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University of Washington
Abstract

Genetic, molecular and cytological characterization
of the paternal effect gene, paternal loss,
of Drosophila melanogaster

by Kelly Noel Owens

Chairperson of the Supervisory Committee
Associate Professor Barbara T. Wakimoto
Department of Zoology

Mutations in the paternal effect gene, paternal loss (pal) of Drosophila
melanogaster cause loss of only the paternally inherited chromosomes during
early embryogenesis. In an effort to better understand the role of the paternal
contribution to embryogenesis, the genetic and molecular properties of
mutations in the pal gene were characterized. Comparisons of the original
pall allele, a newly isolated dysgenic allele, pal2, and deficiencies of the locus
defined pal as a strict paternal effect gene. The weak penetrance of null
mutations in the pal gene suggested that the pal function is partially
redundant with other gene functions. The pal gene was cloned showing that
the gene encodes a small mRNA (0.9 kb) expressed only in the male
germline. Expression of the pal mRNA is localized in early primary
spermatocytes in a polar perinuclear cap and is homogeneous in later
spermatocytes. Sequence analysis of the pal cDNAs and genomic clones
predicted that the encoded protein is a small highly basic protein.
Immunolocalization studies showed that the protein is present in
condensing, elongating spermatids and in mature sperm. Preliminary results
suggested that the pal protein may enter the embryo in the sperm nucleus. I

propose a model in which the pal protein is a sperm-specific chromosomal



protein required for the normal condensation of the sperm nuclei or for the
decondensation of the sperm nuclei in the embryo. Loss of the pal protein
may disrupt the exchange of sperm-specific chromosomal proteins for
maternally provided proteins in the first few minutes of embryogenesis.
Defects in this transition may result in late or improperly decondensed
paternal chromosomes and their subsequent misbehavior. Progeny of pal
fathers showed early embryonic defects in mitosis, including chromosomes
off the metaphase plate, chromosomes lagging at anaphase and distorted
spindles, as well as the presence of micronuclei prior to the first mitosis.
These defects may arise in the absence of the pal protein due to an altered
interaction of paternal chromosomes with cellular components such as the

cytoskeleton or nuclear envelope.
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CHAPTER 1
INTRODUCTION

Embryogenesis requires the fusion and coordination of two vastly
different cells: the sperm and the egg. Gametes contribute components to the
newly formed zygote, including chromosomes and structural and enzymatic
molecules. Failure to properly package these components leads to
developmental defects or death. Each gamete supplies different components,
packaged in different manners. Inroads have been made in understanding
the normal contribution of the egg by analysis of maternal effect mutations.
Relatively little is known, however, about the unique contributions of the
sperm. In an effort to understand better the role of the paternal contribution
to embryogenesis, I have examined the role of a paternal effect gene of
Drosophila, called paternal loss (pal). I am interested in two aspects of the pal
mutant phenotype. First, as a paternal effect mutation, pal provides a tool for
understanding the role of the paternal gamete in embryogenesis. Secondly, as
a mutation resulting in loss of paternal chromosomes in the embryo, it
provides an opportunity to examine potential differences in the paternal and
maternal chromosomes.

In this introduction, I will provide a general background about
chromosome loss and parental effects and then focus on paternal effects in
particular. Chapter 2 describes the isolation and characterization of new
paternal loss alleles. Chapter 3 details the molecular characterization of this
gene. Chapter 4 discusses production and use of antibodies to localize the pal

protein. Suggestions for future research comprise Chapter 5.
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The accurate transmission of chromosomes is essential for the survival

of a cell. A failure to accurately transmit chromosomes creates aneuploidy
(reviewed in Baker et al., 1987 and Smith, 1995). Headway has been made in
describing components needed for chromosome transmission in yeast with
the isolation of conditional mutations in genes involved in cell cycle
progression and spindle maintenance (reviewed in Murray, 1995; Hyman and
Soi'ger, 1995) Additionally, the definition of centromere sequences has
allowed isolation of centromere binding proteins (Jiang et al., 1993;
Strunnikov et al., 1995; Meluh and Koshland, 1995, Sorger et al., 1995). Some
centromere binding proteins are likely to affect kinetochore function and
therefore accuracy of chromosome transmission. Indeed, mutations of the
CBF1 centromere binding protein gene can cause chromosome instability (Cai
and Davis, 1990). These findings may sketch out the general features of
mitosis, but the simple mitotic divisions of the single-celled yeast do not
reflect the diverse characteristics of mitotic divisions that are observed during
development in multicellular eukaryotes.

Variation from the canonical mitotic division is readily apparent in
Drosophila where divisions are differentially regulated during development.
For example, early embryonic divisions occur rapidly without G phases and
in a synchronous manner. Later in the larva, divisions are asynchronous and
show different features. Some larval cells undergo endoreduplication to
form polyploid or polytene tissue, while other larval tissue remains diploid
undergoing a more classical mitosis (reviewed in Foe et al. 1993, Edgar, 1995;
Reed, 1995). Geneticists have identified molecules important for regulation
of the larval mitoses through the study of a class of mutants that die as late
larval lethals (reviewed in Gatti and Goldberg, 1991; Edgar, 1995).



What are the molecules regulating or regulated in different types of
division? One predicts that this regulation may involve the differential use
of components such as actin or tubulin that are required for all divisions, or
specialized molecules used only for a particular subtype of mitoses.
Understanding the role of molecules differentially used in different. division
types or during transitions between types of division may lead to a better
understanding of the regulation of cell division.

There are several indications that the initial embryonic mitoses may be
unique. The transition in the type of division from meiotic division,
occurring in the parent, to the first mitotic divisions in the embryo is
enormous. In many sexual organisms, the gametes created during
spermatogenesis and oogenesis differ vastly from one another in terms of
morphology and packaging of organelles. In the embryo, however, one cell
must form fusing and coordinating the cellular regulation of these gametes
which had existed as separate cells bearing different material in different
states. The initial differences in the cellular components contributed by each
parent (particularly the nuclear material) suggests that distinct roles may exist
for the maternal and paternal contributions within the ensuing embryo. A
mutation affecting one parent's role in mitosis would be observed by a
parental effect phenotype affecting division.

While traditional Mendelian genetics describes the equivalent
transmission of genetic information regardless of its parental origin, some
studies reveal this is not always the case. Distinctions between how paternal
and maternal chromosomes are handled have been revealed in a variety of
organisms. Differential control of paternal and maternal chromosomes or

differential expression of alleles of different parental origin are phenomena
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often termed imprinting. Though defined in many ways, one of the most

historically accurate and inclusive definitions has been provided by Denise
Barlow, who designates imprinting as "a reversible process whereby a
gametic-specific modification in the parental generation can sometimes lead
to functional differences between maternal and paternal genomes in diploid
cells of offspring” (Barlow, 1994). These phenomena are of interest because
they directly pertain to the transmission of information between generations.
The process of chromosome elimination or inactivation observed in Sciara
and the coccid insects demonstrates that chromosome loss is a normal part of
development for some organisms. Moreover, these examples and that of X-
inactivation in marsupials and mammals illustrate that differential control of
chromosomes dependent on parental origin also occurs as a part of normal
development.

Studies by Metz on Sciara in the 1930's (reviewed in Brown and
Chandra, 1977) provide the first evidence for chromosomal imprinting.
Metz and subsequent researchers found that Sciara males transmit only their
maternal chromosomes to progeny (Metz, 1938, Hughes-Schrader, 1948). It
was shown that the entire paternal set is eliminated during male meiosis.
This results from the formation at meiosis I of a spindle that appears
monopolar. Maternally derived chromosomes move precociously to the
single pole to form the nucleus of a gamete containing two sister X
chromatids and a set of autosomes, all maternal in origin.

There is also chromosome elimination somatically in cleavage stage
Sciara embryos. All progeny begin development with a set of autosomes
from each parent, one maternal X chromosome and two paternal X

chromosomes. During early embryogenesis one paternal X chromosome is
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eliminated from the germline of both sexes and the soma of females. In the

soma of males both paternal X chromosomes are eliminated. This process
results somatically in XO males and XX females. Elimination evidently
results from a process in which the patemal'X chromosome(s) lag at anaphase
during cleavage divisions and is eliminated by extrusion through the nuclear
membrane (Berry, 1939,1941). The elimination of paternal chromosomes in
the same cell in which maternal chromosomes persist indicates the presence
of a mechanism for distinguishing maternal and paternal genomes. Crouse
(1960) coined the term imprinting to describe this process by which a
molecular event or set of events determine if a chromosome will later
behave differently from a homologous chromosome in the same nucleus,
such that the two are no longer functionally homologous.

A similar phenomena is observed in coccid insects, which are
sedentary plant parasites (reviewed in Brown and Chandra, 1977). Some
coccid species eliminate chromosomes in early embryogenesis, much like
Sciara (Brown and Bennett, 1957: Brown and Wiegmann, 1969). However,
other species do not eliminate chromosomes; instead, the paternal set of
chromosomes becomes heterochromatic and is rendered -genetically inactive
(Schrader, 1929; Brown and Nelson-Rees, 1961). During spermatogenesis in
these species, the heterochromatic paternal chromosomes do not contribute
to sperm, paternal chromosomes being eliminated either in preprophase of
meiosis or after the completion of meiosis. Thus meiosis in these coccids
produces just two gametes; both of which are derived from euchromatic
maternal chromosomes (Brown, 1957 and 1963).

Chromosome imprinting has been observed in situations in which

nature has, in essence, created a perturbation in one organism with a second
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organism. In Nasonia vitripennis, a parasitic wasp, either the presence of the

supernumerary chromosome called paternal sex ratio, or psr, or infection by
the bacterium Wolbachia (in certain incompatible strains) can disrupt
chromosome condensation and cause loss of all paternal chromosomes at the
first mitosis (Breeumer and Werren, 1993; Reed and Werren, 1995). Clearly
paternal chromosomes must be different from the unaffected maternal
chromosomes in the same cytoplasm.

Differential control of chromosomes based on parental origin is not
restricted to insects. Mammalian X-inactivation reveals the effect of parental
origin (reviewed in Monk and Grant, 1990). Somatic X chromosome
inactivation is random in placental mammals, but the paternal X
chromosome is preferentially inactivated in extraembryonic membranes
(specifically the yolk sac, trophectoderm, and chorion, Takagi and Sasaki, 1975,
1976; West et al., 1977; Harper et al., 1982). The inactivation of the paternal X
occurs in approximately the 3.5 day mouse embryo, demonstrating that there
is some method of distinguishing or imprinting the paternal versus maternal
chromosomes after multiple rounds of division. In marsupials, the paternal
X chromosome is inactivated in somatic tissue of the embryo as well as
extraembryonic tissue (Cooper et al., 1971; Richardson et al., 1971;Vandeberg et
al., 1987). From these observations, researchers (V. andeberg et al., 1987) have
suggested that paternal X inactivation prevailed prior to random X
inactivation in mammalian evolution. Studies by Amar Klar (1987, 1993) in
the fission yeast, S. pombe, show that switching of the MAT locus is similarly
affected by parental chromosome origin (a or o). This may indicate that the
ability to distinguish parental chromosome origin occurred quite early in

evolution.



