhibit pronuclear union during fertilization

Transfection of zygotes at 12 h Distance between pronuclei at 20 h:

with Chariot™ reagent + antibodies: 210um apart <10um apart
pre-immune mouse IgG 0% (0/92) 100% (92/92)
anti-LIS1 81% (69/85) 19% (16/85)
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Figure 4.1. RT-PCR and ¢cDNA sequence analysis of bovine and rhesus monkey Lis1. (A) Detection of
the 329 bp Lis1 product, reverse transcribed and amplified from total RNA, isolated from bovine (1031A,
1031B) and rhesus (RhS, Rh6, and Rh7) oocytes. Positive controls 1 and 2 yield a 500 bp product, and
negative control (RT-) shows no product. (B) Sequence comparison among bovine (1031A, 103 1B), rhesus
(Rh6) and human Lisl cDNA. Data are taken from GenBank as listed in Materials and Methods, and
sequence analysis was performed with the Multiple Sequence Alignment computer program using the
ClustalW algorithm. Conserved residues are highlight¢d with gray boxes. (C) The deduced protein

sequence of this portion of the Lis1 gene, generated from the bovine and rhesus nucleotide sequences.
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Figure 4.2. LIS1 RNA expression, protein expressioh and co-immunoprecipitation with dynactin. (A)
RNA from 5 meiotically arrested (Met-2) bovine oocytes or 5 pronucleate (PN) bovine zygotes was
isolated, reverse transcribed, and amplified for each RT-PCR reaction. Lis1 and control S-actin products
were electrophoresed, imaged and quantified. Semi-quantitative comparison between the levels of Lisl
products in oocytes and zygotes and the normalized standards of S-actin products suggests that Lisl
transcription may occur upon fertilization. (B) Protein from bovine Met-2 oocytes and PN zygotes was
extracted, resolved by SDS-PAGE, and subjected to Western blot analysis using anti-LIS1 antibodies.
Single 45-kD bands are detected in both oocytes and zygotes. (C) SDS-PAGE and Western blot analysis
following immunoprecipitation (IP) of dynactin p150%"“* from bovine Met-2 oocytes and PN zygotes. LIS1
is enriched in the dynactin immunoprecipitate prepared from zygotes, but not from oocytes. Dynactin

p150%" is detected in both samples.
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Figure 4.3. LISi and dynactm cb-localize around the pronuclear surfaces in zygotes. (A) Pronucleate-
stage bovine zygote shows both LIS1 (green) and Dynactin p150GllICd (red) concentrated around the two
pronuclei (DNA; blue). Co-localization is detected in the three-channel overlay (Merge). (B) Pre-
absorption of anti-LIS1 antibodies with their antigens and pre-incubation of anti-p150°™ antibodies with

human endothelial cell lysates result in a loss of LIS1 and dynactin detection in zygotes. Scale bar = 10 pum,
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Figure 4.4. LIS1 is required for pronuclear apposition. (Left panel) Normal inter-pronuclear distances
are observed when control IgG antibodies are transfected into bovine zygotes. LIS1 concentrates around the
two pronuclei, with additional punctate cytoplasmic foci. (Right panel) Transfection using anti-LIS1
antibodies inhibits pronuclear apposition, while the distribution of LIS1 resembles control conditions. Scale

bar =10 um.
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Summary

One current theory of the Golgi apparatus views its organization as containing
both a matrix fraction of structural proteins and a reservoir of cycling enzymes. During
mitosis, the putative matrix protein GM130 is phosphorylated and relocalized to spindle
poles. When the secretory pathway is inhibited during interphase, GM130 redistributes to
regions adjacent to vesicle export sites on the endoplasmic reticulum (ER). Strikingly,
meiotic maturation and fertilization in non-rodent mammalian €ggs presents a unique
experimental environment for the Golgi apparatus, because secretion is inhibited until
after fertilization, and because the centrosome is absent until introduced by the sperm.
Here we test the hypothesis that phosphorylated GM130 associates not with meiotic
spindle poles, but with ER clusters in the mature bovine oocyte. At the germinal vesicle
stage, phosphorylated GM130 is observed as fragments dispersed throughout the
cytoplasm. During meiotic maturation, GM130 reorganizes into punctate foci that
associate near the ER-resident protein calreticulin, and is notably absent from the meiotic
spindle. GM130 co-localizes with Sec23, a marker for ER vesicle export sites, but not
with Lens culinaris agglutinin, a marker for cortical granules. Because disruption of
vesicle transport has been shown to block meiotic maturation and embryonic cleavage in
some species, we also test the hypothesis that fertilization and cytokinesis are inhibited
with membrane trafficking disruptor brefeldin A (BFA). Despite Golgi fragmentation
after BFA treatment, pronuclei form and unite, and embryos cleave and develop through
the eight-cell stage. We conclude that while the meiotic phosphorylation cycle of GM130

mirrors that of mitosis, absence of a maternal centrosome precludes Golgi association
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with the meiotic spindle. Fertilization introduces the sperm centrosome that can
reorganize Golgi proteins, but neither fertilization nor cytokinesis prior to compaction

requires a functional Golgi apparatus.

Introduction

Upon resumption of meiosis, mammalian oocytes in prophase 1 proceed through
germinal vesicle breakdown (GVBD), undergo genomic reduction through the extrusion
of the first polar body, and arrest in metaphase II (Gosden et al.,, 1997). Sperm
penetration activates the oocyte, leading to the emission of a second polar body and the
formation, migration, and apposition of the two pronuclei (Aitken, 1997). Successful
genomic union then completes the fertilization process. These events are highly dynamic,
involving the active reorganization of the chromatin, cytoskeleton, membrane organelles,
and other structural components within the oocyte (Albertini, 1992; Perreault, 1992).
Genomic reduction during meiosis is accompanied by centrosome reduction in most
mammalian species, including bovine, rhesus monkey, and human (Schatten, 1994).
Rodent oocytes, in contrast, retain their centrosomes throughout meiotic maturation
(Schatten et al., 1986). Bovine is an ideal model species for studying oocyte maturation
and fertilization because, as in rhesus and human oocytes, the centrosome is not present
until sperm entry (Sathananthan et al., 1991; Navara et al., 1994; Schatten, 1994;

Sutovsky et al., 1996).
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The dynamics of Golgi membranes during meiosis and fertilization in mammals
are not entirely known. Mouse, rhesus, and bovine GV oocytes contain dispersed
fragments of Golgi that vesiculate following GVBD (Calarco et al., 1972; Wassarman
and Josefowicz, 1978; Hyttel et al., 1986; McGaughey et al., 1990; Assey et al., 1994;
Moreno et al., 2002), yet the distribution and modification of these vesicles following
polar body extrusion and insemination have not been fully examined and warrant further
study. Brefeldin A (BFA), a fungal metabolite that inhibits protein secretion by disrupting
ER-to-Golgi vesicle transport (Lippincott-Schwartz et al., 1989), blocks meiotic
maturation in mouse oocytes and prevents cell division in C. elegans zygotes and
embryos (Moreno et al., 2002; Skop et al., 2001). It is unclear, however, whether Golgi
disruption with BFA inhibits the fertilization process that occurs between meiosis and
cytokinesis. While primarily dependent on the cytoskeleton to unite the pronuclei and
initiate cleavage, fertilization and cell division both involve extensive membrane
organelle transport (Terasaki and Jaffe, 1991; Rouviére et al.,, 1994; Danilchik et al.,
1998; Skop et al., 2001). These trafficking events include the intermingling of pronuclear
envelopes with ER and Golgi membranes along microtubules during fertilization
(Terasaki and Jaffe, 1991; Rouviére et al., 1994), as well as the delivery of Golgi
membrane-derived vesicles to cleavage furrows during cytokinesis (Danilchik et al.,
1998; Skop et al.,, 2001). BFA has been shown to inhibit pronuclear movement in
parthenogenetically activated oocytes (Clayton et al., 1995), raising the possibility that
BFA might also inhibit pronuclear migration in zygotes during fertilization.

Golgi structure has been theorized to contain both matrix proteins and resident

enzymes (Slusarewicz et al.,, 1994; Nakamura et al., 1995; Lippincott-Schwartz et al.,
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2000). Putative matrix proteins, such as GM130, become phosphorylated and associate
with spindle poles during mitosis, while resident enzymes are reabsorbed into the ER
(Lowe et al.,, 1998; Jesch and Linstedt, 1998; Zaal et al., 1999; Seemann et al., 2002).
Phosphorylation of GM130 occurs during prophase and coincides with the fragmentation
and partitioning of Golgi proteins into daughter cells (Lowe et al., 2000). Cyclin B-Cdc2
kinase phosphorylates GM130 on serine 25, while PP2A phosphatase dephosphorylates
the residue during telophase (Lowe et al., 1998; Lowe et al., 2000). Because mammalian
oocytes contain large stockpiles of cyclin B1, cyclin B2, cdc2, and PP2A mRNA and
protein (Kubiak et al., 1993; Smith et al., 1998; Ledan et al., 2001), it is possible that
these molecules act upon Golgi proteins during meiosis to partition the organelle.

In this report we examine whether GM130 becomes phosphorylated during
melosis, and whether it associates with spindle poles or ER vesicle export sites in mature
bovine oocytes. Fertilized oocytes were then treated with BFA to examine whether
fertilization and cytokinesis are inhibited when membrane trafficking is disrupted. Our
findings show that phosphorylated GM130 localizes to ER vesicle export sites and not to
meiotic spindle poles, and that neither fertilization nor cell division to the eight-cell stage
requires trafficking through the secretory pathway. These results suggest that the Golgi
apparatus 1s organized by a mechanism independent of the centrosome and unique to
meiotic maturation, but that the structure and function of the Golgi are not essential for

initial embryonic development.
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Results

Golgi protein GM130 disperses to clusters of endoplasmic reticulum and not to
meiotic spindle poles during oocyte maturation

To determine whether the putative Golgi matrix relocalizes to spindle poles or to
ER membranes during meiotic maturation, we examined the distribution of GM130 and
ER-resident protein calreticulin in both GV and metaphase II-arrested (Met-2) oocytes.
At the GV stage, the majority of oocytes (81%; 116/143) show GM130 dispersed
throughout the ooplasm as fragments (Figure 5.1A). This pattern is similar to the
distribution of Golgi markers giantin and BODIPY-ceramide recently characterized in
mouse and rhesus GV oocytes (Moreno, et al., 2002). Like these other markers, the
GM130 staining concentrates around the GV surface in the interior of the oocyte, but
unlike those markers, it is reduced near the cortex and is absent from the oocyte surface.
The GM130 staining is distinct from calreticulin, which both concentrates around the GV
surface in a punctate distribution and localizes near the cortex in diffuse patches (Figure
5.1B). No ’co-localization is detected between the Golgi and the ER in GV oocytes
(Figure 5.1C).

Following GVBD, completion of first meiosis and arrest at Met-2, 86% of oocytes
(134/155) show punctate foci of GM130 localized in specific ooplasmic domains (Figure
5.1D). Strikingly, these domains correspond to regions of concentrated staining for
calreticulin (Figure 5.1E), showing a distribution of punctate Golgt proteins near ER
clusters (Figure 5.1F). This pattern resembles somatic cells treated with either BFA or

dominant-negative Sarlp protein, in which putative matrix proteins appear to associate
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with vesicle export sites on the ER (Ward, et al., 2001; Miles, et al., 2001). GM130 does
not preferentially localize to meiotic spindle poles in Met-2 oocytes (Figure 5.1D,
asterisks), unlike the observed distribution of GM130 to mitotic spindle poles in somatic

cells (Seemann, et al., 2002).

GM130 reorganizes around the pronuclei during fertilization

Upon the insemination of oocytes and the formation of pronucleate-stage (PN)
zygotes, GM130 once again appears fragmented and dispersed around the male and
female pronuclei in the majority of oocytes (92%; 167/182; Figure 5.1G). The staining
pattern for calreticulin in zygotes resembles that observed in Met-2 oocytes, with clusters
of ER distributed throughout the cytoplasm (Figure 5.1H). No preferential accumulation
or distribution of ER proteins is detected around the two pronuclei. Like in GV oocytes,
no co-localization is detected between GM130 and calreticulin in PN zygotes (Figure
'5.11).