In mammals, mounting data supports the idea that imprinting
distinguishes not just the origin of the X-chromosome but also portions of
many or all other maternal and paternal chromosomes (reviewed in Peterson
and Sapienza, 1993; Barlow, 1994). Pronuclear transplantation experiments
demonstrated the requirement in mouse of paternally and maternally
derived genomes for normal development (Barton et al., 1984; McGrath and
Solter, 1984, 1985; Surani et al., 1984, 1986). Production of Robertsonian
translocation or reciprocal translocation to produce uniparental disomic
individuals has allowed mapping of particular regions required paternally or
maternally (Cattanach and Kirk, 1985; Searle and Beechey, 1990). For some
regions in the mouse, both paternal and maternal versions are required, and
reciprocal phenotypes can be observed. Parent-of-origin effects are observed
in the manifestation of several human diseases including Huntington's
chorea (Ridley et al., 1991) Prader-Willi and Angelman syndromes (Nicholls
et al., 1989), and some carcinomas (reviewed in Hall, 1990; Clarke, 1990). At
least nine genes exhibiting imprinting have been identified: H19 (Bartolomei
etal, 1991), Igf2 (DeChiara et al., 1991), Ins1 and Ins2 (Giddings et al., 1994),
SnRPN (Leff et al., 1992), Xist (Barlow et al., 1991), Wt1 (Jinno et al., 1994), SP2
(Hatada et al., 1993), Igf2r (Barlow et al., 1992). Correlation of gene expression
and methylation state have been made for these loci, though particular
methylation patterns vary greatly. Methylation in the mouse arises after
fertilization and nuclear fusion and, in some cases, methylation is not
observed until after the blastula stage (Brandeis et al., 1993). Clearly, while
methylation may be important for determining gene expression, the primary
imprint seems likely to precede this secondary effect. Alfhough particular

genes have been found to be imprinted on the same chromosome amid



others which are not imprinted, it is not necessary to consider this a gene
specific phenomena. Distinguishable differences between maternal and
paternal chromosomes must be maintained in order for embryos to retain
their viability. Therefore, while chromosomes may be distinguished
according to parental origin, only those gene.s capable of responding to such
imprinting would show expression dependent on parental origin.

There is evidence for imprinting in Drosophila, despite the lack of
methylation (Smith and Thomas, 1981), thereby providing additional
evidence that methylation might not be the primary imprint in mammals.
Parental effects have been observed in connection with position effect
variegation (PEV) (Spofford, 1959, 1961; Hessler, 1961; Dorn, 1985). Expression
of variegating alleles of the white gene vary depending on whether the
rearrangement carrying the gene is transmitted maternally or paternally.
Since the white gene is not expressed until eye disc differentiation in the late
pupal stage, these parental effects are believed to reflect a stable chromosomal
imprint that can be transmitted over multiple cell divisions. Similar effects
on variegated gene expression are observed with certain rearrangements of
the Bithorax-Complex (Kuhn and Packert, 1988), with insertions of rosy* on
the Y chromosome (Berg and Spradling, 1991), and with chromosomes
affected by the mutation E(var)3-93D (Reuter et al., 1993).

Although different organisms may use different mechanisms to
maintain a parental imprint, the initial distinction between parental genomes
may be determined in a smular manner. In other words, outcomes of
imprinting differ (differential gene expression, chromosome elimination or
heterochromatinization) but all imprinting may well reflect a common

mechanism for distinguishing between parental genomes.
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In order to learn more about how parental genomes are distinguished,

it seems fruitful to focus on this process in one organism. As noted
previously, studies of Drosophila show evidence of distinctions between
parental genomes. At this point, I will focus on certain mutations in
Drosophila melanogaster in which chromosome maintenance is affected in a
parentally specific manner. Because there is no zygotic transcription initially
in Drosophila, the process of early embryogenesis is dependent on parental
stores. Because of this feature it has been possible to isolate numerous
parental effect mutations perturbing development in the early embryo. For
this discussion, I will limit descriptions to those parentat effect mutations
involved in embryonic loss of chromosomes, although some have additional
defects in meiosis. As described previously, a parental effect mutation
produces defects in progeny of affected parents and often no observable defect
in the parents. For example, nonclaret disjunctional (ncd), mitotic loss
inducer (mit) and paternal loss (pal) are all parental effect mutations leading
to chromosome loss among progeny of either homozygous mutant female or
male parents (i.e. not both sets of parents). ncd and mit have effects solely
when mothers are mutant. In contrast Horka is both a paternal effect and
maternal effect mutation. All three can affect both maternal and paternal
chromosomes, though to markedly different extents. Two points are revealed
by the phenotype of these mutations: 1) paternal and maternal chromosomes
are distinct from one another in the early embryo and 2) there are sequential
changes in the initial embryonic mitoses. These points are discussed below.
The maternal effect mutation nonclaret disjunctional, or ncd, causes
nondisjunction in female meiosis and chromosome loss in early

embryogenesis (Davis, 1969). Although both maternal and paternal
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chromosomes can be lost, maternal chromosomes are lost ten times more

frequently. The majority of maternal chromosomes are lost during the first
mitotic division of embryogenesis (Sequeria et al. 1989). Paternal
chromosomes are lost after the division with the majority of losses occurring
in the second and third divisions (Portin, 1978; Nelson and Szauter, 1992).
This distinction between time of loss of maternal and paternal chromosomes
suggests a functional distinction between the first and second division, which
is reinforced by the observation that only the first division utilizes a
gonomeric spindle (a single spindle in which paternally and maternally
derived chromosomes do not intermingle).

Sequence analysis of the ncd gene revealed that it encodes a kinesin-
like motor protein (Endow, 1990; McDonald and Goldstein, 1990). Subsequent
in vitro assays demonstrated that the NCD protein displays a minus-end
directed motor activity as well as a microtubule bundling activity (Walker et
al., 1990; McDonald et al., 1990). Matthies et al. (1996) observed the NCD
protein on meiotic spindle fibers in wildtype oocytes. In ncd mutants,
multipolar, frayed spindles were observed, leading the authors to propose
that the function of NCD is to bundle microtubules into a bipolar spindle, as
had been suggested by in vitro experiments (McDonald et al., 1990). The
question of what NCD is doing in early cleavage divisions remains open.
Matthies et al. (1996) note that meiotic defects are much more severe than
mitotic defects in progeny derived from ncd mothers and propose that in
mitosis is NCD is assisted by another redundant function, that also acts in the
microtubule organizing system. While this may explain the differing severity
of the meijotic and mitotic defects, it fails to address Szauter and Nelson's

observation that paternal chromosomes are not lost in the first mitotic
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division but can be lost in second and later divisions. If NCD acts only to

bundle the mitotic spindle, why aren't all chromosomes equally affected?
Perhaps the later loss of paternal chromosomes in ncd mutants reflects a
difference between maternal and paternal chromosomes in their ability to
bind microtubules during the first mitosis, rather than a difference in NCD
function.

Mutations in the kinesin-like motor protein gene nod (no distributive
disjunction) shows meiotic defects similar to those exhibited by mutations in
the ncd gene, except that only non-exchange chromosomes are affected.
Though null mutations have no effect in early embryos, nod transcript is
present throughout development. Furthermore a dominant mutation of
nod, nodDTW, causes severe defects in mitotic chromosome segregation,
apparently from formation of anaphase bridges between homologues
(Rasooly et al.,, 1991; Gatti and Baker, 1989) in both mutant females and
males. Rasooly et al. (1991) suggest that nodDPTW acts as a poison product that
disrupts other kinesin-like protein functions. The function of nod itself, as
defined by the null mutations, seems to be restricted to female meiosis. These
observations support the idea that different but related molecules may be
used in different divisions (meiosis or mitosis at different developmental
stages).

The Horka gene is defined genetically by a single, dominant, gain of
function allele that produces meiotic and mitotic defects when carried by
either parent (Erdelyi and Szabad, 1989). Horka mutant males show
equational nondisjunction during meiosis. Cytological analysis reveals -
abnormal condensation and arrangement of chromosomes on the metaphase

plate, chromosomes lagging at anaphase, and an uneven distribution of
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chromatin at telophase (Szabad, 1995). No micronuclei (often indicative of

chromosome loss, Wald, 1936; Zalokar et al., 1980) are observed, consistent
with the genetic interpretation that only nondisjunction, but not
chromosome loss, occurs during meiosis of Horka males.

As a paternal effect mutation, Horka affects only paternal
chromosomes in mitosis, whereas ncd, a maternal effect mutation, influences
predominantly maternal chromosomes in mitosis. Paternal chromosomes
are lost, with the exception of the Y chromosome in the progeny of Horka
mutant males. Cytological studies of the Horka embryonic defect reveal
chromosomes lagging at anaphase. The failure to observe loss of maternal
chromosomes further supports the idea that paternal and maternal
chromosomes are distinct. One could argue that maternal chromosomes are
less sensitive to loss than paternal chromosomes. When Horka is present in
mothers, however, sterility results due to meiotic defects and arrest of
progeny at cleavage stage. This observation suggests that maternal
chromosomes are as sensitive, if not more sensitive, to this neomorphic
product. (It is unreported whether both paternal and maternal chromosomes
are affected in arrested embryos or only maternal chromosomes.) Szabad et
al. (1995) propose that Horka functions at or near the centromere of
chromosomes in a parentally specific fashion.

In contrast to Horka and ncd, the maternal effect mutation, mitotic
loss inducer , causes loss of paternal and maternal chromosomes at equal
rates. No meiotic defects have been observed with this mutation. Time of
chromosome loss is estimated to occur in the third or fourth embryonic
division by measurements of gynandromorph patch size (Gelbart, 1974). The
observation that defects are seen primarily after the first two divisions
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suggests that the first and second mitotic divisions are in some way different

from the subsequent divisions. (Alternatively, if the mutation is
hypomorphic, the protein may be diluted as divisions occur until a sub-
threshold levei is reached at the third or fourth division.)

While numerous maternal effect mutations exist, there are only a few
reported cases of mutations exhibiting a strict paternal effect. Presumably the
discrepancy in number of paternal versus maternal effect mutations reflects
both the relative contribution of each parent to the embryo and the biased
attention paid by researchers. While screens for male sterile mutations have
identified paternal effect mutants, those producing motile sperm able to
fertilize embryos have been largely ignored in favor of analysis of mutants
affecting spermatogenesis per se (Lifshytz and Meyer, 1977, Lindsley and
Tokuyasu, 1980, and Hackstein, 1991).

In Drosophila, three paternal effect mutations have been isolated:
ms(3)K81 (Fuyama, 1984, 1986a,b), sneaky (snky, personal communication, K.
Fitch and B. Wakimoto), and paternal loss (pal, Sandler, 1974; Baker, 1975).
pal and ms(3)K81 were identified fortuitously in screens of meiotic mutants
and natural populations, respectively. On the other hand, snky was identified
in a screen for paternal effect mutations among P-element induced male
sterile mutations. Outside of Drosophila, the only isolated paternal effect
mutation is spe-11 in Caenorhabditis elegans (Browning and Strome, 1996).

spe-11 was identified in a screen for male sterile mutations in C.
elegans (Hill et al., 1989). The spe-11 defects are first visible at fertilization.
The pleiotropic effects of spe-11 include a failure to form a normal eggshell or
to complete meiosis, as well as failure to orient mitotic spindles or complete

cytokinesis (Strome and Browning, 1996). These are features characteristic of
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an unfertilized egg. The ability of maternally expressed spe-11 to rescue the

embryonic defects places the time of function in the early embryo (as opposed
to during spermatogenesis). Browning and Strome (1996) favor the role of
spe-11 as an activation signal indicating the beginning of development.

Of the paternal effect mutations in Drosophila, the snky mutation
seems to cause the earliest defects. Progeny of snky fathers show no apparent
development after sperm entry into the egg. Egg activation, which is
normally triggered by ovulation in Drosophila, is coincident with fertilization
when fertilization occurs. Except for sperm entry, snky-derived embryos
behave as if they were unfertilized eggs.

The earliest defects observed with the other two identified paternal
effect mutations of Drosophila, pal and ms(3)K81, occur later than the snky
defect. In ms(3)K81 derived progeny, defects include incomplete pronuclear
migration and anaphase bridging as early as the first mitotic division. Two
classes of progeny are observed: 90% of animals arrest in early nuclear cycles
(prior to cycle 6), and 10% of animals develop as haploids, forming cuticle but
failing to hatch as determined by DNA staining and cuticular phenotypes
(Fuyama, 1984; Yasuda et al., 1995). Genetic analysis of multiple alleles
demonstrate genetically that ms(3)81 is a null mutation resulting in a strict
paternal effect (Yasuda et al., 1995). Yasuda et al. conclude that ms(3)K81 is
essential for participation of the male pronucleus in embryonic development.
Furthermore, they suggest that the haploid phenotype represents a more
normal course of development when the male pronucleus fails to participate
in division, perhaps by failing to migrate properly. When the male
pronucleus does participate in the remaining 90% of embryos, the authors

suggest it acts as a poison leading to aberrant early nuclear cycles.
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Like ms(3) K81, the initial pal allele, pall, causes only a paternal effect

(Baker, 1975); no defects occur in progeny of pall mothers. Embryos produced
from pall fathers can lose paternal chromosomes, but no maternal
chromosome loss occurs. Unlike ms(3)K81 or snky, paﬂ exhibits incomplete
penetrance; many progeny develop normally. Baker (1975) estimated the
time of chromosome loss as beginning between the first and second mitotic
divisions. (A more extensive discussion of the pall phenotype follows in
Chapter 2.)

Understanding the role of parental effect genes may shed light on the
requirements for chromosome maintenance and, in particular, the
differences required to coordinate the parental contributions in early
divisions in Drosophila. The differential effect of these parental effect
mutations on paternal and maternal chromosomes and their action within a
specific window of time provides evidence for a sequential change in
chromosome maintenance in the initial divisions. This difference may
reflect a continuing refinement of the cell cycle in these initial divisions.
During the first division, snky, pal and ms(3)K81 affect only paternal
chromosomes while ncd affects only maternal chromosomes. By the second
division, ncd can cause loss of patérnal chromosomes as well as maternal
chromosomes. Horka is capable of affecting either maternal or paternal
chromosomes but only affects chromosomes derived from the parent bearing
the mutation. By the third and fourth divisions, mit can affect both paternal
and maternal chromosomes (as could ncd by the second division). Although
it is not clear how late these mutations may act, estimates of time of loss
suggest that by the third and fourth divisions pal, Horka and ncd are having

progressively decreased effects on chromosome maintenance. Furthermore,
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these decreases in sensitivity may reflect a remodeling of paternal and '

maternal chromosomes to more closely resemble one another. The position
effect variegation studies mentioned earlier, however, require that some
distinction between parentally-derived chromosomes is maintained until late
in development to account for the parental effects observed with variegating
rearrangements.

The purpose of my dissertation work is to define better the role of the
pal gene product. More specifically, I have sought to answer the following
questions: What is the function of the pal gene? When and where is the
product needed? With what components of the cell does the product
interact? Why are only paternal chromosomes affected?

I have isolated a new pal allele in order to understand the range of
phenotypes possible, to provide tools for cloning the gene, and to provide
further information about the function of the gene product. Here I report
genetic and molecular studies of a new mutant allele, pal? and deficiencies of
the locus. This allele, designated pal2 , and pal- deficiencies have been useful
for genetic (Chapter 2) and molecular analyses (Chapter 3) of the gene and for
interpreting the nature of the original EMS-induced allele. I have examined
the localization of the pal protein by immunocytochemistry (Chapter 4) and
discuss models of how pal may function.



CHAPTER 2

Geneﬁc Characterization of the pal gene

The paternal loss!(pall) allele was originally isolated by Larry Sandler
(1971) in a screen for EMS-induced meiotic mutations affecting disjunction or
recombination. The designation of pall (originally mei-W5) as a meiotic
mutation was based upon the recovery of nullosomic progeny lacking a
paternal chromosome. Characterization of the pall allele by B. Baker in 1972
determined that exceptional progeny arise from loss of entire chromosomes,
not portions of chromosomes, by several assays for chromosome breakage.

Baker (1975) further characterized the phenotype of this mutation in a
series of elegant analyses. He demonstrated that paternal chromosome loss is
not caused by nondisjunction, since diplo-exceptional and nullo-exceptional
progeny were not recovered with equal frequency. Instead, nullo-exceptional
progeny were recovered at much higher rates (19.8% versus 2.4%).

Because homozygous mutant fathers produce nullosomic and mosaic
progeny which have lost only paternal chromosomes, Baker designated the
gene paternal loss or pal. Nullosomic progeny presumably arise from loss at
or before the first division while mosaic progeny arise from loss during later
divisions. The time of chromosome loss, based on patch size in mosaics, was
estimated to be predominantly at or before the first division for the X-
chromosome and at first or second division for the Y-chromosome. Baker
(1975) interpreted the observation of nullosomic and mosaic progeny as
resulting from a combination of meiotic and mitotic loss, due to disruption of
the normal meiotic process. Thus, he considered pal to be a meiotic

mutation. However, this designation may be a misnomer. If a chromosome
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was lost prior to the completion of meiosis, it could be incorporated into a

gamete with its homologue or sister chromatid to produce a diplo-exceptional
gamete. Since nondisjunction is not observed above background levels in
progeny of pal fathers (as evidenced by the low occurrence of diplo-
exceptional progeny of pall males), any spermatogenic loss must occur after
separation of chromosomes and the completion of meiosis. Hence, the
nullosomic and mosaic progeny could arise solely by mitotic loss at the first or
subsequent divisions. Therefore, it seems more appropriate to call pal a
mitotic mutation.

Baker did not observe loss events in the soma of homozygous mutant
individuals or in homozygous mutant progeny of heterozygous parents,
suggesting that pal* activity is not required zygotically. Consistent with this
observation, both pal* and pal embryos derived from pal homozygous fathers
demonstrate paternal chromosome loss. The pal mutation has no observable
maternal effect. In summary, the function of the pal gene is affected in male
parents, altering the normal progression of early embryogenesis in their
offspring.

Baker noted that chromosomes differ in susceptibility to pal-induced
chromosome loss. Loss of the small chromosome 4 occurs most frequently,
with lower rates observed for the X chromosome and Y chromosome.
Additionally, the rate of loss of a particular chromosome can vary with
different genetic backgrounds. Baker used the different susceptibilities of two
X chromosomes to map the sensitive region of the X chromosome to the base
of the X, proximal to the carnation locus. Although Baker favored the idea
that the sensitive region was the kinetochore itself , his data did not allow
him to map the region more closely than the proximal 50% of the X
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chromosome, which includes proximal euchromatin and heterochromatin.

Tomkiel (1991) examined the effect of heterochromatic deficiencies on pal-
induced chromosome loss to determine if the amount of heterochromatin
altered the sensitivity to the pal function. Deficiencies of heterochromatin
correspond with increases in the rate of chromosome loss in cis, suggesting
that pal sensitivity maps throughout the Y chromosome.

All previous work on the pal gene;' used the single EMS- induced
mutation pall isolated by Sandler, for which no parental control chromosome
is available. Thus, it was not clear if pall is a null allele. In Baker's studies
approximately 75% of progeny show no evidence of paternal chromosome
loss based on cuticular phenotypes. The weak penetrance of pall suggested
that it could be a hypomorphic allele. In the experiments described below, I
sought to clarify the null phenotype and the nature of the original pal allele
and to obtain material useful for cloning the pal gene.

Baker mapped pall (1975) to cytogenetic regions 28C-D or 29F-30F of
chromosome 2 based on segmental aneuploidy data. To localize the gene
more precisely, I tested newly generated deficiencies in the 30A-C region
(Lane and Kalderon, 1993) for their ability to complement pall. In addition, a
new pal mutation was generated by P transposition mutagenesis. Genetic
characterization of the new allele, pal?, and pal- deficiencies, indicate that
both pal! and pai? are likely to be null alleles. Thus, the low penetrance of the
chromosome loss phenotype may reflect the existence of other factors that can
partially compensate for the lack of pal function. Additionally, the lack of
effect in pal mothers indicates that there is no requirement maternally; pal
function is only required paternally. I will discuss a model to incorporate

these observations with previous data.
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Materials and Methods

Drosophila stocks

Cultures were raised on standard cornmeal-molasses-brewer's yeast
media at 25°C. Except when noted otherwise, mutations are described by
Lindsley and Zimm (1992) or Lane and Kalderon (1993). The wildtype strain
used was a CantonS isochromosome 2 strain.
Complementation assay for paternal chromosome loss

To test deficiency chromosomes for the ability to complement the pall
mutation, ten to thirty pairs of y+Y;Df(2L)/pall malés and y w sn3; spa po!
females were mated in half-pint milk bottles, subcultured after 5 days and
parents were discarded after 5 more days. Progeny were scored until day 18 for
paternal chromosome loss events. (Fig. 2.1). Loss of the paternal X
chromosome is indicated by the presence of tissue expressing the recessive
yellow and singed maternal markers. Loss of the paternal chromosome 4
results in expression of the sparkling eye marker or the Minute bristle
phenotype. The rate of paternal chromosome loss is expressed as a percentage
of exceptional progeny among total progeny scored.
Screen for new pal alleles

To induce new pal alleles, the P[(w+, ry+)A] N22 chromosome
(Hazelrigg and Levis, 1985), which carries a P element in 30C marked with
white* and rosy* genes, was exposed to P[ry+, A2-3], an element that encodes P
element transposase (Robertson et al. 1988). wlll18; p[(w+, ry*)A] N22; ry 506
females were crossed to w1118; Sp/CyO;ry 506 Sb P[ry+, A2-3]/TM6, Ubx males
to generate wlll18; p[(w+, ry*)A] N22/Sp or CyO; +/ ry 506Sh P[ry+, A2-3] sons.
Random N22 chromosomes were recovered from these males and established

in balanced stocks. Males from each stock of the mutagenized chromosomes
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Figure 2.1. Schematic representation of assay for paternal chromosome loss.
Deficiencies were tested for the ability to complement the pal I mutation in
fathers by crossing such males to females bearing recessively marked X and
4th chromosomes and scoring their progeny for the appearance of tissue
showing the recessive phenotypes (yellow pigmentation, white sparkling
eyes). The classes of progeny observed when determining the rate loss of the

X chromosome are illustrated.
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~ (N22*) were mated to pall /SMS5, Cy females to obtain N22*/ pall males.

These males were mated to y w sn3; spa pol females and at least 200 of their
progeny were scored for paternal chromosome loss.

To determine if the pal? allele was revertible by P element
mobilization, the pal2 chromosome was exposed to P element transposase for
mobilization. w1118;pal2 Pl(w+, ry-)]/Sp or CyO; +/ ry S96Sb Pry+, A2-3]
males were generated and then crossed individually to w1118; Sco/SM1, Cy It
females. From this cross, w1118; pal2 P[(wr, ry-)]/Sco or SM1, Cy It sons were
selected and backcrossed to establish balanced stocks. Males from each stock
were tested for paternal chromosome loss among their progeny as described

previously.

Lethal phase determination

To assess lethality during development, survival of progeny derived
from various pal alleles was determined. For each cross, forty mutant or
wildtype males were érossed to forty y w sn3; spapol females in half-pint
bottles at 25°C with daily changes of standard food supplemented with yeast
paste. For egg collections, flies were placed in empty half-pint bottles with
1.0% agar plates sprinkled with dry yeast and 45% acetic acid. Eggs were
collected for 5-12 hour intervals, counted, and transferred to standard fly food
in split bottles. After 36 hours from the mid-point of the collection, egg
hatching rates were determined. Surviving progeny were allowed to develop
to adulthood and counted until day 18. Paternal chromosome loss was scored

as previously described.



Results

The paternal loss (pall) mutation was mapped by Baker (1975) to
Chromosome 2, within the 28C-D or 29F-30F interval on the polytene
chromosome map. To localize the pal gene more precisely, two approaches
were used. In one approach, newly generated deficiencies in the 30A-C region
were tested for their ability to complement pall. In the other, a new pal
mutation was generated by P transposase mutagenesis. Using the pal-
deficiencies and the new allele, designated pal2 , it was possible to genetically
and molecularly map the gene, as well as to interpret the nature of the
original EMS-induced allele for which no parental chromosome was
available.