Following the first mitotic division, 2-cell embryos show a juxtanuclear
distribution of GM130 within each of the blastomeres (Figure 5.1J). The dispersed Golgi
fragments observed in GV oocytes and PN zygotes are no longer seen. Either a single
Golgi or several Golgi clusters are detected in 83% of embryos at the 2-cell stage (81/98).
Calreticulin, meanwhile, distributes more diffusely throughout the cytoplasm, with less
concentrated staining observed near the cortex (Figure 5.1K). Co-distribution of the
Golgi and ER is also seen, with an increased localization of calreticulin detected in the
regions enriched with GM130 (Figure 5.1L). The staining patterns of the Golgi and ER in

2-cell embryos, therefore, more closely resemble those observed in somatic cells.
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COP 1II vesicle component Sec23 co-localizes with GM130 during meiotic
maturation

Golgi proteins were recently shown to redistribute to vesicle export sites on the
ER following the inhibition of the ER-to-Golgi transport pathway by BFA or mutant Arfl
(Ward et al., 2001). A marker for these sites is Sec23, a component of the COP II coat
that mediates vesicle budding from regions of transitional smooth ER (Barlowe et al.,
1994; Kuge et al., 1994; Paccaud et al., 1996). Because foci of GM130 localize near
clusters of calreticulin in Met-2 oocytes, we decided to examine the distribution of
GM130 with respect to Sec23 in both Met-2 oocytes and PN zygotes. The majority of
Met-2 oocytes (95%; 72/76) show a striking co-localization between punctate foci of
GM130 and Sec23 dispersed throughout the cytoplasm (Figure 5 .2A-C). Neither protein
distributes to the meiotic spindle poles (Figure 5.2A, asterisks). While Sec23 foci are also
seen in PN zygotes, GM130 predominantly and distinctly reorganizes around the
pronuclei, and co-localization is now limited to regions of reticulated distribution near the
cortex (Figure 5.2D-F). This staining pattern is observed in 78% of zygotes (63/81). It
appears that GM130 relocalizes during meiotic maturation to associate with Sec23 at ER
export sites, then redistributes again during fertilization to localize to the apposed
pronuclei.

The distribution of GM130 near the oocyte cortex suggests that Golgi proteins
may also associate with cortical granules, membrane-bound organelles which secrete a
variety of enzymes during fertilization to block polyspermy (Wessel et al., 2001).

Cortical granules release their contents upon sperm activation to modify the extracellular
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environment of the oocyte, and can be labeled in Met-2 oocytes with FITC-conjugated
Lens culinaris agglutinin (LCA), a lectin isolated from lentils (Cherr et al., 1988;
Ducibella et al., 1988a; Wang et al., 1997). When Met-2 oocytes are double labeled for
GM130 and LCA, the Golgi proteins and cortical granules distribute as distinct foci
(Figure 5.2G-I), with no-colocalization detected in any of the oocytes examined (68/68).
Thus, while GM130 associates with Sec23 and ER export sites during meiotic

maturation, it does not associate with either meiotic spindle poles or cortical granules.

GM130 is phosphorylated during oocyte maturation and dephosphorylated during
fertilization

The fragmentation, dispersion, and reorganization of the Golgi apparatus
observed between GVBD and PN apposition raise the possibility that GM130 might be
phosphorylated in the oocyte during this time. Therefore, to characterize the condition of
this protein in GV and Met-2 arrested oocytes, PN zygotes, and 2-cell embryos, we used
an antibody that specifically recognizes the phosphorylated form of GM130 (Lowe, et al.,
2000).

At the GV and Met-2 stages, the majority of oocytes (90%; 114/127) contain
almost all of their GM130 protein in a phosphorylated state, revealed through double
labeling with anti-GM130 antibodies (Figure 5.3A-F). Since GV oocytes are in prophase
of first meiosis and Met-2 oocytes are in metaphase of second meiosis, the
phosphorylation of GM130 appears to persist throughout meiotic maturation. Following
insemination and pronuclear formation, all observed zygotes (92/92) contain GM130 in a

dephosphorylated state, since no signal is detected with anti-phospho-GM130 antibodies
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(Figure 5.3G-I). When 2-cell embryos are examined shortly after cytokinesis, the
majority of GM130 is dephosphorylated and juxtanuclear (85%; 76/89). A narrow band
of GM130, however, is phosphorylated and resides near the cleavage furrow in some of

the embryos (Figure 5.3J-L).

Brefeldin A disrupts a functionally active Golgi apparatus but does not inhibit
development during fertilization

By assessing the motility of energy-dependent vesicles coated with 3-coatomer
(B-COP) and the sensitivity of meiotic maturation to brefeldin A (BFA), it was recently
shown that Golgi fragments are functionally active in mouse GV oocytes (Moreno, et al.,
2002). COP I vesicles, which are comprised of 3-COP, participate in anterograde and
retrograde membrane transport in the ER and Golgi (Lowe and Kreis, 1998). While the
Golgi fragments disperse during meiotic maturation, they relocalize around the two
pronuclei during fertilization. Therefore, we questioned whether 3-COP distribution and
BF A sensitivity are also exhibited during the fertilization process.

Control-treated zygotes show (B-COP protein dispersed around the male and
female pronuclei in a pattern that resembles GM130 distribution (Figure 5.4A). The
majority of zygotes treated with 5 ug/ml BFA, however, display a severe disruption in -
COP staining (89%; 39/44). Punctate 3-COP redistributes throughout the cytoplasm
under these conditions (Figure 5.4B). Despite the distuption and redistribution of 3-COP,
however, pronuclear union appears unaffected. The surface-to-surface internuclear
distances of the pronuclei do not differ greatly between control and BFA treatment

conditions (Table 2). All distances are <10 um, the average diameter of a pronucleus.
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Successful pronuclear migration and apposition occur despite the fragmentation of the
Golgi apparatus, measured by examining the distribution of GM130 (Figure 5.4C,D),
cis/medial Golgi enzyme mannosidase II (Figure 5.4E,F), and COP 1 vesicle protein
giantin (Figure 5.4G,H). All of the BFA-treated zygotes stained for these Golgi markers
contain pronuclei that are <10 um apart, identical to controls (Table 2). An intact Golgi
apparatus, therefore, does not appear to be necessary for the microtubule-dependent
mechanism of pronuclear migration in the zygote. We wondered, however, whether BFA

would affect subsequent mitosis and cytokinesis.

Brefeldin A does not inhibit cytokinesis in the pre-compacted embryo

Embryos treated with 5 ug/ml BFA show no significant differences in
developmental rates when compared to control-treated embryos; approximately the same
number of pre-compacted eight-cell embryos forms (48.7% control vs. 44.5% BFA-
treated; Table 3). Similar numbers of embryos arrest at the 1-cell, 2-cell, and 3/4-cell
stages under both culture conditions. Higher concentrations of BFA induce cell cycle
arrest in the zygote, causing death prior to first mitosis (data not shown). When compared
to controls, zygotes treated with BFA form 2-cell embryos that display normal outward
appearance, showing well-formed cleavage furrows and evenly distributed cytoplasm
(Figure 5.5A,B). Under BFA treatment, development to the 3/4-cell stage is also achieved
(Figure 5.5D), although the cleavage furrows are not as clearly defined between all
blastomeres as they are in controls (Figure 5.5C). By the time eight-cell embryos form,
those treated with BFA show an increase in misshapen blastomeres and blebbing, in

addition to poorly defined cleavage furrows (Figure 5.5F). Despite these anomalies,
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individual blastomeres can still be discerned. However, unlike the control embryos,
development arrests at this stage and these embryos fail to compact (Figure 5.5E; shown

as pre-compacted embryos).

Discussion

We have examined the potential roles of a putative Golgi matrix protein during
bovine oocyte maturation, fertilization, and cytokinesis. Our results provide new insights
into Golgi function during meiosis as compared to mitosis, and during the cell cycles of
fertilization and early embryonic development. The finding that Golgi protein GM130
localizes to ER vesicle export sites during meiotic maturation suggests that meiosis may
follow a unique set of requirements that could be facilitated by the absence of a
centrosome. GM130 phosphorylation coincides with Golgi fragmentation, and might
ensure correct partitioning within the oocyte. While a functional secretory pathway is
ultimately necessary for embryo compaction, it appears not to be required for either

fertilization or subsequent cell division.

ER-resident proteins redistribute during oocyte maturation but do not reorganize
during fertilization

Previous studies using mouse and hamster oocytes have shown that a dramatic
reorganization and concentration of membrane vesicles and inositol 1,4,5-triphosphate

(IP3) receptors occurs near the cortex during meiotic maturation (Ducibella et al., 1988b;
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Mehlmann et al., 1995; Shiraishi et al., 1995). IP3 receptors, which mediate Ca" release
from the ER during fertilization, become sensitized during the maturation process (Kline,
2000). It is thought that the formation of cortical ER clusters facilitates the generation of
repetitive Ca’" waves upon oocyte activation (Kline et al,, 1999). Our current
observations of ER rearrangements in bovine, shifting from irregular masses at the GV
stage to ordered clusters at Met-2 arrest, resemble the redistribution previously detected
in hamster (Shiraishi et al., 1995). ER membranes initially concentrated around the GV
and in patches near the cortex disperse to form clusters positioned at periodic intervals
that are absent from the region surrounding the meiotic spindle.

When oocyte activation and sperm entry trigger Ca’" release during fertilization,
sperm aster microtubules form, pronuclei develop, and Golgi membranes reorganize.
Like the observations made in activated mouse oocytes (Kline et al., 1999), we note here
that the cortical ER clusters do not reorganize in bovine zygotes. This stable organization
may be required for the generation of Ca®" oscillations that occurs following oocyte
activation in mammals (Kline, 2000). This differs from events observed in other phyla:
sea urchin zygotes contain ER membranes that reorganize and redistribute to the
centrosome attached to the male pronucleus (Terasaki and Jaffe, 1991). Such
rearrangements correspond to a single Ca®" transient (Eisen et al., 1984). ER dynamics at
fertilization, therefore, may depend upon whether Ca®* release is singular or oscillatory
(Kline et al., 1999).

In the 2-cell bovine embryo, cortical ER clusters are no longer detected. The
redistribution of membrane to a more diffuse network surrounding the nucleus reflects an

organization similar to that found in somatic cells. Observations in mouse embryos have
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shown that IP; receptors are downregulated after fertilization (Parrington et al., 1998),
suggesting that ER reorganization may correspond to these changes. Our results indicate
that structural alterations of the ER, including a loss of clusters, occur following the
zygotic cell cycle. These changes may reflect a shift in ER structure and function

required by multicellular embryos.

Phosphorylated GM130 localizes to the ER but not the meiotic spindle in the mature
oocyte

We have shown that throughout oocyte meiosis, as in somatic cell mitosis, Golgi
protein GM130 is in a phosphorylated state. Both the clustered Golgi fragments at the
GV stage and the dispersed Golgi foci at Met-2 arrest are recognized by the phospho-
specific antibody PS25. GM130 becomes dephosphorylated following sperm
incorporation, with PP2A previously identified as the phosphatase that acts upon the
serine residue (Lowe et al., 2000). Interestingly, PP2A has been shown to localize to the
Met-2 spindle (Lu et al., 2002), a region to which GM130 does not redistribute. The
majority of GM130 is dephosphorylated in 2-cell embryos, except for a small band of
phosphorylated protein at the site of the cleavage furrow (Figure 5.3G,H). Perhaps this
retention is important for the cytokinesis process in the early embryo.

Immunofluorescence detection of the Golgi apparatus, fragmenting during
meiotic maturation and reorganizing around the pronuclei during fertilization and early
embryogenesis, is consistent with previous ultrastructural reports (Hyttel et al., 1986;
Hyttel et al., 1988; Hyttel et al., 1989; Assey et al.,, 1994; Plante and King, 1994).