A set of deficiencies for the 30A-C region was generated by Lane and
Kalderon (1993) in their study of DCO, a gene encoding the catalytic subunit of
the Drosophila cAMP-dependent protein kinase. To assay for paternal
chromosome loss, y+ Y; pall/ Df males were crossed to females carrying
recessive markers, and their progeny were monitored for expression of
maternal markers (Fig. 2.1). Two types of exceptional progeny could be
identified: nullo exceptional progeny in which all scoreable tissue showed
loss of a paternal chromosome and mosaic exceptional progeny in which
animals have patches of tissue with paternal chromosome loss. Nullo
exceptional progeny could also result from meiotic nondisjunction, which
occurred at a rate of less than 0.75% for the sex chromosomes and 4th
chromosome in control pall/+ males (Baker, 1975). A chromosomal
deficiency was considered to fail to complement if pall/Df males produced
nullo exceptional progeny at a rate above the 0.75% background level seen

with the pall chromosome.
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Complementation results showed that the deficiency, Df(2L) 30A-C,

fails to complement pall (Table 2.1). I also tested overlapping deficiencies
generated by Lane and Kalderon (1993) by gamma irradiation of TE16 [w4 rst*],
a chromosome that carries a large transposable element of X chromosomal
material inserted into 30C. TE16 and its derivatives, D2L)¥, Df(2L)¥29 and
Df(2L)731 and the deficiencies Df(2L) 50, Df(2L) 200 and Df (2L)A4 complement
pall (Table 2.1). Since these deficiencies removed material distal to the
transposable element (Lane and Kalderon, 1993, and Fig. 2.2), their ability to
complement the pal gene set the TE16 insertion site as the distal limit of the
pal gene.

The TE16 derivatives Df(2L)y1, Df(2L)y15, Df(2L)y25, and Df(2L)127 and
the deficiency Df(2L)232 failed to complement pall. When Df(2L)y15/SM5, Cy
males were crossed to Df(2L)y25/SM5, Cy females, the resulting
Df(2L)Y15/Df(2L)y25 animals were phenotypically normal and fully viable
relative to their Df/SM5, Cy sibs. The progeny of Df(2L)y15/Df(2L)¥25 males,
however, exhibited paternal chromosome loss. This result showed that the
paternal loss phenotype was not specific to the original EMS-induced pall
allele and that at least a portion of the pal gene was in the region deleted in
both DA2L)y15 and Df(2L)y25 (Fig. 2.2).

Two known lethal complementation groups fall between the Df(2L)127
and Df(2L)y15 breakpoints as defined by complementation analysis (Lane and
Kalderon, 1993). Two alleles of one gene, [(2L)D6 and I(2L)N7-6, and the sole
allele of the other, [(2L)D10 , were tested for viability over pall and
complementation of the paternal loss phenotype among their progeny. All

are fully viable and complement pall.
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Isolation of a new pal allele

I screened for new alleles of pal using the strategy described by Tower et
al. (1993). The aim was to obtain a P element insertion info the gene that
would be useful for genetic studies and molecular mapping. The starting
chromosome for mutagenesis was P[(w*, ry+)A] N22, a chromosome that fully
complements pall and carries a P element marked with the white* and rosy*
eye color genes in 30C1-6 (Hazelrigg et al., 1984; Lane and Kalderon 1993). Of
the 227 transposon-mutagenized chromosomes screened (representing at least
115 independent events), one chromosome carried a mutation that failed to
complement pall . The chromosome carrying this allele, designated pai2,
retained expression of the w+ transgene but lost the ability to confer a ry+
phenotype.

Mobilization of the P(white*, rosy~) element in the pal2 chromosome
was induced by providing a transposase source and selecting white~ animals -
in the next generation. Among these eye color mutants, a portion are
expected to carry chromosomes with simple P element excisions. None of the
89 independently isolated chromosomes, however, reverted the pal
phenotype. As shown below, the pal? allele appears to be a null allele.

Failure to revert this allele suggests that the lesion is not simply an insertion
of the P element.
Genetic characterization of pall versus pal?

The pal? allele was tested originally in trans to the pall allele. To
determine if the pal? mutation and the pal ~deficiencies, Df(2L)y15 and
Df(2L)¥25 , revealed new properties of the pal gene, I compared the effects of
various combinations of the pal lesions. Homozygous pal? males and

females are fully viable and fertile when compared to their heterozygous sibs
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(data not shown). I did not detect maternal chromosome loss above the

background level among progeny of pal2/pal2 mothers and pal* fathers (Table
2.2, crosses 1-3). When pal? /pal2 males were crossed to tester females,
however, their progeny showed loss of X and 4th chromosomes, as evidenced
by nullo and mosaic exceptions (Table 2.2, crosses 6-7). Hence, pal2 was
similar to pall in exhibiting an effect on paternal chromosomes in the early
embryo.

The rates of paternal chromosome loss observed in a particular cross
with pal mutant males can vary between trials, presumably due to variations
in culture conditions or sample size. For pal?/pal2 homozygous fathers the
rate of chromosome loss among progeny varied from 0.98% to 7.69% in eight
trials (Table 2.3). The rates of paternal chromosome loss induced by fathers
homozygous or hemizygous for either pall or pal? are similar to each other
(Table 2.2, crosses 4-9) and to that Iobserved for Df(2)y15/Df(2)925 males (Table
2.2, cross 10). We conclude that the pall and pal? are strong hypomorphic or
amorphic mutations. The total rate of paternal chromosome loss is
undoubtedly higher since the values in Table 2.2 include only the frequencies
of X chromosome mosaics (XX//X0), Chromosome 4 mosaics (44// 40), and
haplo 4 individuals (4/0). When Baker (1975) monitored X, Y and
Chromosome 4 losses induced by pall, he found the rates did not exceed 24%.
Taken together, these results suggest that loss of function of the pal+ product
results in low levels of paternal chromosome loss; greater than 75% of the
offspring show no evidence of paternal chromosome loss as monitored by
adult cuticular phenotypes.

All combinations of pal mutant alleles result in similar percentages of

mosaic progeny (5 -10%), as monitored in adults (Table 2.2). This relatively



29

sjuauLIadxa ajesedas ur PaUTUIIS)OP 319M SSO SWOSOWOIYD JO el pue Ajeysa] jo ajey p
AqreuiBuio
juasaxd jou ‘awosoworyd ;jvd Y} UO UOHEINW BLIA}S B[BWSJ B 0} aNp ‘F d[qe], ‘(SLEL) 19qeq woIy uaye], o
‘Aua8oid
fe303 8y} Suowre ssep renonaed e 105 AuaBoid reuondaoxs jo afejusdiad ays s1 ssep [euordadxa Jusdiag q
"11-} S9SSOId
Jo uostredurod 1311p mojfe 03 Auaoxd reuondasoxe 9, [ej03 ays ur papnuL Jou st inq pajsy st Kuaoxd gy jo
a8ejuadiad

9y} ‘G pue § S9SSOID 104 °[[-9 SISSOID UI S3fewr Je[ndax w01y [qesmBunsIp J0U sem sse[d X Offnu ayJ, e

‘PauIULIB)aP JOU S}[NSAI S3}edIpUI ‘p'U

10 0 10 0 ‘p'u 8'6 $69 jod vds ‘cus m A SMDIA/TIN g
9 01 6'€ 90 ‘pu 0'sz 06, rodvdsigusm A SM@ia/sdera o
g9 €T g'c A ‘pru 981 9z6 jod vds igus m A S(ZHafzivd 4
9'g 02 o 2 60 "pu 692 60, jodvdsigusm A SW@a/pd - g
L0°0 0 200 0 ‘p'u 861  /[8¥L jodvdsicusm A TIN/ZIN L
€6 91 9'€ 10 ‘p'u 91z 0IGL jod vdsgus m A Zlvd/z1vd - g
8'9 L1 I'p 01 (01  p€os $/8 od vds ‘gus m A pvd/gied g
96 Te z9 50 81) ‘pu 30y jod vds cus m A gvd/ivd
190 GT'0 9¢°0 0 010 PU Op6l ZIN/TIN  qodvdsigusm A ¢
AR 0 0 U0 Zro PU 6961 gvd/givd  jodvdsicusm A
2200 pu beTh lm&\m:& 1od vds .wm:m m A ‘T
AuaBoxd OV//%% OV  OX//XX eOX fyjewys; AusBoid adfjouan adfjouan
reuonydaoxa : o jo # [eurajeip [ewIajeJ
[ej0) o, AUSS0Id [EUONAaOXS %, [eoL

uoneny fvd 3ys 4q paonpur A3ifeysa] pue sSOT SWIOSOWOLY) [BUIie ] JO SRy "Z'Z [qeL



30

‘wspresow OX/ /XX pue ss0] O juapioutod pamoys Auadoad auQ ‘sjuaaa ssof Op pue QX uapPUIed pamoys AuaZoxd pajesipur jo oM q

§1U343 §50] OF pue QX JUSpRUId pamoys AuaBoid pajesiput Jo upe
¥S'T §9'0 |€8'T |« 900 |« £V £y It |IE e L . 9691 uaalds
-sjetn Jje
06T stl [ser . 0 . [4 [ 1 I . 0 . 08 g [eu]
16 ve'l 1460 |+ 0 . £ £ Z 1 . 0 . €01 L TeH]
§S°€ 140 |v8C |« 0 . S S l 14 . 0 . 431 9 [euy
S0'L 0 SO'L | 0 . 4 4 0 [/ . 0 . 161 S Jeny
86'0 0 860 |[. 0 . z [4 0 [4 . 0 . ¥0T AL
81’1 Lo |v80 |. a0 |. L ) I S . 1 . 565 € feu]
69°L S0T [¥9S |. 0 . St St v . 0 . S61 T leuy
vLE w1 fsoz |, 0 . L L z _ls |, 0 . 1481 Ljeny | givdped
sts  Jeee  Jes't 69y |80'0 l6v'0  [ev0_ lis v6 €2_ |45 (1 9 9 91zL | sem jje
79s  [889 Josc fere |o 0 STl |6 11 v S 0 0 3 091 9 [el
€0'CL |98'¢cl Jze€ |88L |1v0o f1v0 |1v0 |62 113 8 61 |1 1 1 192 S [eM]
ss's  |sv'9  1z60 |e9v |0 0 z60 |9 y 1 S 0 0 1 801 ¥ (eu]
vis (¥4 891 |ozvy |o 9zt |0 L1 L1 v or |o € 0 8€T € [eHL
629 |s69 99l [¥9F% |oO 0 990 |61 17 S AR I 0 T |eoe T leny
6L'F 099 lovz |. 0zl S 2 P p s 1401 peup| qiod/z 1vd
8zv _ fs€9 Jip'L loe'z |or 0S°0 892 29 JL6_ |V %3 ¥8 602y | sjew jje
se1 o Jooe  [rier (w0 fo 0 )7 € 1 0 0 € 62T Ol [eH]
69'01 |ZeSt |6zT (489 |90 €51 0z € 6 1 (4 S 1€l 6 [euL
0001 fevit f98c |¥L4 {0 0 91 ¥ oL |Jo 0 [4 ov1 8 ey,
88y |¥s8 JO g8y |0 0 L 0 14 0 0 € 4] AL
€09 |€0Z Joor lzos |0 0 1 4 ot o 0 4 661 - 9 [eHL
ste  |uwv st o 6€0 |0 91 ¥ 0 L 0 L ST S [euy
v6'9  jees  fwLl Jizs o 0 |24 S qSt o 0 v |88C v leuy
p8'ol |t Jire [e99 |o 1'e 8¢ L eZC |0 L A ZEE € [en]
9ze |1s9 Jsél |s90 Jzeo |s90 o |y [4 v 81 |¥19 Z lenl
892 28 20 [AM ﬁmz 0 10 06 44 z 1o 8 ge __ lowét Lqenp | qpiod/pivd
o)
X/ /XX / /XX
pue
OX $s9] | suaaa OV WOsOWwonp
sjuaa3  fssop  §// ox |ox sjuasd  fOF ox Jox puooas
§50] oy fvy |ov //XX | /7xX §50] //vv oy //AX | 7/Xx|OX [1=od [ewssjed
1230} 1ej0} fewy jo adfjouan)
AU3301] JO 33eJUdIdJ >:uu9\m JO JaquunN

§507] awrosowoxy) [eurdjed Jo Aduanbar] ayy ur Ajfjiqerep ‘g'g 2qeL




31
low level of apparent chromosome loss may represent an underestimate

since embryos that suffer from the loss of a major autosome or multiple
chromosome losses (Baker, 1975) are expected to die before adulthood and are
therefore not included among scored adults. To examine this possibility, I
determined the percentage of progeny produced by pal mutant fathers that
survive to hatching and adulthood. The data, summarized in Table 2.4, show
that when females are mated to fathers that are hemizygous for pal! or pal2 or
trans-heterozygous for the Df(2L)y15/Df(2L)125 deficiencies, approximately 19
to 29% of their eggs fail to hatch. This decrease in viability relative to
wildtype strains is not due to a failure in sperm penetration; approximately
equal frequencies of fertilized eggs are produced when fathers are
homozygous or wildtype as monitored by DAPI staining of sperm nuclei
within the cytoplasm of eggs (data not shown). °

Discussion

Both pall and pal? are null alleles by genetic criteria; the rates of
chromosome loss are equivalent in the progeny of homozygotes as compared
to hemizygotes (with D(2L) 715). No distinctions in phenotype are observed
with Df (2L)y25/Df(2L)715 animals. The phenotype of pal? is the same as pall
by all genetic tests performed. As null alleles, only a paternal effect phenotype
is observed which I interpret to mean that the function of the pal gene is
required only paternally.

Despite the presumed absence of this gene product, the maximal rate of
chromosome loss observed is 21% (Baker, 1975) or 15% in our hands. That is,
many animals progress through development with no detectable abnormality

in the absence of the pal product (greater than 70% in most cases, Table 2.4).
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Table 2.4. Lethality associated with pal alleles
% eggs % egg to % loss

Genotype #ofeggs  hatched adult among
survival  surviving
: adults
Df(2)y25/Df(2)y15 1000 78.8 75.0 5.6
pall /D£(2)y15 1024 854 73.1 7.6
pal2 /Df(2)y15 1137 89.6 814 6.5
N22/Df(2)y15 769 94.1 90.2 0.1

Males were crossed to y w sn3; spaPol females. % loss among surviving adults
includes all observed 4th chromosome loss and XX/ /X0 mosaics. (XO males
are not distinguishable in these crosses.)
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One explanation for this weak penetrance is that the function of the pal+

protein may be partially fulfilled by the product(s) of other gene(s). This may
account in part for background variations in the pal-induced rate of -
chromosome loss. Strains may differ in the quantity of particular factors
which can compensate for pal* function or in the ability of different
chromosomes to respond to these factors.

Any explanation of the pal phenotype must account for the fact that
only paternal chromosomes are affected among progeny of pal fathers.
Models invoking a defect in general cellular processes occurring during
embryogenesis (for example a defect in the centrosomes thought to be
supplied paternally) do not easily explain why maternal chromosomes are
not affected. This paternal chromosome specificity may be due to the pal
product interacting specifically with the paternal chromosome or indirectly by
recognizing or affecting some other molecule which interacts with paternal
chromosomes.

Perhaps the simplest manner in which to distinguish maternal from
paternal chromosomes is to affect a process that only occurs in one sex. The
chromosomal changes occurring during spermatogenesis involved in
packaging the sperm chromatin are unique to the male germline. The
exchange of chromosomal histones for sperm-specific chromosomal proteins
is a process termed the histone transition. I propose that the pal function is
involved in this spermatogenesis specific process. Within this context pal
protein may directly bind the paternal chromatin. (Alternatively, pal protein
may not be bound to the chromosomes. If this is the case, it implies that the
pal protein be must able to recognize paternal chrompsomes in some

manner, perhaps by virtue of the spermatogenesis specific chromosomal



proteins in order to have an effect on paternal chromosomes but not
maternal chromosomes. This explanation seems less parsimonious.)

Why are chromosomes lost in subsequent mitotic divisions? Why
does the phenotype persist after the first division if it is due to a defect
occurring during spermatogenesis? One possibility is that the defect persists
but only the chromosomes bearing strands of DNA formed and packaged
during spermatogenesis are lost. Or in other words, the chromosomes are
imprinted but cannot pass that imprint to newly replicated strands.
Alternatively, there may be some mechanism for passing an imprint to new
strands and thus defective paternal chromosomes would give rise to newly
formed defective chromosomes. I suggest that the persistent phenotype
reflects abeﬁant chromatin structure distinguishing paternal from maternal
chromosomes. For example, if lack of pal function results in sperm-specific
chromosomal proteins remaining bound to chromosomes beyond the
normal reversal of the histone transition. It is just as likely that they cannot
be removed during subsequent mitoses. Additionally, the mechanism for
histone replacement may operate only during the first division. Therefore,
paternal chromosomes which are defective are likely to remain defective.
Thus, any chromosome which is defective but was not lost in the first
division may be lost in the next, and so on.

In conclusion, pal represents a strictly paternal effect gene. The
functional redundancy evident from genetic analysis suggests it may be one of
a number of products required for the proper maintenance of paternal
chromosome structure. Further studies focus on determining the expression
of the pal RNA and protein to understand better the role of the pal product

during development.



CHAPTER 3
Molecular characterization of the pal gene

Genetic analysis narrowed the cytological localization of the pal gene
and provided new tools for molecular mapping and cloning of the gene. The
pal? allele was recovered after transposon fnutagenesis of a Chromosome 2
bearing a marked P element located in the 30C region. To determine if the
associated transposon moved into or near the pal gene, Southern analysis was
used to molecularly compare the region surrounding the P element in the
pal? and parental chromosomes. Breakpoints of chromosomal deficiencies
were mapped at the molecular level to refine the location of the pal gene.

Genetic analysis demonstrated a requirement for the pal product
paternally and also predicted that pall and pal? are functionally null
mutations. Cloning the gene allowed analysis of the pal transcript(s),
enabling me to ask when and where the pal message is expressed. These
studies addressed whether the pal is expressed only in the testis and
delimited its probable time of function. Furthermore, analysis of the pal gene
provided a means to assess the nature of its protein product and function, by
homology to known sequences. The cDNA cloning and sequence analysis
described was performed in collaboration with Kathleen Wilson.
Materials and Methods
Southern and northern blot analysis

Radio-labeled probes for blot hybridization were prepared by random
priming as described by Feinberg and Vogelstein (1984). Southern blots were
| prepared: and processed using standard protocols (Sambrook, Fritsch and
Maniatis, 1989). Genomic clones from the 30C region were isolated from a

lambda library described by Lane and Kalderon (1993) and were generously
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provided by D. Kalderon. Selected fragments from these lambda clones were

subcloned into Bluescript I KS- (Stratagene, La Jolla, CA) and used to probe a
Drosophila cosmid genomic library kindly provided by J. Tamkun (Tamkun
et al. 1992). Overlapping cosmid clones spanning the region from the
Df(2L)y15 breakpoint to a point éast the insertion site of the Plw+,ry*]A
element in N22 were mapped and used to probe Southern blots of pal mutant
strains. A plasmid bearing the P[w*,ry*]A transposon was kindly provided by
R. Levis for analyses of the pal? chromosome.

For Northern analyses, flies were frozen in.liquid nitrogen and RNA
was extracted with a guanidium salt/phenol buffer according to
manufacturer's specifications (Ultraspec RNA, Biotecx, Houston, TX). RNA
was separated on formaldehyde-agarose gels, transferred onto Hybond-N
membranes (Amersham, Arlington, IL) and processed following the
procedures of Farrell (1993). For the developmental northern blot, embryos
were collected from rapidly laying females, aged, homogenized, and processed
for RNA extractions. Males lacking a germline were obtained as the progeny
of 0sk301/0sk301 mothers (Lehmann and Nusslein-Volhard, 1986) mated to
Canton S or 0sk301/TM3, Sb males.

Isolation of pal cDNAs

A testis cDNA library was screened with a 9 kb genomic fragment to
which the pal? lesion and the Df(2L)y25 breakpoint mapped. The library,
kindly provided by T. Hazelrigg, was constructed by Stratagene (La Jolla, CA)
by priming testis polyA+ RNA with random primers and oligo-dT. Plating
and screening of the lambda library was performed as described by Sambrook,
Fritsch and Maniatis (1989). Six putative pal cDNA lambda clones were

selected based on preliminary restriction digestion patterns for further study.
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Inserts were subcloned into the Bluescript plasmid vector (Stratagene, La

Jolla, CA). The cDNAs and corresponding genomic regions were sequenced
by Kathleen Wilson using dideoxy nucleotides, primers that hybridized to
vector or insert sequences and Sequenase according to the manufacturer's
recommendations (US Biochemicals, Cleveland, OH). Primers for Drosophila
sequences were synthesized by DNA International (Lake Oswego, OR).
In situ hybridization |

Testes were dissected from adult flies in 0.7% sodium chloride, fixed
and hybridized with digoxygenin-labeled probes according to the protocols
described by Tautz and Pfeifle (1989) and S. DiNardo (personal comm.). To
visualize nuclei, testes were stained with 10 ug/ml DAPI (4,6-diamidino-2-
phenylindole, Sigma, St. Louis, MO) just prior to mounting in 90% glycerol.
Preparations were examined with brightfield optics on a Nikon Microphot
microscope to visualize digoxygenin-labeled RNA and epifluorescence optics
to visualize DAPI staining. |
Sequence analysis

Genomic and ¢cDNA sequence analyses were performed using DNAsis
software (Hitachi, San Bruno, CA). Searches for sequence homology were
performed using the BLAST program (Altschul et al., 1990) or FASTA
program (Pearson and Lipman, 1988) or by searching for protein motifs with
BLOCKS program (Henikoff and Henikoff, 1991). Homologies were judged by
comparison to random sequence matches generated by FASTA program.
Results
Molecular mapping of the pal gene

Southern blot analysis of DNA from the N22 and pal? strains revealed

that the pal? chromosome carried a deletion within the ry* marker gene of
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the transposon (Fig 3.1). The P element was otherwise intact; the genomic

fragments immediately flanking the P element were not changed in size, as
determined by Southern blot analysis. The pal2 chromosome, nevertheless,
had a 4 kb deficiency noncontiguous with the P element. This deficiency fell
within the region deleted in Df(2L)y15/Df(2L)125 animals and was therefore
likely to be the lesion responsible for the pal mutant phenotype.

The Df(2L)715 chromosome contains an 80 kb deficiency extending
from within the DCO gene to the TE16 insertion site (Lane and Kalderon,
1993). The corresponding region was isolated from a genomic lambda library
by Lane and Kalderon (1993) as part of a 180 kb chromosome walk to clone the
DCO gene. These lambda clones and newly isolated genomic clones from a
cosmid library were used to localize the proximal breakpoint of Df(2L)y25 on
the molecular map (Fig 3.1). The results defined a 9.5 kb genomic region of
overlap between the Df(2L)y15 and Df(2L)}25 deficiencies.