Transmission electron microscopy has shown that the Golgi changes from well-
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developed complexes at the GV stage to highly dispersed fragments at Met-2 arrest
(Hyttel et al., 1986; Assey et al., 1994). In PN zygotes, the Golgi appears once again as
defined complexes, or flattened stacks of lamellae, that often associate near the
pronuclear membranes (Hyttel et al., 1988; P. Sutovsky, personal communication). The
dynamics of GM130 observed here, together with the phosphorylated state of GM130
detected in GV and Met-2 oocytes, suggests that the fragmentation and dispersion of
GM130 may accompany its phosphorylation.

Somatic cells treated with BFA show redistribution of GM130 to structures
adjacent to ER domains (Ward et al., 2001). This evidence supports the view of the Golgi
apparatus as a dynamic structure, the maintenance of which depends upon membrane
recycling to and from the ER (Lippincott-Schwartz et al., 2000). An alternative view is
that the Golgi is an autonomous organelle with stable components, capable of providing a
template for its own growth and division (Shorter and Warren, 2002). Supporting
evidence for this model is provided by mitotic cells, in which ER markers distribute as a
fine reticulum that is excluded from areas near the spindle poles. Golgi markers -
including GM130 - localize under these conditions as tiny vesicles that are enriched at the
centrosome regions of the spindle (Jesch and Linstedt, 1998; Seemann et al., 2002). This
association of the Golgi with the mitotic spindle is thought to ensure accurate partitioning
of Golgi proteins into the daughter cells. We find here that GM130 co-localizes with the
ER vesicle export site marker Sec23 and not with the meiotic spindle in Met-2 oocytes.
Perhaps this preferential distribution ensures that the majority of Golgi protein remains in

the oocyte and does not get expelled along with the chromosomes in either the first or
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second polar bodies. Because the polar bodies are destined for degeneration, partitioning
the Golgi into their cytoplasm would not be developmentally advantageous.

Interestingly, GM130 localization to ER vesicle export sites in bovine oocytes
contrasts with giantin distribution to spindle poles observed in mouse oocytes (Moreno et
al., 2002). This differential distribution of Golgi proteins could be attributed to the
presence of a maternal centrosome in mouse oocytes and its absence in bovine (Schatten,
1994). Given that the mature bovine oocyte is acentrosomal, and because the secretory
pathway is inhibited during meiotic maturation, the reorganization of Golgi during
meiosis might naturally follow the mechanism of redistribution to ER export sites after
BFA or nocodazole treatment. This condition would contrast with the distribution of
Golgi to the spindle poles during mitosis. Conversely, the centrosome in mouse oocytes
might promote Golgi localization to the meiotic spindle to partition Golgi proteins in a
process distinct to rodents. Further experiments will be needed to clarify these
associations, and to address the role of the centrosome in organizing the Golgi during

meilotic maturation.

Pronuclear formation, migration and apposition do not require a functional
secretory pathway

Because the Golgi apparatus reorganizes around the pronuclei as they unite during
fertilization, membrane trafficking along microtubules might establish a physical
connection between the Golgi and pronuclear membranes. This could allow the Golgi to
“drag” the female pronucleus towards the centrosome attached to the male pronucleus.

Treatment of pronucleate-stage zygotes with BFA, however, allowed us to determine that
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neither an intact Golgi apparatus nor a functional secretory pathway is necessary for
successful pronuclear migration and apposition. Golgi components on COP 1 vesicles (B-
COP, giantin), on putative cis-matrix (GM130), and in the enzymatic pathway
(mannosidase II) are all disrupted when exposed to BFA, yet the male and female
pronuclei unite as in controls (Figure 5.4; Table 2). Specifically, the female pronucleus
migrates along microtubules towards the male pronucleus that is usually positioned near
the center of the egg (Schatten, 1994). These results contrast with previous observations
using a Ca”" jonophore to parthenogenetically activate mouse oocytes, in which BFA
prevented female pronuclei from migrating to the center as in controls (Clayton et al.,
1995). We attribute this discrepancy to different activation methods and divergent
centrosome inheritance strategies between mouse and bovine (Schatten, 1994).

Golgi membranes are organized by the centriole pair and pericentriolar material
of the centrosome that focuses the Golgi to a juxtanuclear position in many somatic cells
(Thyberg and Moskalewski, 1999). Bull sperm, like rhesus and human, introduces the
centrosome to the egg cytoplasm, resulting in centrosome attachment to the male
pronucleus. Movement of Golgi membranes along microtubules could therefore
accompany the migration of the female pronucleus towards the centrosome. Indeed, the
dynamics of giantin and 8-COP, which redistribute in meiotic mouse oocytes, identifies
the likelihood of vesicle trafficking. Curiously, while BFA treatment arrests in vitro
maturation (Moreno et al., 2002), it does not inhibit in vitro fertilization, highlighting a

significant difference between the two events.
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Cytokinesis in pre-compacted embryos may proceed in the absence of a functional
Golgi apparatus

It has been shown in Xenopus and C. elegans embryos undergoing cytokinesis
that new membrane is delivered to and inserted within the region of the cleavage furrow
(Danilchik et al., 1998; Skop et al., 2001). This vesicle trafficking involves microtubules
and is accompanied by the secretion of a variety of proteins (Straight and Field, 2000).
When C. elegans embryos are treated with BFA, cytokinesis fails after an Initial, well-
formed cleavage furrow regresses (Skop et al, 2001). This failure is attributed to
impaired secretion and the absence of membrane accumulation. Mouse embryos, in
contrast, do not show cytokinesis failure when exposed to BFA, since activated oocytes
cleave to the 2-cell stage despite an inhibited secretory pathway (Clayton et al., 1995).
Our finding that bovine zygotes complete cytokinesis and divide through the eight-cell
stage in the presence of BFA agrees with those observations in mouse, and suggests that
mammalian embryos might not require a functional secretory pathway for cytokinesis
prior to compaction.

The differential effects of BFA on cytokinesis observed in C. elegans, mouse, and
bovine embryos might, however, be attributed to the varying concentrations of drug used
in the different studies. It was noted that 15 ug/ml BFA consistently induced cytokinesis
failures in C. elegans without impacting cell viability, while lower concentrations did not
reproduce the phenotype (Skop et al., 2001). Studies on mouse, and here using bovine,
expose embryos to 5 ug/ml BFA which, despite failing to inhibit cytokinesis, completely
disrupts the Golgi apparatus and prevents the surface expression of the secretory protein

E-cadherin (Figure 5.4; Clayton et al., 1995). Cytokinesis failure might therefore require
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a higher concentration of BFA than that which is sufficient to disrupt the Golgi and
inhibit secretion. We noted, however, that BFA concentrations higher than 5 pg/ml were
often detrimental to bovine cell cycle progression.

Loss of E-cadherin from the surface of mouse embryos impairs the cell-cell
adhesion of blastomeres (Clayton et al.,, 1995). The process of compaction requires a
significant increase in intercellular adhesion and polarization, and relies upon the
preservation and maintenance of secretion. Morphological observations of bovine
embryonic development in the presence of BFA suggest that both the shape and
definition of the blastomeres are affected by this exposure, and that the inhibition of
compaction could be due to an impaired secretory pathway. These findings raise the
possibility that, while the Golgi apparatus is necessary for the expression of essential
proteins on the cell surface and secretion of factors into the extracellular milieu, perhaps
it is not required for cytokinesis progression in early mammalian embryos. Further
studies will be needed to address these important questions concerning the role of Golgi
proteins during early embryonic development.

Meiotic maturation prepares the oocyte for fertilization through a dramatic
reorganization and partitioning of chromatin and cytoplasmic components. Putative Golgi
matrix proteins likely associate with clusters of ER and vesicle export sites to ensure their
retention for embryogenesis. Unlike mitosis, the outcome of meiosis is not an equal
distribution of cytoplasmic content into daughter cells. The absence of the Golgi on the
meiotic spindle reduces the likelihood of Golgi partitioning into polar bodies.
Interestingly, once fertilization is underway, processes as distinct as nuclear trafficking

and cytokinesis do not depend upon a functional Golgi apparatus. These results suggest
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that the secretory pathway may not be essential for embryonic development prior to
compaction, and that both oocyte maturation and fertilization provide unique

environments in which to study Golgi protein structure and function.
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Table 2

Distance between pronuclei in 1-cell zygotes:

condition of

zygote | 210 m apart <10um apart
control | 0% (0/127) 100% (127/127)
+brefeldin Al 0% (0/131) 100% (131/131)
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Table 3

Effect of brefeldin A (BFA) on bovine embryonic development in vitro:

Number of fertilized eggs at the 1-, 2-, 3/4-, 8-cell stage 90 hours after sperm addition

% of embryos
at the 8-cell stage

control 1-ceil 2-cell 3/4-cell 8-celi
234 50 13 57 114
BFA-treated 1~cail 2-cell J4-cell 8-csll
218 48 24 49 97

98
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GM130 + DNA Calreticulin Merge

Figure 5.1. Golgi and ER dynamics during oocyte in vitro maturation, in vitro fertilization and early

GV oocyte

Met-2 oocyte

PN zygote

2-cell embryo

embryonic development. (A) GV oocytes show Golgi protein GM130 (green) dispersed in fragments

throughout the ooplasm; arrow denotes GV DNA (blue). (B) ER marker calreticulin (red) localizes in a
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reticulated pattern around the GV and distributes in patches near the cortex. Distinct patterns of GM130
and calreticulin are detected when the channels are merged (C). Following in vitro maturation and Met-2
arrest (D), GM130 is localized to specific ooplasmic domains in the form of punctate foci; arrow denotes
Met-2 DNA and asterisks mark the meiotic spindle poles. (E) Calreticulin is now enriched in clusters
throughout the cytoplasm; these clusters are detected in the same regions as the GM130 foci when the
channels are merged (F). In vitro fertilization induces oocyte activation and pronuclear (PN) formation,
migration and apposition (G), with GM130 dispersed once again as fragments that localize around the
pronuclei. (H) Calreticulin distributes predominantly as clusters throughout the cytoplasm. Distinct patterns
of GM130 and calreticulin are detected when the channels are merged (1). Following the first mitotic
division and formation of 2-cell embryos (J), GM130 shows both juxtanuclear localization and cytoplasmic
aggregation within the blastomeres. (K) Calreticulin distribution is enriched near the nuclei, with additional
diffuse staining throughout the cytoplasm that is absent from much of the cortical region. (L) Merge of the

channels shows extensive co-localization between the Golgi and the ER.
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‘GM130 + DNA Sec 23 Merge

N

*

Met-2 oocyte

PN zygote

Met-2 oocyte

Figure 5.2, GM130 co-localizes with Sec23 at ER vesicle export sites but not with LCA at cortical
granules. (A-C) Met-2 oocytes show GM130 (green) and Sec23 (red), a marker for ER vesicle export sites,
co-localizing as punctate foci throughout the cytoplasm when the channels are merged (C); arrow denotes
Met-2 DNA (blue) and asterisks mark the meiotic spindle poles. In pronucleate_—stage (PN) zygotes (D-F),
GM130 reorganizes as fragments that localize around the pronuclei. An additional band of GM130 appears
near the cortex (D). Sec23 continues to distribute in the cytoplasm as punctate foci (E); co-localization
between GM 130 and Sec23 is now limited to the reticulated band near the cortex when the channels are

merged (F). (G-I) Cortical sections of Met-2 oocytes show distinct distribution patterns for GM130 and
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FITC-conjugated Lens culinaris agglutinin (LCA), a marker for cortical granules. No co-localization is
observed when the channels are merged (I). [Note: GM130 was originally detected in (G) with 568 nm
excitation (red), while LCA was detected in (H) with 488 nm excitation (green); colors were then reversed

using Adobe Photoshop éoftware.]
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GM130 + DNA Phospho-GM130 Merge

GV oocyte
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2-cell embryo

Figure 5.3. Phosphorylation cycle of GM130 during oocyte in vitro maturation, in vitro fertilization

and early embryonic development. (A-C) GV oocytes show Golgi protein GM130 (green; detected with
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antibody clone 35) in a phosphorylated state (red; detected with phospho-specific polyclonal antibody
PS25) at prophase of meiosis I; arrow denotes GV DNA (blue). Nearly identical GM130 staining is
observed when the channels are merged (C). In Met-2 arrested oocytes (D-F), the punctate GM130 is
phosphorylafed, with similar distribution patterns for both antibodies detected when the channels are
merged (F); arrow denotes Met-2 DNA. During pronuclear (PN) migration in zygotes (G-I), GM130 is
dephosphorylated, as no PS25 labeling is detected (H). In 2-cell embryos (J-L), the majority of GM130 is

dephosphorylated, except for a narrow band of protein at the cleavage furrow (arrows).
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Control Zygotes BFA-treated Zygotes