Expression of the pal RNA

The observation that pal mutants show only paternal effect defects
suggested that pal* function may be limited to miale gametogenesis or early
embryogenesis. To identify the pal transcript, a 9 kb EcoRI genomic fragment
to which the pal? lesion and the Df(2L)y25 breakpoint map was used to screen
a testis cDNA library (Hazelrigg et al. 1984). Four ¢cDNAs with inserts of
approximately 0.8 kb were recovered. Northern blots containing 10 ug of
polyA* RNA from adult males and females were hybridized with the 9 kb
EcoRI genomic probe or cDNA probes. These probes recognized identical sets
of male-specific transcripts: one predominant transcript of approximately 0.9
kb and larger heterogeneous transcripts ranging from the 0.9 kb to 1.35 kb in
size (Fig. 3.2A). I have deduced that the larger heterogeneous array of
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transcripts is not artifactual and does not result from RNA degradation

during extraction because I have detected these transcripts on multiple
northern blots that do not show signs of RNA degradation when probed for
actin mRNA.

To determine if these hybridizing RNAs were products of the pal gene,
northern blots containing polyA+ RNA from pal mutant males were probed
with the genomic and cDNA clones (Fig. 3.2B). No hybridizing bands were
detected in the RNA from pal? or Df(2L)y15/Df(2L)25 males. By contrast,
transcripts of the expected size are detected in the RNA extracted from pall
males, but the most abundant species is reduced in level to 63% of wildtype
level when normalized to an actin mRNA control. These data provide
strong support that the male-specific transcripts correspond to the pal
message. The genetic analyses suggests that pall, pal2 and Df(2L)v15/Df(2L)y25
strains are phenotypically similar. Thus, while pall males retain 63% of
wildtype levels of RNA, they probably make little or no functional product.

The tissue- and cell type- specificity of the pal transcript was addressed
in two ways. First, a northern blot containing mRNA from males that lack
germ cells was probed for the pal transcript. These males were the progeny of
females homozygous for the oskar30! allele, a maternal effect mutation that
fails to form germ cells in the embryo (Lehmann and Nusslein-Volhard,
1986). No hybridization to a pal cDNA probe was seen in these mutant males
whereas the wildtype pattern seen in sons of osk+ mothers (Fig. 3.2 C). We
conclude that the pal transcripts are germline specific.

To assess the time when the pal transcript is expressed, a
developmental northern blot was probed for the pal transcript using a cDNA
probe. This blot contained 5 ug of polyA+ RNA isolated from the following
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stages: 0-12 hr embryos, 12-24 hr embryos, first instar larvae, second instar

larvae, third instar larvae, pupae, and adults 0-1 or 2-4 days post-eclosion.
Separate RNA extractions were performed for males and females at the third
instar larval, pupal and adult stages. The earliest stages of development and
females at all stages lack RNAs that hybridize to the pal genomic and cDNA
probes. Hybridization to a 0.9 kb band is observed, however, in mRNA
extracted from males from third instar larval stage through adult stages (data
not shown).
Localization of the pal RNA in testis

I also used in situ hybridization of digoxygenin-labeled cDNA probes to
RNA in testes of adult males to examine when and where the pal transcripts
were detectable during spermatogenesis. Since spermatogenesis is a
continuous process, with all stages of gametogenesis present in the adult
testes, this technique provides both temporal and spatial information about
_ the pal transcript. As shown in Fig. 3.3A for wildtype testes, hybridization is
detected in clusters of primary spermatocytes that are located throughout
most of the length of the testis. There is no detectable signal in the mitotically
dividing spermatogonia located at the tip of the testis, in elongating
spermatids, or in maturing sperm bundles. These results are consistent with
the northern analysis since the formation of primary spermatocytes begins at
the third instar larval stage and continues throughout later development.
Interestingly, in the adult testes, the staining in primary spermatocytes shows
a striking polar perinuclear localization. The signal appears to be closely
apposed to, but outside, the nuclear envelope, as judged by costaining
spermatocyte nuclei with the DNA dye, DAPI (Fig. 3.3, D and E). As primary

spermatocytes mature, the staining shifts to a cytoplasmic staining and
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increases in intensity. Because staining was so intense, I could not determine

whether or not the polar perinuclear staining is present in addition to more
homogenous cytoplasmic staining.

In situ hybridizations to pall testes revealed pal gene expression
similar to testes of wildtype males. Testes preparations from pal?2 and
Df(2L)y15/Df(2L)¥25 males, however, exhibited differences. The high intensity
of staining throughout the testis was absent and only a low level of
hybridization occurred in a small population of primary spermatocytes.
Staining from these mutants was diffuse and appeared nuclear. Molecular
mapping of the pal? and Df(2L)y15/Df(2L)¥25 lesions by Southern blot analysis,
using high stringency hybridization conditions showed that these deficiencies
removed the genomic sequences that hybridize to the cDNA probes used in
the in situ and northern blot analyses of RNA. I therefore conclude that the
low level hybridization observed in the testes of pal? and Df(2L)y15/Df(2L)y25
males is due to cross-reacting RNA from a gene outside the pal region.
Sequencing of pal cDNA and genomic clones

The DNA sequence of four of the pal cDNAs and the corresponding
genomic region was determined as shown in Fig. 3.4. The cDNAs differ only
in length, ranging from 740 to 790 bp in size. (The extent of the cDNAs is
indicated by arrows of matching color above the sequence in Fig. 3.4.) None
of the cDNAs appear to be full length. The most abundant mRNA detected
on northern blots was 0.9 kb (as determined by comparison to RNA
molecular weight standards) and all of the cDNAs terminate in short
stretches of A's that are present in the genomic sequence surrounding the
predicted polyadenylation signal(s) indicated in pink in Fig. 3.4. The cDNAs

are identical to each other and to the genomic sequence except for ten
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Figure 3.4. Genomic and cDNA sequences of the pal gene. A) Nucleotide
sequence and derived amino acid sequence of the pal gene obtained from
genomic clones. The predicted termination codon is indicated with an
asterisk. The putative polyadenylation signal(s) are shown in pink. Basic
residues are shown in red. Acidic residues are shown in green. Nucleotides
differing between the genomic and cDNA sequences are highlighted in blue.
Possible promoter region elements (Arkhipova, 1995) are highlighted in gold.
The putative sites for RNA-binding proteins, the Y and H box elements (Han
et al., 1995) are underlined (also see Fig 3.5). The 5' and 3' ends of the four
sequenced cDNAs are indicated by arrows of matching colors above the
sequence. B) éompaﬁsion of the derived amino acid sequence from genomic

and cDNA clones.



A GGGGGC GGTCAAGCAG CGGGCGTGGT -301
TGCCGTGGTA ATTGACATTC GGTTGCTATG GGATGGTTTC GAAAATAGCG -251
GTAATTGGTT TGAATTTACT AAATCATCAG TCGGGAAGGA CAAACCATAA -201
ATTTAAATTG AACCCCACGT CGAATATCTA CTCGTGTAAT TGATAATTTT -151
ATTTTGGGTA ATGAGTAGCA GTAAGTTGAG TTCGAATTTC ACCGTAGCAG -101
CTTGTTAAT. TTAAACTCCT TGTATCACAT GCELT‘&TGGGC TACAACTCAT -t
TTTAGAAATA AATTTTGAAS TSTCGCACTC CCATAAAGAA CTGTTTAGCA -1

ATGTTAAATT TAGGTAACAT TAAAAATCGA TCCAAATTCT ATGATCAACA 50

M L N L G N I K N R S K F Y D Q Q
GGATGAAAAC AGACTCCAAA AGCGGCGCAA GAAGGGTGCT GCCCAATTGG 100
D E N R L Q K R R K K G A A Q L
ATGCAAAACC ATTCCCGGAC GAGCCCGTAA CGTCGAGTGA GGAAAGTCTA 150
D A K P F P D E P V T S S B E S L
TATCCTCGGG TTAGCCGTAT GCTACGTCGG ATGAGCTCTT CGCTCTGGTC 200
Y P R VvV S R M L R R M S S S L W S
ACGACTTTGG GGTCTATCCA ATCAATCCAC TGACTCTGCC CGCCTGAAGA 250
R L W G L S N Q S T D S A R L K
CACATCCGAA CGAGCTAGGC AACCAGTACC CGCCGAGGAC GGATTCGGGG 300
T H P N E L G N Q Y P P R T D s G
CAGATCCCTC TGTGGCAGGC CAGCCCGACA GCTTATTTGG GATATCGTTT 350
Q I P L W Q A& s p T A Y L G Y R F
CCGATTGGGC AGATAGATAT AGGGTCCGCT TTGTGTCAAT AGAAGTGGGA 400
R L G R *

CAGCTGAAAT CAAAGTTTGC GCCGGTCGAT ATTCGCCGGA TCGGCTCTCT 450
GGCGGAAACA CTTTGGACTT CCTATTACCG CCCACCTCGT TTTCCTATTG 500
CAGCCCGCAC CATGACGACA CTAAGTGGCA TTCAAGTTGC ATCCAATCCG 550
TACCGTACCC CGTCTTTCTG GTGTCCGCTT GCCTGGCTTG TGGTTTGCGT 600
TTAAAGTTTA AGTGGCGCAA AATCAGCGCT CATGCAGTGG AAGAAACTGT 650
GCAAGTCTTA AGCTAACGAT TATAAAGTAQLCAAATTATAA CTTTTAATGT 700
ATTTTCTATA AATATATTCT ACTACTAATT AAGTATA AAAAATGCAC 750
TTGTAATAAA TGTAAAAAAT TCAGTTCTTT TCTCTTGGTA TAAAATGTAG 800
AAGGAACTTT TCTGTTTCTG CTAGGAAAAG AGTTTTTCGC AAGTGTAGAG 850
GAAAGTGGTG CACAAAGTGT AACAAGCCAC GACATCCAGA TCCCGTTCCC 900
CGCTGCCCTC TTTGCTGCTC ATGGATGGAA CGACTTCATT TCGAACATCA 950

ATCGCAACCT CATC
genamic MLNLGNIKNRSKFYDQQDENRLOKRRKKGAAQLDAKPF PDEPVTSS

cDNA . H H E Q R
génamic ERSLYPRVSRMLRRMSSSLWSRLWGLSNQSTDSARLKTHPNELGNQ
cDNA G A L

genamic YPPRTDSGQIPLWQASPTAYLGYRFRLGR
cDNA M
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polymorphisms shared by three cDNAs, as indicated in Fig. 3.4. One ¢cDNA

contains only nine of these polymorphisms.

The pal transcript that corresponds to the sequenced ¢cDNAs lacks
introns. The largest open reading frame extends 121 amino acids from
initiating methionine to stop codon, with start and stop codons fitting the
Drosophila consensus reasonably well (Cavener, 1987). However no clear
TATAAT box is evident in the 5’ region. The lack of a TATAAT box is not
unprecedented. Arkhipova (1995) notes that half of all Drosophila promoters
with known transcription start regions are driven by TATAAT-less
promoters. Other common features in Drosophila promoters are observed
including a potential initiator element (often at -5/+5) and downstream
element (often at +20/-35). There is a sequence loosely fitting the TATAAT
consensus in the pal sequence. Perhaps with the aid of downstream
elements, this region may be able to serve as a promoter region (sequence in
gold highlight, Fig. 3.4). As indicated in Fig. 3.4, the location of the 5' ends of
the cDNAs sequenced are consistent with this hypothesis.

No significant homology was detected when either the nucleic acid or
deduced amino acid sequence was used to search available sequence
databanks by FASTA or BLAST programs, or by searching for motifs with
BLOCKS program. The predicted protein is basic, with a predicted pI of 10.96
(based on cDNA sequence), due to numerous lysine and arginine residues.
Overall the predicted protein is highly charged; hydrophobicity assessment
predicts an average hydrophobicity of -1.00 indicating that the predicted
protein is hydrophilic (DNasis, using Kyle and Doolittle tables). There is a

consensus sequence in the 5’ region for putative Y and H box elements
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commonly found in genes expressed during spermatogenesis and whose

transcripts are under translational regulation (Fig. 3.5, Han et al., 1995).
Discussion

Southern and northern analyses revealed a male-specific, germline-
specific transcript which is absent or altered in quantity in pal mutants (pall,
pal? and Df(2L)y15/Df(2L)25). These observations agree with the genetic
predictions for a paternal effect gene. Thls information suggests that pal
function is restricted to males because the expression of the gene occurs only
in males. It is possible that a similar function is provided by another locus in
females for maternal chromosome maintenance. However, this observation
also suggests that the functional role of pal is a reflection of a distinctly male
process, spermatogenesis, requiring a difference in the handling of paternal
chromosomes.