B-COP + DNA

GM130 + DNA

Mannosidase || + DNA

Giantin + DNA

Figure 5.4. Brefeldin A (BFA) disrupts the Golgi apparatus but does not inhibit pronuclear
apposition in zygotes. (A) COP I vesicle coatomer protein 3-COP localizes to a region surrounding the
two apposing pronuclei in control zygotes; arrows indicate the edge of the staining region. In BFA-treated
zygotes (B), 8-COP distributes diffusely within the cytoplasm, with additional punctate staining. Pronuclear
apposition is not inhibited, however, despite nearly 20 h of exposure to BFA. In control zygotes, Golgi
proteins GM130 (C), mannosidase II (E) and giantin (G) localize to regions surrounding the apposing

pronuclei; arrows indicate edges of the staining regions. BFA-treatment alters the distribution of these
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Golgi proteins, with punctate GM130 (D) dispersed throughout the cytoplasm, and both mannosidase I )
and giantin (H) enriched in clusters near the cortex and dispersed as punctate foci. Despite the disruption
caused to Golgi membranes, BFA does not inhibit pronuclear apposition, with all pronuclei showing

surface-to-surface internuclear distances of <10 um. The average diameter of a pronucleus is 10 pm.
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Control Embryos BFA-treated Embryos

Figure 5.5. Effect of Brefeldin A (BFA) on development in early embryos. In vitro fertilized oocytes
were cultured for 90 h under control conditions or in the presence of BFA. (A, B) 2-cell embryos develop
from zygotes in both control (A) and BFA-treated groups (B), with the latter displaying normal outward
appearance and defined cleavage furrows. The formation of 3-cell and 4-cell embryos occurs under BFA
conditions (D), though outward appearance is slightly diminished and cleavage furrows are not as clearly

defined as in controls (C). Eight-cell embryos develop normally in the control (E), but not the BEA-treated
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group (F), in which embryos display poorly shaped blastomeres, ill-defined cleavage furrows and increased

blebbing. Compaction occurs in the control embryos, but not in those treated with BFA.

108




Chapter 6

Summary and Conclusions

This thesis details our efforts to understand the molecular mechanisms that
underlie the extensive reorganization of microtubule motor proteins, sperm-derived and
oocyte-derived nuclear components, and endomembranes within the fertilized
mammalian egg. Cytoplasmic dynein and its cofactor dynactin have been proposed to
mediate pronuclear migration because of the direction of female pronuclear movement to
the minus ends of microtubules, anchored at the sperm centrosome at the male pronucleus
(Schatten, 1994, Reinsch and Karsenti, 1997; Reinsch and Gdnczy, 1998). During these
motility events, the Golgi apparatus reappears as flattened stacks of lamellae that often
assoclate near the pronuclear membranes (Hyttel et al., 1988; P. Sutovsky, personal
communication). It has not been clear, however, from which structures in the unfertilized
oocyte these Golgi proteins are reorganizing — the endoplasmic reticulum or the meiotic
spindle poles. We hypothesized that studies examining the roles and interactions of
molecular motors with nuclear and cytoplasmic components during meiosis and
fertilization would reveal potential molecular mechanisms that might facilitate the

remarkable dynamics during these stages in development.

Dynactin Association with Dynein, LIS1 and Nuclear Pore Complexes Mediates

Female Pronuclear Migration
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We have shown that dynactin localizes around both the male and female
pronuclei, and that it co-localizes and co-immunoprecipitates with dynein, nucleoporins
and vimentin (Payne et al., 2003). Dynein, meanwhile, concentrates around only the
female pronucleus, and is dependent upon the sperm aster for its localization. These
results are the first identification of specific interactions between microtubule motors and
the nuclear pore complex (NPC), and provides a mechanism of how the female
pronucleus might physically attach to sperm aster microtubules. Dynein-dynactin
association with NPCs has previously been suggested as a candidate interaction to
explain other processes like nuclear envelope breakdown (Salina etr al., 2002; Lénart and
Ellenberg, 2003), and is consistent with in vitro data showing that ‘artificial nuclei’
lacking nuclear membranes do not move on stabilized microtubules in the presence of
dynein (Reinsch and Karsenti, 1997). Our data suggest the possibility that the dynein-
dynactin complex interacts with NPCs through its association with vimentin, which is
both an NPC-associated protein and a binding partner to the motor (Cronshaw et al.,
2002; Helfand et al., 2002).

The preferential distribution of dynein to the female pronucleus depends upon the
presence of an organized sperm aster (Payne et al., 2003). We conclude from this result
that dynein might be delivered to the female pronuclear surface on the plus ends of the
astral microtubules. Recent evidence in S. cerevisiae shows that dynein is delivered to the
cell cortex on the plus ends of polymerizing astral microtubules, and that dynein
accumulates at these plus ends in the absence of dynactin (Sheeman et al., 2003). This

differential localization of dynein and dynactin could ensure that female pronuclear
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motility is properly regulated. Centrosome-anchored microtubules in fibroblasts do not
accumulate dynein at their minus ends until after entering S-phase, the cell cycle stage
during which pronuclear migration begins in mammalian zygotes (Quintyne and Schroer,
2002). Proximity of the centrosome to the male pronucleus might preclude dynein from
associating with the male pronuclear surface until after female pronuclear migration has
begun.

One of the proteins that interacts with the dynein-dynactin complex and is
necessary for neuronal migration is LIS1 (Faulkner et al., 2000; Tai et al., 2002). We
have shown in this thesis that LIS1 co-localizes and co-immunoprecipitates with
dynactin, and is necessary for pronuclear migration (Payne et al., unpublished data). LIS1
concentrates around the two pronuclei in the zygote, and appears to have increased
mRNA and protein levels when compared to the oocyte. It is likely that LIS1 interacts
with the motor complex at the pronuclear surface to facilitate motility. Chariot
transfection of zygotes with antibodies raised against LIS1, dynein, dynactin,
nucleoporins, and vimentin results in the inhibition of pronuclear union (Payne et al.,
2003). The transfection of these antibodies does not disrupt sperm aster organization,
however, and anti-Golgi and anti-ER antibodies transfected into zygotes do not inhibit
pronuclear apposition.

Given the data accumulated from our immunolocalization, immunoprecipitation,
and antibody transfection experiments, we propose a model to explain how a dynein-
dynactin-LIS1 complex might regulate nuclear motility during fertilization (Figure 6.1).
The formation of pronuclei likely recruits LIS1 to pronuclear surfaces, where dynactin,

vimentin, and NPCs are localized. Growth of the sperm aster outward from the
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centrosome would extend microtubule plus ends away from the male pronucleus, some of
which reach the female pronuclear surface. These microtubule plus ends could deliver
dynein to the female pronucleus, allowing dynein to bind to a LIS1-dynactin complex
with NPCs and vimentin at nuclear pores. The dynein-dynactin-LIS1 complex would then
be able to transport the female pronucleus along the sperm aster to the microtubule minus

ends. This movement culminates with pronuclear apposition.

Golgi Proteins Do Not Associate with Meiotic Spindle Poles, But Re-Distribute

Around the Pronuclei During Fertilization

We have examined the roles and interactions of Golgi protein GM130 during
meiosis, fertilization, and cytokinesis, and our results provide new insights into the fate of
the Golgi during meiosis as compared to mitosis, as well as during the cell cycles of
fertilization and early embryonic development. In this thesis, we have shown that GM130
disperses into cytoplasmic foci during oocyte meiotic maturation, and that it associates
with ER vesicle export sites but not meiotic spindle poles at Met-2 arrest (Payne and
Schatten, 2003). This finding differs from the observations made in mitotic cells, in
which GM130 localizes to the spindle and is enriched at the poles (Seemann et al., 2002).
Instead, the Met-2 association of GM130 with ER domains resembles the interaction that
occurs in somatic cells following BFA treatment (Ward et al., 2001). Because the Met-2

oocyte of most mammalian species lacks centrioles at the meiotic spindle poles, we
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conclude that the absence of a maternal centrosome precludes Golgi association with the
meiotic spindle.

Following sperm entry, oocyte activation, and pronuclear formation, GM130
reorganizes around the two pronuclei and appears in much larger fragments that no
longer associate with clusters of ER (Payne and Schatten, 2003). The ER dynamics in
bovine zygotes resemble those observed in mouse (Kline et al., 1999), with very little
reorganization of the cortical clusters until mitosis. Both the Golgi apparatus and the ER
distribute to more traditional locations in 2-cell embryos: focused near the nucleus and
extended throughout the cytoplasm, respectively. GMI130 shows nearly identical
phosphorylation patterns during meiosis as compared to mitosis, however, with the serine
25 residue phosphorylated in GV and Met-2 oocytes and dephosphorylated in zygotes
and the majority of 2-cell embryos (Lowe et al., 2000; Payne and Schatten, 2003).

While Golgi membranes distribute around the two pronuclei, they do not appear
to influence pronuclear motility. We have shown that neither pronuclear apposition nor
cytokinesis prior to compaction is inhibited following BFA treatment (Payne and
Schatten, 2003). These experiments were performed in response to observations made in
mouse oocytes and C. elegans zygotes, in which BFA appeared to inhibit nuclear
migration and cell division, respectively (Clayton et al., 1995; Skop et al., 2001). The
difference in our findings is perhaps due to a difference in BFA treatment conditions, or a
difference in drug sensitivity between species, but we conclude that neither fertilization

nor early embryonic cleavage requires a functional Golgi apparatus.
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We conclude that successful meiotic maturation, fertilization and early embryonic
cell division in mammals depend upon the exquisite choreography of motor proteins,
endomembranes and nuclear components, all interacting within the oocyte and zygote in
spatio-temporal harmony. The absence of a maternal centrosome likely influences Golgi
dynamics during oocyte meiotic maturation, while the presence of a sperm centrosome
likely directs motor protein dynamics of the dynein-dynactin-LIS1 complex during

mammalian fertilization.
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Filaments

Figure 6.1. A model for nuclear motility regulated by a dynein-dynactin-LIS1 complex during
fertilization. Modification of Figure 3.8. Top: Formation of pronuclei is likely to recruit LIS1 (yellow
circle) to the cytoplasmic face of the nuclear pore complex (basket structure), where dynactin (black
rectangle with side arm) and vimentin filaments (green squiggly lines) are localized. Bottom; Growth of
sperm. aster microtubules, nucleated by the centrosome attached to the male pronucleus, extends
microtubule plus ends away from the male pronucleus, some of which then reach the female pronuclear
surface. These microtubule plus ends could deliver dynein (red wishbone) preferentially to the surface of

the female pronucleus, allowing dynein to bind to a dynactin-LIS1 complex and vimentin at nuclear pores.
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The dynein-dynactin-LIS1 complex would then be able to transport the female pronucleus to microtubule

minus ends along the sperm aster.
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Summary

Human sperm centrosome reconstitution and the parental contributions to the

—————zygotic—centrosome —are —examined —immammalianzygotes and ~afier exposure of

spermatozoa to Xenopus laevis cell-free extracts. The presence and inheritance of the
conserved centrosomal constituents -tubulin, centrin, and MPM-2 (which detects
phosphorylated epitopes) are traced, as is the sperm microtubule-nucleating capability on
reconstituted centrosomes. y-Tubulin is biparentally inherited in humans (maternal >>
than patemal): Western blots detect the presence of paternal J-tubulin. Recruitment of
maternal y-tubulin to the sperm centrosome occurs after sperm incorporation in vivo or
exposure to cell-free extract, especially after sperm “priming” induced by disulfide bond
reductiqn. Centrin is found in the proximal sperm centrosomal region, demonstrates
expected Ca®* sensitivity, but appears absent from the zygotic centrosome after sperm
incorporation or exposure to extracts. Sperm centrosome phosphorylation is detected
after exposure of primed sperm to egg extracts as well as during the early stages of sperm
incorporation after fertilization. Finally, centrosome reconstitution in cell-free extracts
permits sperm aster microtubule assembly in vitro. Collectively, these results support a
model of a blended zygotic centrosome composed of maternal constituents attracted to an

introduced paternal template after insemination.
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Introduction