The origin of the variation in the transcript size for the pal gene is
unclear. Because all RNA species are absent in pal2 and Df(2L)y15/Df(2L)}25,
the larger less abundant RNA species seem to originate from the pal gene.
No significant variation was observed among the cDNAs isolated. They may
be derived from the most abundant 0.9 kb transcript.

Variation could be due to different polyadenylation sites or
transcription start sites as seen with some genes (Ayoubi and VanDeVen,
1996; Lewis et al., 1995; Wahle, 1995). Alternatively, many testis-specific
messages exhibit variation in the length of poly A+ tails due to translational
regulation (Jackson and Standart, 1990, 1993; Kleene et al. 1984; Hecht, 1988).
For example, the protamine-1 transcript varies in length from 580 nucleotides
when first transcribed to 430 nucleotides when translated. The protamine-2

gene is similarly shortened from 830 to 700 nucleotides (reviewed in Hecht,
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1988). Conversely, the Drosophila transcript from the mst(3)87F gene

lengthens its polyA+ tail from 140 to 380 nucleotides upon translation
(Schafer, 1990). For pal transcripts, no temporal difference in transcript length
was apparent by developmental northern analysis. This experiment,
however, does not separate various spermatogenic stages, as required to truly
assess whether temporal regulation occurred. Assays could be performed
using RNase H digestion to determine if variation in polyA+ tail length
accounts for all or part of the variation in the RNA species observed.

In situ hybridization showed expression of the pal transcript in primary
spermatocytes, which shifted from a polar perinuclear localization to a diffuse
cytoplasmic pattern. This observation raises two questions: Is the polar
perinuclear localization biologically important? And, is the shift in
expression from localized to diffuse reflective of regulation of the transcript?
It is possible that this pattern of localization reflects translational control of
the pal protein. Since there is no transcription post-meiotically in Drosophila
detectable by bulk labelling studies (Oliveri and Oliveri, 1965; Curgy and
Anderson, 1972; Gould et al., 1974) transcripts required meiotically or for the
extensive post-meiotic morphogenic events of spermiogenesis must be
produced pre-meiotically. (Though not detected by bulk-labelling studies, a
few exceptions are known to exist which are transcribed post-meiotically, such
as Hsp70 and hsr-omega, Bendena, 1991). Many organisms store transcripts or
proteins until required (Tatrou, 1978; Braun, 1989a,b; Garner, 1988; Jeffrey,
1989). Although the pal transcript may be translated pre-meiotically, there is
no evidence that pal* function is required pre-meiotically or during meiosis;
thus, it is equally plausible that the pal mRNA is translationally regulated.

Presence of Y box and H box homologies in the pal gene supports the idea that
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the pal transcripts may be translationally regulated (Spirin, 1994,

Sommerville and Ladomery, 1996a,b; Schafer, 1995). Han et al. (1995) suggest
that such Y and H box sites (or related sequences) may act as a binding site for
the testes/brain RNA-binding protein in the mouse in protamine 2, tau and
myelin basic proteins. By analogy, it is possible that these sequences denote a
binding site for a regulatory protein involved in translational regulation in
Drosophila. One of the better studied examples of translational regulation
during spermatogenesis is the protamine transcript in mouse which is
produced several days before it is translated. The protamine transcript is
localized to snRNPs present throughout the cytoplasm (Balhorn, 1984;
Kleene, 1984). In Drosophila, several spermatogenic proteins are under
translational control (Kuhn, et. al, 1988; Kuhn et al., 1991, Yanicostas and
Lepesant, 1990; Schafer et al. 1990, 1993). However, little has been reported
about the spatial distribution of these transcripts. Does spatial distribution
reflect translational control? A link between localization of transcripts and
translational control has been documented for the maternal transcripts
encoded by the Drosophila pattern formation gene nanos (Gavis and
Lehmann, 1994; Kim-Ha et al., 1995). The localization of the nanos transcript
posteriorly appears to be necessary for translation of its transcript. By analogy,
the localization of the pal transcript may bring it in proximity to factors
required either to translate the transcript or, conversely, to inhibit translation.
For example, the shift from localized to diffuse expression as the cysts of
spermatocytes age may reflect a shift from transcripts that are stored
untranslated to those that are actively translated, or vice versa. Lastly, the
polarity of the localized pal transcript may be due to association with one of

the many subcellular structures which are asymmetrically distributed in these
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cells, including ER, Golgi, mitochondria, and centrioles (Tates, 1971; Fuller,

1993).

Sequence analyses of the pal cDNAs and surrounding genomic region
reveal a small open reading frame. No detectable homology was found to
this sequence in the databases searched, indicating pal is a novel gene. The
small size and lack of homology to known proteins eliminates some models
for the function of the pal protein. Endow et al. (1991) suggest that pal might
encode a kinesin-like motor protein based upon some similarities in the
phenotype with non-claret disjunctional, ncd. The ncd mutation leads to
maternal chromosome loss in embryos of ncd homozygous mothers,
prompting Endow et al. to posit that ncd and pal were maternal and paternal
analogs, respecti\-rely. However, ncd additionally results in meiotic
nondisjunction and some loss of paternal chromosomes embryonically,
differing from the pal phenotype. While it is still possible that pal is a protein
which interacts with a paternally specific motor protein, it is unlikely to
function itself as a motor.

Although a protein of 121 amino acid is perhaps smaller than average,
proteins of this size have been identified previously. Among them are
peptide hormones, splicing factors like SxI, and chromosomal proteins like
protamines.

What is most striking about the predicted peptide sequence is the
basicity and hydrophilicity. The pI of 10.96 is unusual and places pal among a
select group of proteins. Proteins with similar features include the histones
(pI ranging from 11 to 12, Righetti et al. 1996), and lysozyme (pI=11). (A
literature search for basic proteins on Medline showed that 9 of 17 proteins
with pI>10 were reported to be DNA or RNA binding.) Presumably the
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basicity of the histones is important for the function of these proteins in

binding the acidic DNA molecule. Perhaps this characteristic indicates a
similar role for the pal protein. If the basicity is important for pal protein
function, it may explain the 'surprising number of changes between genomic
and cDNA sequences. Nine of ten differences lead to amino acid changes
which are not conservative. (It is possible that these differences are cloning
artifacts. Additionally, cDNA and genomic clones were obtained from
different wildtype strains of flies.) These polymorphisms may indicate that
the amino acid sequence is less important than a general feature such as
basicity and hydrophobicity, which differs little between cDNA and genomic

clones.



CHAPTER 4

Cytological characterization of the pal gene

When does the pal protein act and what is its function? In order to
delimit better the time of function of the pal protein, cytological analyses were
performed in two ways. To examine the expression of the pal protein I
generated an antibody against a pal-fusion protein and used this antibody for
immunolocalization. Additionally, in collaboration with Kathleen Wilson,
we characterized the defects during early embryogenesis in the progeny of pal
fathers.

Determination of the expression pattern of the pal protein is used to
delimit the time period within which the protein could function. In
previous studies using northern blot analysis, I demonstrated that the pal
mRNA was produced only in the testes. In situ RNA hybridization indicated
that the pal mRNA was first expressed in primary spermatocytes. These
experiments also revealed an interesting subcellular localization of the pal
message. The mRNA was initially localized near the nucleus of early
primary spermatocytes and later was found throughout the cytoplasm. Does
the expression profile of the pal protein parallel the pal mRNA expression?
A delay in the appearance of the pal protein would indicate that the message,
like many other messages transcribed during spermatogenesis, is under
translational control. This result would be interesting in light of the finding
that pal message shares a sequence motif with other translationally-regulated
messages (Chapter 3). Information on the time of protein expression also
defines the earliest possible time of pal function during development.

Similarly, the latest appearance of pal protein marks the last possible time of
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function. Knowledge about the subcellular distribution of the pal protein

may provide clues about its function and potential interactions.

Previous genetic analysis inferred events in the embryo from defects
observed in adult progeny of pal fathers. Two types of adult progeny are
observed: nullosomic progeny which show no genetic evidence of a
particular paternal chromosome, and mosaic progeny which show loss of a
paternal chromosome in only some tissues. Potentially, nullosomic animals
could arise from loss events during spermatogenesis, but mosaic progeny
must result from zygotic chromosome loss. Based on the size of mutant
patches in mosaics, Baker proposed that the pal mutation induces paternal
chromosome loss during the first few zygotic divisions (1975). Analysis of the
phenotype in embryos was used to define more precisely the time of the
earliest defects and to characterize the types of abnormalities associated with
the paternal chromosome loss.

I conclude this chapter with models of pal function incorporating data
from the genetic, molecular and cytologjical experiments.

Materials and Methods

Overexpression of the pal protein in bacteria

To express the pal protein in bacteria at high levels, an expression
construct was made. The pal cDNA 6A was digested with the restriction
enzyme Msel. The resulting 581 bp fragment containing the pal open reading
frame was isolated and cloned into the Ndel site in the plasmid pET28¢
(Novagen, Madison, WI) (Fig. 4.1). This construct fuses a polyhistidine tag to
the N-terminus of the pal protein, hereafter called his-pal .
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Initially, the construct was transformed into E. coli DH5c to allow

isolation and amplification of the plasmid. Subsequently, E. coli DE3 cells
were transformed with the construct for protein induction. The DE3 strain
contains an IPTG-inducible T7 lac polymerase gene. For induction of protein,
cultures were grown to mid log phase (ODggg of approximately 0.6) when
IPTG (isopropyl-B-D-thiogalactopyranoside, Sigma, St. Louis, MO) was added
to a final concentration of 1 mM. Cells were incubated for an additional 1-3
hours at 37°C.

After transformation of inducible cells with the fusion construct,
plasmid stability and potential lethality were monitored by plating cells on
selective and non-selective media (as per Novagen, 1995). Colonies plated on
IPTG generally do not grow due to overexpression of the fusion protein; only
those cells lacking the fusion construct or mutated to eliminate expression
should grow on IPTG. Plating tests indicated that there was no or little
plasmid instability, as evidenced by the low frequency of colony formation on
IPTG or kanamycin/IPTG plates.

To monitor protein production one milliliter samples of cultures were
removed, and cells were pelleted for one minute in a microfuge and
resuspended in 100-300 microliters of standard protein loading buffer
(Ausubel et al., 1995). Samples were frozen at -20°C until use. Time course of
protein induction was monitored in 30 minute intervals for three hours to

assess the optimal induction time.

Western blots
Protein samples were boiled 5-10 minutes, loaded onto 13% SDS-

polyacrylamide minigels and electrophoresed under standard conditions
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(Ausubel et al., 1995). Total protein was visualized by staining with

Coomassie Blue. For western blots, proteins were transferred with a semi-dry
blotting apparatus (Biorad, Hercules, CA) onto NitroBond nitrocellulose
membranes (Micro Separations, Inc., Westboro, MA), preincubated 15
minutes or more in transfer buffer (48 mM Tris, pH 9.25, 39 mM glycine,
0.037% SDS, 20% methanol). To verify the identity of the induced his-pal
protein, a western blot of induced and uninduced cells was probed with anti-
polyhistidine antibodies (courtesy of the Katze lab). Immunoreactivity was
visualized by secondary incubation with a goat anti-mouse IgG antibody
conjugated to alkaline phosphatase and detected with the ECL
chemiluminescence system (Amersham, Arlington Heights, IL).