Although the molecular characterization of the centrosome is progressing swiftly
(see reviews by Brinkley et al., 1980; Schliwa et al., 1982; Kuriyama et al., 1986;
MclIntosh and Koonce, 1989; Rose et al., 1993; see also Davis, 1997, Stearns and Winey,
1997, Doxsey, 1998; Zimmerman et al., 1999), the precise manner in which the
conserved proteins interact to form a fully functional centrosome capable of duplication
is still largely unclear. y-Tubulin appears to be an essential, invariant centrosomal protein
serving both to nucleate microtubules and to define the microtubule’s intrinsic polarity
(Oakley and Oakley, 1989; Horio et al., 1991; Stearns et al., 1991; Zheng et al., 1991;
Joshi et al., 1992; Palacios et al., 1993). In lower vertebrates such as Xenopus and in
mice, y-tubulin appears to be strictly acquired from the maternal cytoplasm after
insemination, being lost from the mature spermatozoa probably during the latter stages of
spermatogenesis (Gard, 1994; Stearns and Kirschner, 1994; Manandhar et al., 1998).
Centrin, a ubiquitous, Ca**-sensitive, biparentally contributed centrosomal component,
has been reported to sever axonemal microtubules from their associated basal bodies and
may also be involved in centrosome duplication (Baum et al., 1986; Sanders and
Salisbury, 1989, 1994; Biggins and Rose, 1994; Stearns and Kirschner, 1994; reviewed
by Salisbury, 1995). Phosphorylation of centrosomal components during meiosis or
mitosis is a well-conserved mechanism for regulating centrosome activity, as observed in
studies in a variety of cell types with the phosphoprotein mAb MPM-2 (Davis et al.,

1983; Vandré et al., 1986).
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Centrosome reconstitution during fertilization, an essential process for the
initiation of development, is a unique model for exploring the molecular components
necessary to determine centrosome parental origin and function (reviewed by Schatten,
1994). Classic studies (Boveri, 1901) suggested that the sperm in most animals
contributes the dominant centrosome structure, because a sperm aster composed of a
radial array of microtubules is focused on the cytoplasmic site adjacent to the sperm
pronucleus during monospermic fertilization. Although the presence of multiple sperm
asters during polyspermy supports the hypothesis that the centrosome is of paternal
origin, studies on parthenogenesis and murine fertilization demonstrate that oocytes
possess mechanisms to reconstitute a maternal centrosome that is capable of duplication
and of forming a functional bipolar mitotic spindle (Schatten et al., 1986, 1991; reviewed
by Schatten, 1994).

The cell-free system to explore the molecular events leading to centrosome
reconstitution and microtubule assembly has been developed using demembranated
Xenopus laevis sperm exposed to X, laevis cytostatic factor (CSF) arrested egg extracts
(Doxsey et al., 1994; Félix et al., 1994; Stearns and Kirschner, 1994). These studies
demonstrated that frog sperm have centrin but no detectable quantities of y-tubulin or the
phosphorylated epitopes recognized by the mAb MPM-2. After exposure to egg extracts,
Y-tubulin is bound to the sperm centrosome; this binding is independent of microtubule or
microfilament assembly (Stearns and Kirschner, 1994). The sperm exposed to egg
extracts also became immunoreactive for MPM-2, suggesting that a phosphorylation
reaction occurred. Moreover, these centrosomes were competent for nucleating

microtubule growth into sperm asters.
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This study explores centrosomal molecules in human and bovine gametes to
understand the molecular basis of zygotic centrosomal reconstitution during nonrodent
mammalian fertilization. The experimental approaches used provide a means to identify
the inheritance characteristics of conserved centrosomal proteins and their fates after
either in vitro fertilization or exposure to CSF-arrested Xenopus cell-free extracts.
Surprisingly, y-tubulin is observed to be biparentally inherited in nonrodent mammalian
gametes: both human and bovine mature sperm retain Y-tubulin, as detected by Western
blots. Paternal y-tubulin is largely inaccessible in the mature spermatozoa, however, until
after disulfide bond reduction. Exposure of disulfide-reduced sperm to egg cytoplasm
dramatically increases y-tubulin detection at the sperm centrosome and is a principal step
in sperm aster formation in vitro. Centrin is detected in both human and bovine gametes,
as demonstrated by immunostaining in mature spermatozoa and Western blots of bovine
oocytes. Centrin localization at the neck region in spermatozoa is Ca®' sensitive and
consistently modified upon exposure to oocyte cytoplasm, either after fertilization or after
exposure to cell-free extracts. Centrin is predicted to be important in the reorganization of
the sperm centrosomal complex after insemination and perhaps in the subsequent
splitting of the early zygotic centrosome. The phosphorylation of the human and bovine
sperm centrosome is apparent after cytoplasmic exposure, as detected by the MPM-2
antibody. Taken together, the results of this work help to characterize the parental origins
of specific centrosomal molecules, the process of reconstitution, and the microtubule-

organizing ability of the reconstituted sperm centrosome in vitro.

Results
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Exposure of lysolecithin-permeabilized Xenopus sperm to CSF-arrested cell-free
extract leads to the accumulation of 7-tubulin at the sperm centrosome, as previously
reported (Doxsey et al., 1994; Félix et al., 1994; Stearns and Kirschner, 1994; our
unpublished results). In mature human sperm permeabilized with lysolecithin and fixed in
methanol, <5% of the sperm demonstrated XG-1-4 7-tubulin Immunostaining at the
centrosomal region by indirect immunofluorescence (Figure A1.1A,B, and Al.1L, left
bar). Similar low levels of detectable y-tubulin staining at the base of the sperm head
were observed after permeabilized sperm were treated with 5 mM DTT, which reduces
disulfide bonds and permits sperm nuclear decondensation in cell-free extracts (Figure
Al.1C,D, arrows, and A1.1L, middle bar). However, exposure of permeabilized human
sperm to CSF-arrested extract significantly increased XG-1-4 Y-tubulin detection at the
sperm centrosome, especially after priming with 5 mM DTT (Figure A1.1EF, and
Al.1L, right bar). The majority of y-tubulin observed at the base of permeabilized, DTT-
treated human sperm appears to be maternally derived, in that immunodepletion of the
CSF extract with the XG-1-4 +-tubulin antibody before sperm addition did not
demonstrate +-tubulin at the base of the sperm head after anti-y -tubulin
immunofluorescence staining (Figure A1.1G,H). Similar evidence of the acquisition of
maternal y-tubulin in bovine sperm was also seen (Figure A1.11,] ).

Interestingly, a 55-kDa band was detected in Western blots of Xenopus, bovine,
and human sperm using XG-1-4 y-tubulin antibody (Figure A1.1K: Xenopus sperm, lane
1; bull sperm, lanes 2 and 3; human sperm, lane 4). Purified o~ and S-tubulin protein

(Figure A1.1K, lane 5) was not detected with the XG-1-4 antibody in Western blots.
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Human and bovine sperm probed with antibodies against centrin are shown in
Figure A1.2. The centrin antibody 20H5 bound preferentially to the centrosomal region in
human sperm after permeabilization and methanol fixation, with sperm typically
demonstrating one or two punctate spots (Figure A1.2A,B, arrows, and A1.2J, first bar).
This staining pattern was not affected in lysolecithin-permeabilized sperm containing 2
mM CaCl, (Figure A1.2C,D, arrows, and A1.2J, second bar).

After 5 mM DTT treatment, sperm decondensation ensued (Figure A1.2F) and
centrin antibody localization was retained at the base of the sperm head (Figure A1.2E,
arrow, and A1.2J, third bar). Occasionally, the sperm heads and tails separated during this
DTT priming step and centrin antibody localization remained exclusively with the sperm
tails, further demonstrating that the paternal centrin protein resides within the
pericentriolar region in human and bull spermatozoa. In contrast to 5 mM DTT treatment
alone, however, DTT-primed sperm subsequently exposed to 2 mM CaCl, lost detectable
centrin immunostaining at the sperm centrosome (Figure A1.2G, arrow, and A1.2], fourth
bar). Identical results were found with bovine sperm (our unpublished results).

Bull and human DTT-primed sperm subjected to Western blot analysis with the
centrin mAb 20HS5 and the use of techniques designed for the transfer of low-molecular-
mass Ca2+-binding proteins (Hulen et al., 1991) demonstrated distinct proteins migrating
at ~20 kDa (Figure A1.2T: lane 1, bovine; lane 3, human). The bands observed in bovine
and human sperm were similar in molecular mass to that observed after 20H5 anti-centrin
immunoblotting of bacterially expressed centrin protein (Figure A1.2l, lane 4;
immunoblotted with the polyclonal antibody 24/ 14-1). A Western blot of DTT-primed

bovine sperm exposed to 2 mM CaCl, showed the loss of 20H5 detection, suggesting that
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high external Ca®>* removes paternal centrin from the sperm centrosome (Figure A1.21,
lane 2).

Electron micrographs of mature nonrodent mammalian sperm often showed the
presence of an intact proximal centriole but only a remnant of the distal centriole
(Zamboni and Stefanini, 1971). Control immunogold labeling with anti-8-tubulin
antibody demonstrated extensive decoration of the proximal centriole (Figure A1.3A,B,
asterisks) and microtubule outer doublets (Figure Al.3A, arrowheads) in bovine sperm.
In contrast, immunogold labeling with 20H5 anti-centrin antibody demonstrated centrin
association with the ends of the centriolar cylinder in the proximal centriole only (Figure
Al1.3C.D, arrows and asterisks). Human sperm labeled with secondary antibody alone
showed no immunogold labeling of the implantation fossa, including the proximal
centriole (Figure A1.3E,F, asterisks).

Human and bovine lysolecithin-permeabilized sperm exposed to 5 mM DTT
treatment and CSF-arrested cell-free extracts demonstrated a significant reduction in the
detection of 20H5 antibody labeling at the sperm centrosome after 1 h of incubation
(Figures A1.3G,H, arrows, and A1.2J, fifth bar). Similar observations were made after
immunolabeling with 13A1 and 3C10 mouse anti-centrin mAbs, indicating that the
centrin was either lost or masked after exposure to egg cytoplasm. These observations are
in agreement with human sperm centrin immunolabeling after in vitro fertilization (see
Figure A1.6C, inset).

MPM-2, which recognizes phosphorylated epitopes (Davis et al., 1983), has been
used successfully to demonstrate that Xenopus sperm centrosomes are phosphorylated

after exposure to Xenopus egg extracts (Figure Al.4A,B) (Doxsey et al., 1994; Félix et
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al., 1994; Stearns and Kirschner, 1994). The centrosomes from human and bovine sperm
displayed a similar response. Only 3% of human sperm permeabilized in lysolecithin and
fixed in methanol demonstrated positive MPM-2 Immunostaining at the base of the sperm
head (Figure A1.4C,D, arrows, and A1.4M, first bar). In contrast, more than half of the
human sperm permeabilized in lysolecithin and subsequently incubated for 1 h in CSF-
arrested extract were found to be positive for MPM-2 labeling (Figure A1.4E,F, arrows,
and A1.4M, second bar). Priming sperm first by 5 mM DTT treatment did not increase
the detection of MPM-2 staining at the base of the human sperm (Figure A1.4G,H,
arrows, and A1.4M, third bar) until after CSF-arrested extract exposure (Figure Al.41,J,
arrows, and A1.4M, fourth bar). Although a punctate MPM-2 immunostaining pattern of
the sperm head, midpiece, and principal piece of the sperm tail was sometimes observed
in mature spermatozoa, the immunostaining pattern was clearly more pronounced at the
junction between the sperm head and tail after extract exposure. This observation was in
good agreement with the pronounced MPM-2 decoration of the sperm centrosomal area
after bovine sperm incorporation in vivo (Figures 6.4K,L, arrows, and 6.6D, arrow).
Microtubule nucleation and assembly into the sperm aster, using human or bovine
centrosomes as templates, is demonstrated in Figure A1.5. Xenopus sperm, permeabilized
in lysolecithin and incubated in a CSF-arrested extract containing rhodamine-conjugated
tubulin, assembled microtubules in vitro after a 10-min incubation at room temperature
(Figure A1.5A, red). In both human and bovine sperm, in vitro microtubule assembly was
observed at the base of the sperm head, but only after membrane permeabilization with
lysolecithin, 5 mM DTT treatment, and exposure to CSF-arrested egg extract for up to 1

h (Figure A1.5B,C, red). Extended incubation periods of human or bovine sperm resulted
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in extensive random microtubule polymerization and stabilization onto the decondensing
nuclei, as observed by Ohsumi et al. (1986). However, the possibility of unanchored
microtubules assembling and secondarily associating with the sperm chromatin was not
observed in these CSF extracts, because very few free microtubules were assembled
within 1 h of extract treatment (note the background of Figure A1.5) (Verde et al., 1990;
Stearns and Kirschner, 1994). Exposure of permeabilized, DTT-treated human sperm to
rhodamine tubulin in Pipes buffer without previous CSF extract treatment did not lead to
microtubule assembly in vitro from the sperm centrosome (Figure A1.5D, arrow).

The sperm aster, a radially symmetrical array of microtubules nucleated from the
sperm centrosome, assembles within hours of sperm entry in bovine (Navara et al., 1994)
and human (Simerly et al., 1995) oocytes. Astral microtubules (Figure Al.6A, red)
emanated from the base of the incorporated, decondensed bovine sperm head (Figure
A1.6A, blue; M, male pronucleus; F, female pronucleus), which coincided with y-tubulin
immunoreactivity (Figure A1.6A, arrow, green). Similar microtubule and Y-tubulin
immunostaining patterns have been observed in carly human zygotes (Simerly et al.,
1995).

In a dispermic human oocyte at first mitotic metaphase (Figure A1.6B, blue), each
sperm axoneme terminated at one pole of the bipolar mitotic spindle (Figure A1.6B, red,
arrows). y-Tubulin was detected as four bright punctate sources, two at each of the
spindle poles (Figure A1.6B, green). In contrast to fertilized oocytes, however, y-tubulin
was undetectable at meiotic spindle poles in mature human or bovine oocytes (not
shown), although a prominent 55-kDa band was observed on Western blots using

unfertilized bovine oocytes (Figure A1.6E).
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Consistent with the observation that centrin Immunostaining is reduced at the base
of the human sperm head after exposure to cell-free extracts in vitro (Figure A1.3G,H),
20H5 centrin antibody localization (Figure A1.6C, inset) was not observed in
microtubule-containing asters (Figure A1.6C, red, arrows; incorporated sperm tail,
arrowhead) of a pronucleate-stage human zygote (Figure A1.6C, blue; M, male
pronucleus; F, female pronucleus).

In inseminated bovine oocytes, MPM-2 immunostaining of two bright dots
(Figure A1.6D, green, arrow) within the developing sperm aster (Figure A1.6D, red) was
observed after sperm incorporation (Figure A1.6D, blue; M, male pronucleus; F, female
pronucleus), consistent with the observation that zygotic centrosomal phosphorylation

occurs during the early stage of sperm aster formation in vivo.

Discussion

This study explores the gametic centrosomal contributions to the zygote and the
process by which they form a complete, functional, and replicative microtubule-
organizing center during fertilization. Although each gamete contributes equal amounts
of genetic information at fertilization, the egg provides the stockpiles of proteins and the
energy, cellular machinery, and environment needed for the initial phase of embryonic
development. Among the crucial events necessary for early development is the
reconstitution of the sperm centrosome (Schatten, 1994). The “procentrosome” (Stearns,
1995) of the mature nonrodent mammalian sperm is the paternally contributed

component that must attract and organize maternal centrosomal proteins capable of
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microtubule nucleation and duplication into the zygotic centrosome. The implication is
that each gamete contains critical, complementary protein components but does not
possess a fully functional centrosome without gametic union. A reconstituted zygotic
centrosome, composed of a blend of maternal and paternal centrosomal proteins, has
additional functions unique from somatic cell centrosome functions: it must choreograph
the union of the parental genomes and establish the initial cleavage axis, thereby greatly
influencing the distribution of organelles, cytoplasm, and all subsequent cell divisions.

Questions might be posed as to the relevance of extracts prepared from Xenopus
oocytes as a reliable indicator for exploring early fertilization events in mammalian
oocytes. Concerns regarding the use of frog cell-free extracts might include intracellular
species specificity for the mammalian zygotic centrosome reconstitution, including the
inability of maternal centrosomal proteins from Xenopus to associate with the human
sperm centrosome, as well as the presence of disulfide bonds in the mammalian sperm
heads. However, centrosomal fractions from diverse species such as sea urchins and
Tetrahymena will nucleate asters after microinjection into Xenopus eggs (Heidermann
and Kirschner, 1975; Maller et al., 1976; Karsenti et al., 1984). In addition, a high degree
of evolutionary conservation of centrosomal proteins, such as 7-tubulin, centrin, and
pericentrin, argue against this concern (Oakley, 1992; Zimmerman et al., 1999). Both
human and Xenopus sperm added to extracts simultaneously result in both sperm
centrosomes attracting y-tubulin.

Past studies have shown that cycling frog extracts mimic many aspects of the cell
cycle in vivo, including events such as semiconservative DNA replication, nuclear

envelope breakdown and reformation, cell cycle alterations in microtubule dynamics, and
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membrane vesicle fusion (Murray, 1991). Recent evidence has also shown that the human
sperm genome can be completely replicated in Xenopus extracts (Xu et al., 1998). Both
Xenopus and mammalian oocytes are arrested at metaphase of second meiosis by
cytostatic factor, and both species are fertilized at this stage. At fertilization, sperm fusion
with the oocyte induces an increase in intracytoplasmic Ca®" that presumably inactivates
both CSF and maturation-promoting factor, allowing these oocytes to pass from
metaphase II arrest into interphase. The first mitotic cycle in frogs is only 75 min,
whereas those of primate and bovine oocytes are 24-36 h, and Xenopus egg cytoplasm
does not efficiently reduce the cysteine-rich disulfide bonds in protamines in mature
mammalian sperm (Brown et al., 1987; Lohka and Maller, 1988). Nevertheless, this study
is focused only on the very early events occurring in CSF-arrested frog extracts that
permit the assembly of the zygotic centrosome, including the ability to bind maternal ¥
tubulin, the Ca** sensitivity of centrin localized to the sperm proximal centriole, and the
phosphorylation of centrosomal epitopes in M-phase extracts as might occur during the
early stages of sperm penetration in mammalian oocytes.

Immunofluorescence and Western blotting with human, bovine, and Xenopus
sperm suggest that paternally derived +y-tubulin is present in modest amounts before
exposure to egg cytoplasm (Figure Al.1), albeit at concentrations nearing detection
thresholds (Félix et al., 1994; Stearns and Kirschner, 1994). The variability in detection
of y-tubulin in mature spermatozoa by immunofluorescence suggests that paternal -
tubulin may be largely inaccessible until after cytoplasmic exposure. In addition, the
presence of any paternal y-tubulin in the mature spermatozoa is not sufficient to assemble

microtubules in vitro without previous exposure to cytoplasmic extract (Figure A1.5D).
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The introduced paternal y-tubulin may be necessary for attracting larger amounts of
maternal y-tubulin protein to the centrosome, a step critical for nucleation of a small
sperm astral array. The unveiling of y-tubulin at the sperm centrosome may be a direct
consequence of sperm head decondensation, in which the loosening of the tightly
compacted implantation fossa is linked to the loosening of the tightly compacted sperm
chromatin by disulfide bond reduction. Alternatively, disulfide bond reduction may
directly unfold the highly condensed procentrosomal structure, thereby exposing hidden
Y-tubulin and -tubulin-binding sites. This would enable the reconstituting zygotic
centrosome to acquire additional matemal ~-tubulin for nucleation of microtubules,
which, in turn, would promote the attraction of yet more maternal Y-tubulin for building
the microtubule sperm astral array. Support for this sequence of events is provided by the
detection of y-tubulin in mature bovine oocytes in Western blots (Figure A1.6E) and by
the finding that the mature Xenopus oocyte is enriched in 7Y-tubulin in the cortical region
(Gard, 1994), suggesting that any newly incorporated sperm has immediate access to an
oocyte’s centrosomal protein pool. The nature of the Y-tubulin—-binding protein’s effect on
the sperm centrosome is unknown, although it may be linked to the presence of the -
tubulin ring complexes (Moritz et al., 1995; Zheng et al., 1995). If this model is correct,
there are serious clinical implications for patients being treated for infertility by
intracytoplasmic sperm injection, in which, typically, a single spermatozoan is
microinjected deep into the oocyte’s center rather than into the cell cortical region.
Centrin is a paternal centrosomal component in human and bovine sperm that
appears to reside in the proximal centriole (Figure Al.3). Interestingly, centrin is also

strongly detected by Western blots in bovine oocytes, although no centrin is detected in
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the assembled sperm asters by immunofluorescence in either human (Figure Al.6C,
inset) or bovine (our unpublished results) zygotes. This observation agrees with cellular
fractionation experiments, which demonstrate that the vast majority of cytoplasmic
centrin is not associated with the centrosome (Paoletti et al., 1996). Three human centrin
genes, Heenlp, Hcen2p, and Heen3p, have recently been cloned (Lee and Huang, 1993;
Errabolu et al., 1994; Middendorp et al., 1997) and are localized in several cell types with
the anti-centrin mAb 20H5. Although Hcen2p and Hcen3p stain the centrosomes of
ciliated and nonciliated cell types, Hcenlp stains only the centriolar region of ciliated
cells (Salisbury, 1995). Perhaps the Hcen2 and Hcen3 gene products are found in both
gametes, whereas the Heenl gene product is exclusively parceled to the sperm, so that the
epitope recognized by 20HS more closely resembles that of a specific region on the
Heenl gene product, thereby explaining the differential staining between gametes.
Alternatively, centrin could be functionally and immunologically hidden within the
oocyte by forming complexes with other proteins. Although no 20H5 centrin detection
has been observed in early zygotes, egg activation events could induce a disassembly of
this complex and result in the liberation of centrin for participation in later mammalian
embryonic development after the first cell cycle.

Centrin has been localized to the stellate fibers of the transition zone between the
basal body and the axoneme (Sanders and Salisbury, 1989; Baron et al., 1992) and to the
distal lumen of the centrioles in animal cells (Paoletti et al., 1996; Middendorp et al.,
1997). Indirect and direct evidence implicates centrin as a Ca2+—binding protein that
undergoes ultrastructural and distributional changes upon alteration of Ca®" levels

(Sanders and Salisbury 1989, 1994; Baron et al.,, 1994; Errabolu et al,, 1994). In
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Chlamydomonas, it has been suggested that Ca®" induces centrin proteins to “contract”
and exert shear force and torsional load on the axonemal doublets, resulting in flagellar
severing (Sanders and Salisbury, 1994). In human and bovine sperm, centrin also
displays a Ca** sensitivity after DTT priming and exposure to >1 mM CaCl,, as observed
by both immunofluorescence (Figure A1.2G) and Western blots (Figure A1.2D).
Fertilization is also accompanied by an increase in intracellular Ca*" (reviewed by
Whitaker and Swann, 1993). One of the proposed functions for an increase in
intracellular Ca*" might be a centrin-induced uncoupling of the sperm tail axoneme from
the basal body, although clearly the sperm axoneme is not severed from the proximal
centriole in the human or bovine sperm during the first cell cycle. This loosening of the
sperm centrosomal region might initiate a functional and structural conversion of the
sperm basal body to that of a mature centriole. Perhaps the increase in intracellular Ca2*
also aids in breaking the tether between mother and daughter centrioles before replication
(Bornens et al,, 1987) or in the separation of centrioles at anaphase. In frogs, the
microinjection of recombinant heterologous centrin into one blastomere of a two-cell frog
embryo impaired early amphibian development by disrupting cytoplasmic microtubules,
nuclear segregation, and cytokinesis (Paoletti et al., 1996).

This study suggests that the human sperm centrosome contains Y-tubulin, albeit
inaccessible as a result of centrosomal protein folding or compaction induced by disulfide
bond formation. The oxidation state of mammalian sperm has also been well
characterized. It has been reported that the oxidation of sulthydryl groups occurs in sperm
heads and tails as they mature during their passage through the epididymis (Calvin et al.,

1973; Kosower and Kosower, 1987; Shalgi et al., 1989). Mammalian sperm chromatin, in
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contrast to that from X. laevis, contains cysteine-rich protamines in the oxidized state that
become reduced by endogenous reductases shortly after sperm penetration, allowing for
the exchange of protamines for histones (Rodman et al., 1981 ; Perreault et al., 1984,
1987; Ward and Coffey, 1991; Bellvé et al., 1993). The reducing environment of the
mammalian oocyte also provides the means for breaking disulfide bonds and allowing
pronuclear decondensation, centrosomal exposure, and possibly centrosomal
decondensation. Oxidizing and reducing compounds will affect microtubule stability,
presumably by acting on the centrosome (Mazia and Zimmerman, 1958; Mellon and
Rebhun, 1976; Oliver et al., 1976). Interestingly, these observations on the oxidative
cycles in mammalian gametes are supported by research into thiol cycles, which have
been shown to correspond precisely with other cell cycle events, such as DNA
decondensation, and the state of centrosomal condensation during mitotic spindle
formation (Mazia and Zimmerman, 1958; Mazia, 1961). It is interesting to speculate that
these cyclical changes in the centrosome oxidation state could account for the expansion
and contraction observed in this structure as it progresses through the cell cycle.

The MPM-2 results reported in this study differ slightly from the observations of
Pinto-Correia et al. (1994) and Long et al. (1997). In those studies, the phosphoprotein
antibody was detected in bull, rabbit, boar, and mouse sperm in the outer dense fibers and
connecting piece within the neck region before insemination. Dephosphorylation of these
midpiece components occurred after the Ca®*-induced maturation-promoting factor
decline associated with sperm penetration, resulting in sperm aster microtubule assembly
in vivo. Although we occasionally observed MPM-2 punctate staining in the head,

midpiece, and principal piece in bovine and human spermatozoa, a positive detection of
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MPM-2 antibody at the sperm centrosome was found in <5% of the mature spermatozoa,
whether permeabilized or exposed to disulfide bond reduction (Figure A1.4M). However,
a significant increase in phosphorylation of the human sperm centrosomal region
occurred after exposure to CSF-arrested egg extract, which is in agreement with the
detection of MPM-2 in the decondensing sperm head after rabbit fertilization in vitro
(Pinto-Correia et al., 1994). In addition, we also observed MPM-2 immunostaining at the
sperm centrosome during early bovine sperm incorporation after in vitro fertilization
(Figure Al.4L) and during the early stages of sperm aster formation in vivo (Figure
Al.6D).

Many kinases are present and functional in CSF-arrested X, laevis egg extracts,
including p34cdc2 and MAPKs (reviewed by Murray and Hunt, 1993). In mammalian
oocytes, sperm incorporation and sperm aster formation overlap with the completion of
second meiosis. Maturation-promoting factor activity, as measured by H1 kinase activity,
decreases after sperm incorporation, although microtubule and chromatin configurations
remain in a metaphase-like configuration for several hours after oocyte activation,
probably as a result of high MAPK activity (Choi et al., 1991; Verlhac et al., 1994). This
unique ftransition period between the completion of second meiosis and the first
interphase in mammals may be important for sperm nuclear remodeling events, including
reconstitution of the zygotic sperm centrosome. Nevertheless, pronuclear migration
occurs strictly during interphase, requiring continued microtubule nucleation,
organization, and interaction with chromatin or nuclear envelopes (Harrouk and Clarke,
1993; Steffen-Zoran et al., 1993). For this degree of microtubule dynamics, some kinase

activity would be expected.
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Centrosome reconstitution appears to be a multistep process occurring between
the end of second meiosis and the transition into interphase of the first cell cycle.
Microtubule nucleation and organization capabilities must finction properly and quickly
to form the sperm aster, the structure responsible for pronuclear migration. After
pronuclear apposition, the centrosomes must replicate and split to provide the correct
number of microtubule organizing centers necessary to form the bipolar mitotic spindle
apparatus. Analysis of human and bovine sperm in cell-free extracts has provided clues to
the milestones that must be reached before a zygotic centrosome is functional to organize
microtubules in vitro. In lower animals such as amphibians, zygotic centrosome
formation is microtubule and microfilament independent but egg extract and ATP
dependent (Stearns and Kirschner, 1994). Mammalian sperm, exposed to increased levels
of Ca** and with the plasma membrane destabilized, must be treated to disulfide bond
reduction to extricate the sperm mitochondria, outer dense fibers, and fibrous sheath
structures. This may expose the sperm centrosome to the maternal cytoplasmic
environment, and, concomitant with the onset of pronuclear decondensation also initiated
by disulfide bond reduction, the sperm centrosome unveils Y-tubulin and other
centrosomal protein-binding sites. A large, cortically derived maternal y-tubulin pool,
which can accumulate into spindle poles during parthenogenesis, is typically attracted
and bound to the sperm procentrosome after insemination and, with phosphorylation,
shifts the microtubule dynamics to a state of nucleation and polymerization (reviewed by
Schatten, 1994). Although speculative, this study characterizes the presence of centrin, Y-
tubulin, and the state of centrosomal phosphorylation in nonrodent gametes,

demonstrating steps in the normal sequence of events that transform the mature
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mammalian sperm into an active participant in the zygote, i.e., the intracellular priming

of the sperm centrosome induced by endogenous disulfide bond reduction within the

mammalian oocyte’s cytoplasm.
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FigureAll. v-Tubulin in human and bovine sperm centrosomes. More than 98% of human sperm do not
immunostain with the XG-1-4 -y -tubulin antibody (A; arrow points to the sperm centrosomal region) after
lysolecithin permeabilization and methanol fixation (B, DNA). Likewise, no significant increase in the
detection of y -tubulin at the human sperm centrosome is observed after S mM DTT priming treatment (C;

arrows point to the sperm centrosomal region), although some DNA decondensation occurs in vitro (D).
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Very similar observations have been observed in bovine spermatozoa treated in exactly the same manner.
However, both human (E and F) and bovine (I and J) spermatozoa treated with 5 mM DTT followed by
CSF-arrested cell-free extract exposure demonstrated extensive DNA decondensation after 1 h (F and J)
and XG-1-4 +y -tubulin immunolocalization at the sperm centrosomal regions (E and I; arrows point to the
sperm centrosomal region). Immunodepletion of y-tubulin from the CSF-arrested extracts by the XG-1-4 -
tubulin abolishes detection of y-tubulin at the base of permeabilized, DTT-treated human spermatozoa,
demonstrating that the vast majority of y-tubulin is maternally derived (G and H). (K) Western blot analysis
of Xenopus, human, and bovine sperm demonstrates prominent bands at ~55 kDa with the XG-1-4
antibody, indicating the presence of paternal y-tubulin in these sperm. Lane 1, Xenopus sperm, 1.25x10°
sperm per lane; lane 2, bovine sperm subjected to Percoll density centrifugation, at ~2.6x10° sperm per
lane; lane 3, washed bovine sperm without Percoll separation, at ~2.6x10° sperm per lane; lane 4, human
sperm subjected to Percoll density separation and labeled with XG-1-4 y-tubulin antibody, ~2.5x10° sperm
per lane; lane 5, 0.5 pg of purified o~ and B-tubulin, demonstrating no cross-reactivity of these tubulin
superfamily members with the XG-1-4 y-tubulin antibody. (L) Graphic representation of permeabilized
human spermatozoa immunostained with y-tubulin XG-1-4 antibody after permeabilization, DTT priming,
and CSF-arrested cell-free extract. By immunofluorescence, very little paternal y-tubulin is observed in
permeabilized human sperm (left bar) or permeabilized human sperm primed by exposure to 5 mM DTT
(middle bar). However, a significant increase in the detection of y-tubulin is observed when permeabilized
and primed sperm are treated with CSF-arrested cell-free extract (right bar). All images were double
labeled for y-tubulin and Hoechst DNA. (Arrows) Sperm centrosomal region as observed with phase or

differential interference contrast optics. Bar in J, 10 gm,
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FigureAl2. Centrin in human sperm centrosomes. Centrin is localized exclusively as either a pair of
punctate sources or a single spot (depending on orientation) at the centrosome in permeabilized human
sperm (A, centrin antibody 20H5; B, DNA) or permeabilized spermatozoa exposed to 2 mM CaCl, (C and
D). This staining is not dependent on Ca*" exposure. Sperm exposed to 5 mM DTT (E and F) for 40 min
show no change in the centrin-staining pattern from controls. However, spermatozoa exposed to DTT and 2

mM CaCl, show a dissipation of centrin staining (G and H). Arrows indicate the point of tail attachment to
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the sperm head as observed with phase or differential interference contrast optics. Identical results were
found with bovine sperm. (I) Western blots of bovine and human sperm, demonstrating a single band at
~20 kDa that co-migrates with bacterially expressed centrin and the Ca®* sensitivity of sperm centrosomal
centrin. Lane 1, DTT-primed bovine sperm (60 ug of total protein per lanc); lane 2, DTT-primed bovine
sperm treated for 30 min with 2 mM CaCl,, showing the loss in 20H5 centrin detection after high external
Ca’" treatment (43 pg of total protein per lane); lane 3, human sperm, immunoprecipitated with 20HS anti-
centrin and immunostained with anti-centrin serum 24/14-1; lane 4, purified bacterially expressed centrin
protein immunostained with anti-centrin serum 24/14-1. (J). Graphic representation of human spermatozoa
immunostained with 20HS centrin after permeabilization, DTT priming, and elevated external CaZ*
exposure. Analysis reveals that DTT-primed spermatozoa treated with either high external Ca®" (fourth bar)
or CSF-arrested extract (fifth bar) demonstrate a significant reduction in the detection of centrin at the

sperm centrosome. Bar in H, 10 um.
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FigureAl3. Ultrastructural detection of centrin in the bovine mature sperm centrosome and its

sensitivity to CSF-arrested cell-free extract. (A and B) Immunogold labeling of mature bovine
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spermatozoa with anti-3 -tubulin antibody, demonstrating extensive immunolabeling of the sperm proximal
centriole (asterisks) and outer microtubule doublets of the sperm axoneme (A, arrowheads). (C and D)
Immunogold labeling of mature bovine sperm with anti-centrin antibody 20H5. In C, a longitudinal section
of proximal centriole in the sperm tail connecting piece is observed, with centrin localized to its capitulum-
attached end (arrows). (D) Oblique sections of the proximal centriole demonstrating centrin detection in an
area of the centriole adjacent to the striated columns of the connecting piece. (E and F) Control bovine
spermatozoa immunolabeled with colloidal gold-conjugated secondary antibody only. No labeling is
observed in the connecting piece structures (E, longitudinal section of the centriole) or in the proximal
centriole (F, cross-section). (G and H) Human permeabilized spermatozoa treated sequentially with 5 mM
DTT and CSF-arrested cell-free extract and then immunostained with the 20HS centrin antibody. The
primed sperm has begun to decondense in the presence of egg extract (G), but 20HS5 centrin is no longer
detected at the base of the sperm head (H, arrow). if, implantation fossa; ¢, capitulum; sc, striated columns;
odf, outer dense fibers; asterisks, proximal centriole. Bars in A, B, D,E, and F, 0.2 pm; bar in C, 0.5 um;

barin H, 1 ym.
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FigureAl4. MPM-2 detection in human sperm and early bovine sperm penetration. .X. /gevis sperm
become phosphorylated after incubation in X. lgevis CSF-arrested cell-free extract (A, MPM-2; B, DNA).
The mature human sperm centrosome does not immunostain with MPM-2 antibody after methanol fixation
(C, MPM-2; D, DNA), although punctate staining is occasionally observed in the head, midpiece, and
principal sperm tailpiece (not shown). Human spermatozoa permeabilized in lysolecithin and exposed to
CSF-arrested cell-free extract demonstrate MPM-2 immunostaining at the sperm centrosomal region (E,
MPM-2; F, DNA). Sperm priming with 5 mM DTT does not significantly increase the detection of

centrosome phosphorylation (G, MPM-2; H, DNA) until after exposure to CSF-arrested cell-free extract (I,
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MPM-2; J, DNA). Arrows depict sperm tail attachment to the sperm head as observed with phase or
differential interference contrast optics. Similar results were observed in mature bovine sperm exposed to
CSF-arrested extracts. (K and L) Dispermic penetration in a bovine oocyte after in vitro fertilization (8 h
after insemination). MPM-2 phosphorylation of the sperm centrosomes (L, arrows) is observed, suggesting
that the positive MPM-2 staining of the assembling zygotic centrosome observed after exposure to frog
extracts is mimicked in vivo. (M) Graphic representation of human spermatozoa immunostained with
MPM-2 antibody after permeabilization, DTT treatment, and exposure to cell-free extract. The analysis
demonstrates that significant MPM-2 immunostaining at the sperm centrosome is observed only when
permeabilized or DTT-primed spermatozoa are exposed to CSF-arrested cell-free extract (second and

fourth bars). Bars in B, J, and L, 10 um.
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FigureAlS. Microtubule assembly in vitro nucleated by X. laevis, human, and bovine sperm. (A)
Lysolecithin-permeabilized Xenopus sperm incubated in CSF-arrested cell-free extract containing 0.08
mg/ml rhodamine-conjugated bovine brain tubulin. Microtubule assembly (red) is radially symmetric and
tightly focused at the sperm centrosome (blue, DNA). Bull (B) and human (C) sperm (blue), exposed to 5
M ionomycin and primed with 5 mM DTT, also demonstrate assembly of microtubules in vitro (red) from
the centrosomal region after 40-60 min of incubation in CSF-arrested cell-free extract. No free asters or
assembled microtubules are present in the background, suggesting that microtubule nucleation, as opposed
to microtubule capture, has occurred. Primed human sperm (blue) that was not exposed to CSF extract did
not nucleate microtubules when exposed to rhodamine-conjugated bovine brain tubulin in Pipes buffer

alone (D, red; arrow points to sperm axoneme). Bar in A, 30 um; bars in B,C,and D, 1 um.
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FigureAL6. y-Tubulin, centrin, and MPM-2 detection in human and bovine zygotes. (A) Fertilized

bovine oocyte fixed 12 h after insemination and immunostained with y-tubulin antibody (red), XG-1-4 ¥
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tubulin antibody (green), and Hoechst DNA (blue). The sperm aster is a radially symmetrical array of
microtubules emanating from the base of the sperm head (M). y-Tubulin is detectable as a bright dot at the
focal point of the sperm aster (arrow). (B) A dispermic human zygote fixed 26.5 h after insemination and
triple labeled for microtubules (red, co-stained with 8-tubulin and acetylated a~tubulin antibodies), XG-1-4
-tubulin antibody (green), and Hoechst DNA (blue). Each pole of the bipolar mitotic spindle has a sperm
axoneme (red, arrows). y-Tubulin is detected as four bright dots at the spindle poles (green), two of which
are associated with the incorporated sperm axonemes (red, arrows). (C) An arrested, monospermically
inseminated human oocyte fixed 48 h after insemination and immunostained with antibodies to
microtubules (red, glutamate o-tubulin antibody), 20H5 mAb to centrin (inset), and Hoechst DNA (blue). A
replicated and split centrosome, indicated by the two small microtubule asters (red, arrows) around the
adjacent male (M) and female (F) pronuclei, is shown. The incorporated sperm axoneme (arrowhead) is
associated with one of the two microtubule asters, but no centrin is detected at the centrosome (inset). (D)
A bovine oocyte fertilized in vitro and fixed 10 h after insemination demonstrating sperm aster formation
(red) and a pair of MPM-2 immunoreactive foci within the assembled astral microtubules (green). After
activation of bovine oocytes, cortical microtubule assembly increases (red) and other cytoplasmic MPM-2
reactive foci (green) can be seen within this polymerizing array. (E) A 55-kDa band is prominently detected
n 50 mature bovine oocytes after Western blotting with the rabbit polyclonal XG-1-4 antibody, indicating
the presence of abundant maternal y-tubulin protein. All images were triple labeled for microtubules (red),

Y-tubulin, centrin, or MPM-2 (green), and DNA (blue). Bars, 10 ym.
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Although intracytoplasmic sperm injection (ICSI) has been used successfully in
the treatment of male infertility, there are reports of increased sex chromosome anomalies
in children conceived after ICSI (Bonduelle et al., 1998). Inheritance of chromosome
anomalies from the parents alone cannot explain the higher incidence of aneuploidy due
to mitotic errors after fertilization. Because sperm nuclear decondensation is atypical
after ICSI (Bourgain et al., 1998; Hewitson et al., 1996), with the apical region remaining
condensed for longer than the basal region, we investigated whether this delay might
result in the retardation of X chromosome decondensation. The apical tip of the sperm
nucleus adjacent to the perinuclear theca remains condensed until the remnants of the
acrosome are removed. These structures are lost uniformly at the egg cortex during in
vitro fertilization. Chromosome anomalies could be related to this delay, which may not
allow the complete decondensation of all the chromosomes and which may lead to
asymmetrical segregation at first mitosis.

Sperm chromosomes are positioned non-randomly in marsupials and hamsters,
and the centromeres and telomeres of human sperm chromosomes have been shown to be
non-randomly positioned (Zalensky, 1998). If the chromosomes of sperm nuclei have
preferred positions in the sperm head, perhaps the delayed decondensation of the apical
tip of the sperm contributes to chromosome anomalies in ICSI children.

We used chromosome paints (Oncor Inc, USA) to identify the X chromosome and
chromosome 18. To preserve the three-dimensional structure of the chromosomes and
ensure that chromosome paints had access to the DNA, the sperm were gently
permeabilized and decondensed in mitotic Xenopus €gg extracts, an in vitro system that

closely mimics an in vivo environment (Ohsumi et al., 1988).
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Chromosome paint for chromosome 18 hybridized in more than 80% (190/234) of
sperm examined, and chromosome paint for X chromosome hybridized in just over 40%
(230/553). The sperm tail was used as a reference to identify apical or basal position
(Figure A2.1B, arrows; DNA, blue). Chromosome 18 was found near the sperm tail in
almost 60% of the sperm (113/190; Figure A2.1A, red), while the X chromosome was
found near the sperm tail in less than 40% (88/230; Figure A2.1A, green). This shows
that chromosome 18 is preferentially located in the basal region of the sperm nucleus,
while the X chromosome is preferentially located in the apical region.

The placement of chromosomes within the sperm nucleus may have implications
for assisted reproductive technologies (ART), and may help explain the apparent increase
in sex chromosome aberrations in ICSI offspring. This increase could be due to the fact
that the X chromosome in sperm nuclei preferentially localizes in the apical region. In
such nuclei, the S-phase of the cell cycle may be delayed due to the decreased rate of
nuclear decondensation in the apical region of the sperm head, hindering progression to
the onset of first mitosis in the zygote. This may lead to mitotic errors in the distribution
of the X chromosome during first cleavage, implying that such positioning of the sex

chromosome could lead to the increase in sex chromosome anomalies following ICSI.

150




FigureA21. Human sperm after in vitro decondensation and chromosome painting. A: X chromosome

(green), chromosome 18 (red); B: DIC image overlayed with a fluorescence image stained for DNA with

Hoechst 33342 (blue).
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Somatic cell nuclear transfer (SCNT) (Wilmut, 2002) in nonhuman primates
could accelerate medical research by contributing identical animals for research and
clarifying embryonic stem cell potentials (Thomson et al., 1998). Although rhesus
embryos begin development after embryonic cell nuclear transfer (ECNT) (Meng et al.,
1997; Dominko et al., 1999; Mitalipov et al., 2002), there has only been one report of
rhesus births after ECNT (Meng et al., 1997), and that report has not been replicated.

Here, molecular obstacles were identified using 716 rhesus oocytes in four
experimental studies: set A, SCNT [rhesus cumulus, umbilical cord blood, epithelial-
derived fibroblasts, and inner cell mass—derived precursor embryonic stem cells; 193
oocytes; 62.8% nuclear transfer (NT) success assayed by interphase nucleus formation],
and set B, ECNT from dissociated 16~ to 32-cell stage embryos (381 oocytes; 97.2% NT
success), because ECNT success is greater than SCNT (Wilmut, 2002). Because meiotic
spindle removal appeared to be responsible for these NT failures, we performed two
additional experiments in which either we did not remove the spindle (set C) or we
removed and reinserted it (set D). In set C, NTs into concurrently fertilized oocytes
generated tetraploids (55 oocytes; 54.4% success), whereas in set D, fertilization of
reconstituted oocytes (that had previously been enucleated and then renucleated)
generated diploids (95 oocytes; 67.1% success).

Rhesus NTs look superficially normal, yet no pregnancies resulted from 33
embryos transferred into 16 surrogates (compared with seasonably variable 28 to 66%
pregnancy rates by assisted reproduction) (Hewitson et al., 1999). DNA and microtubule
imaging showed disarrayed mitotic spindles with misaligned chromosomes (Figure

A3.1A; all 116 ECNTs and all 30 SCNTSs examined displayed aberrant spindles). Despite
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these defects, cleavages continue, but unequal chromosome segregations produce
aneuploid embryos.

NuMA (Nuclear-Mitotic Apparatus), a matrix protein responsible for spindle pole
assembly (Mountain et al., 1999), concentrates at centrosomes in unfertilized meiotic
(Figure A3.1B) and fertilized mitotic cells (Figure A3.1C). After NT, NuMA is not
detected on the abnormal mitotic spindles (Figure A3.1D) or in enucleated oocytes.
HSET and Eg5 are mitotic kinesin motors (Mountain et al., 1999; Blangy et al., 1995).
HSET, found during meiosis and mitosis, is not detected in NT spindles (Figure A3.1E).
Eg5 detects centromere pairs at meiosis and mitosis, including misaligned ones on NT
spindles (Figure A3.1F). Thus, meiotic spindle removal depletes the ooplasm of NuMA
and HSET, both vital for mitotic spindle pole formation.

Normal spindles found in tetraploids suggest meiotic spindle removal as the
source of NT anomalies. In tetraploids, chromosomes aligned properly on bipolar
spindles with centrosomal NuMA (Figure A3.1G). NT mitotic spindles could be
distinguished from the fertilized spindle by the sperm tail. Similarly, fertilization of
reconstituted oocytes resulted in apparently normal divisions. Thus, manipulation of the
embryos alone was not the cause of the problem, and proper mitotic spindles can be
organized around somatic chromosomes if the meiotic spindle is left intact.

Primate NT appears to be challenged by stricter molecular requirements for
mitotic spindle assembly than in other mammals. In cattle, the somatic centrosome is
transferred during NT (Navara et al., 1994), whereas mice rely on the oocyte’s maternal
centrosome (Schatten, 1994). Also, NuMA and HSET are not exclusively concentrated

on the meiotic spindle in mammals other than primates (Mountain et al., 1999). With
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current approaches, NT to produce embryonic stem cells in nonhuman primates may

prove difficult - and reproductive cloning unachievable.
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FigureA31. Faulty mitotic spindles produce aneuploid embryos after primate nuclear transfer. (A)
Defective NT mitotic spindle with misaligned chromosomes. Centrosomal NuMA at meiosis (B) and
mitosis (C), but not in mitotic spindles after NT (D). The centrosomal kinesin HSET is also missing after
NT (E), but not centromeric Eg5 (F). Bipolar mitotic spindles with aligned chromosomes and centrosomal
NuMA after NT into fertilized eggs (G). DNA, microtubule, NuMA, and kinesin imaging: Blue, DNA; red,

B-tubulin; green, NuMA in (B), (C), (D), and (G); HSET in (E); and Eg5 in (F). Scale bar, 10 pm.
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