Strip blots were prepared bearing purified his-pal protein and total
protein from the DE3 bacterial strain. These blots were probed with
normalized volumes of sera (preimmune, whole immune, acetone powder
subtracted, affinity purified) to assess reactivity and relative purity of affinity
purified sera. A secondary goat anti-rabbit IgG antibody conjugated to alkaline
phosphatase was used to detect hybridizing rabbit primary antibodies.

Purification of the his-pal fusion protein

To isolate inclusion bodies from bacterial cells, cultures' were induced
and harvested by centrifugation (5000 g) and resuspended in 50 mM Tris pH 8.
Cells were lysed by incubation for 15 minutes at 30°C with Triton X-100 (0.1%
v/v final concentration) and lysozyme (100 ug/ml final concentration). Cells
were subsequently sonicated three times for 10 seconds. The resulting
suspension was centrifuged at 20,000 g to isolate inclusion bodies and remove

soluble proteins. Subsequently inclusion bodies were washed in binding
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buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9) and sonicated.

Inclusion bodies were collected by centrifugation at 20,000 g. Proteins were
extracted from inclusion bodies by solubilization in binding buffer plus 6M
urea for one hour on ice, with sonication every 20 minutes. Preparations
were clarified by centrifugation at 39,000 g. Columns composed of a metal-
chelating resin (Novagen, Madison, WI) were preequilibrated with 50 mM
NiSO4 solution followed by binding buffer containing 6M urea.
Supernatants containing the fusion protein were loaded onto the nickel-
bound columns. Columns were rinsed with binding buffer with 6M urea,
and wash buffer (20 mM imidazole, 0.5 M NaCl, 20 mM Tris-HC], pH79,6 M
urea). Bound protein was eluted in a solution of 1M imidazole, 0.5 M NaC],
20 mM Tris-HCl, pH 7.9, 6M urea. Columns were stripped with 100 mM
EDTA, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9 and stored in 20% ethanol at 40C.
All fractions were tested for presence of his-pal protein by loading samples
normalized for volume onto 13% SDS-PAGE minigels and staining with
Coomassie Blue. The fusion protein is highly insoluble in the absence of 6M
urea. This feature was used to concentrate the protein by dialysis against PBS
(100 mM NaPOy, 130 mM NaCl). The resulting precipitated protein was
collected in a small volume of PBS and resuspended in protein gel loading
buffer. For immunizations, the his-pal fusion protein was further purified by
SDS-PAGE and gel slices were isolated and homogenized with PBS.

Immunizations
In an effort to reduce background levels prior to immunization,
preimmune sera from eight rabbits were tested for antigenicity to Drosophila

melanogaster proteins. Sera from each rabbit was used to probe western blots
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of Drosophila melanogaster proteins extracted from whole adult males,

females, hand-dissected testes, and wildtype embryos. For initial extractions,
tissues were frozen in liquid nitrogen and homogenized with a Teflon
homogenizer in eppendorf tubes with protein loading buffer, prior tc boiling
5-10 minutes. Sera were also analyzed by immunocytochemistry against
squashes of wildtype testes, following the procedure of Cenci et al. (1992).
Three rabbits with the lowest background by these assays Were selected for
immunization. Ré&R Rabbitry (Stanwood, WA) performed all care,
immunization, and bleeding of rabbits for this study. Rabbits were
immunized initially with 200 g of purified his-pal fusion protein and
boosted every 21-28 days with 100 g of purified his-pal fusion protein for 6
months. Rabbits were bled approximately 11 days after each immunization.
After the fifth boost, all rabbits were terminally sacrificed and serum from

each rabbit was collected.

Affinity purification of immune sera

Bacterially-expressed his-pal protein was purified as previously
described. Protein in elution buffer was dialyzed against PBS, precipitated and
resuspended in 0.2% SDS, 0.1IM sodium phosphate buffer, pH 6.8. The
purified his-pal antigen was covalently linked to an AminoLink column
(Pierce, Rockford, IL) following manufacturer's specifications. Acetone
powders of the DE3 bacterial strain were prepared according to standard
methods (Harlowe and Lane, 1993). Aliquots of whole immune sera were
incubated with DE3 acetone powders, 1% w/v, for 30 minutes at 4°C, prior to
affinity purﬁcaﬁon to remove antibodies against bacterial proteins.

Precipitates were removed by centrifugation for ten minutes at 10,000 g.
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Immune serum from each rabbit was loaded onto separate affinity

purification columns bearing the his-pal antigen and incubated at room
temperature for one hour. The columns were washed successively with PBS,
PBS plus 0.5M sodium chloride, and finally 0.1M glycine, pH 2.8, to elute
bound antibodies. The eluate was collected in one milliliter fractions in
eppendorf tubes containing 50 microliters of 1M Tris, pH 9.5, to immediately
neutralize the solution. Protein content of each void, wash and elution
fraction was assessed by following absorbance readings at ODggo. Positive
elution fractions were pooled. For subtracted serum, affinity purified
antibodies were loaded onto affinity purification columns as described above
and ‘the void volume was collected. This void volume is called the subtracted
serum, since it should be depleted of antibodies recognizing the his-pal fusion

protein.

Immunocytochemistry

Initial immunocytochemistry was performed on squashes of adult
testes prepared according to Cenci et al. (1992). Whole mount preparations
were used for final analyses. Testes or female sperm storage organs were
dissected from young adults (0-5 day) in testis dissection buffer (183 mM KCl,
47 mM NaCl, 10 mM Tris-HCI, pH 6.8, 1 mM EDTA, 1:50 dilution of protease
inhibitor cocktail). The protease inhibitor cocktail was composed of Complete
protease inhibitor mix (Boehringer Mannheim, Indianapolis, IN) made
according to manufacturer's specifications and supplemented with 1 pg/ml
leupeptin and 1 pg/ml pepstatin). Dissection buffer was replaced with 3.7%
paraformaldehyde (EM grade, Electron Microscopy Sciences, Ft. Washington,
PA) in PBS (freshly diluted) and tissues were fixed for fifteen minutes at room



61
temperature. All fixations and washes were performed for fifteen minutes at

room temperature unless otherwise noted. Tissue preparations were washed
successively with PBS, 0.2% Triton X- 100 in PBS, PBS, fixed in 3.7%
paraformaldehyde in PBS, PBS, 0.2% Triton X- 100 in PBS, and washed twice
in PBS, then blocked with 4% normal goat serum for 30 minutes.
Preparations were incubated with primary antibodies diluted in PBS plus 1%
normal goat serum for two hours to overnight. Tissues were rinsed twice in
PBS for 30 minutes then incubated with secondary antibody in 1% normal
goat serum for two hours. The secondary antibody, BODIPY goat anti-rabbit
IgG (Molecular Probes, Eugene, OR), was preabsorbed overnight against fixed
wildtype testes. Following incubation with the secondary antibody, tissues
were rinsed twice in PBS, stained with 0.5 pg/ml DAPI (4,6-diamidino-2-
phenylindole, Sigma, St. Louis, MO), rinsed in PBS twice, then rinsed in 50%
and 80% glycerol. Preparations were mounted in 90% glycerol for
examination and photography. Embryos (courtesy of K. Fitch) were collected
from wildtype Sevelin females crossed to snky/snky fathers and fixed in 37%
formaldehyde for 5 minutes, briefly devitellinized in methanol and then
dehydrated for storage. For antibody staining, embryos were treated as
outlined above.

Confocal analysis of pal-derived embryos

Embryos of pal mutant fathers and wildtype Sevelin mothers were
collected at 15 minute intervals on agar plates and aged 0 to 75 minutes before
fixation. Chorions were removed b.y rolling eggs on double stick tape.
Vitelline membranes were reinoved by hand dissection after fixation for 15

minutes in a 1:1 solution of N-heptane and 37% formaldehyde (Theurkauf,
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1992). To capture developmental stages before the completion of the first

cycle, fixation was completed within 10 to 25 minutes after egg deposition.
Fixed embryos were prepared for imn-mnocytochemistry following the -
methods of Theurkauf (1992) and Baker, Theurkauf and Schubiger (1993).
Mouse anti-tubulin antibodies (Amersham, Arlington Heights, IL) and
BODIPY-conjugated anti-mouse secondary antibodies (Molecular Probes,
Eugene, OR) were used to stain microtubules. Rhodamine-conjugated mouse
anti-histone antibody (Chemicon, Temecula, CA) was kindly provided by J.
Baker and G. Schubiger and used to stain nuclei. Embryos were viewed with

a Biorad 600 Confocal Lasar Microscope.

Results

Determination of when and where the pal protein is expressed may
delimit somewhat where the pal protein may function as well as suggesting
with what structure (e.g. the chromosomes, nuclear envelope) the protein
interacts. Antibodies directed against the pal protein were isolated to use as
tools in analyzing the location of the pal protein during spermatogenesis and
embryogenesis.

To isolate such antibodies, it was necessary first to produce large
quantities of the target antigen, the pal protein. Such an antigen was
produced by creating a vector fusing the predicted pal protein to an amino-
terminal histidine tag under the control of a inducible bacterial promoter; a
fragment from the pal cDNA was cloned into a pET expression vector
(Novagen, Madison, WI) producing recombinant protein hereafter called his-
pal (Fig. 4.1). This fusion construct includes all but the first seven amino
acids of the predicted pal protein. Induction with IPTG allows high level
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expression of the T7 polymerase and subsequent induction of the T7

promoter of the his-pal fusion. The presence of the histidine tag facilitated
protein purification.

When IPTG was used to induce the cells to produce high levels of the
fusion protein, an obvious band was observed on Coomassie stained protein
gels of the induced strain (Fig. 4.2, lanes 2 and 3 versus lane 1). The deduced
amino acid sequence was used to predict that the molecular weight of the
gene product would be 15.4 kDa and that the pI would be 11.58. The apparent
molecular weight was 23 kDa, showing a slower mobility than expected (data
not shown). Panyim and Chalkey (1971) have observed that highly basic
proteins often migrate more slowly on SDS-PAGE than predicted based on
their known molecular weights. Based on their empirically determined
migration curves, a 15 kDa highly basic protein would migrate as if it were
22.5 kDa. This prediction corresponds well with the observed size of the
mduced protein.

To verify that the protein band observed is the his-pal protein, western
blots of proteins from induced and uninduced cells were made and probed
with an anti-histidine antibody (courtesy of Katze laboratory). The 23 kDa
protein induced does have an epitope recognized by the anti-histidine
antibody suggesting that it is the appropriate protein. Additionally, no other
induced proteins were detected in this bacterial strain.

Fractionation of bacterial cells revealed that the his-pal fusion protein
was recovered in the insoluble fraction. Preparation of inclusion bodies and
extraction with 6M urea was performed to isolate the fusion protein. (Fig. 4.2,
lanes 4 and 5). Column chromatography was used to further purify the his-

pal protein away from bacterial proteins. The column is composed of a metal-
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chelating resin which binds nickel cations, and in turn the nickel cations bind

histidine residues. Thus the presence of a polyhistidine tag in the fusion
protein allowed selective retention of the fusion protein on the column (Fig.
4.2, lanes 6-10). As seen in Fig. 4.2, lanes 6-8, most bacterial proteins are
removed with initial washes. Some degradation of the fusion protein
occurred during pretreatment of the protein extract (compare lanes 4 and 5,
samples before and after filtering, prior to loading on the column).
Observation of smaller degraded form in the elution sample suggest that this
degradation occurs at the C-terminus since the his-tag must be present for its
retention on the column.

For immunization, the his-pal protein was purified additionally by
SDS-PAGE. This electrophoresis allowed the elimination of any minor
bacterial proteins present of a different molecular weight as well as allowing
concentration of the protein. Because the fusion protein was insoluble
without the presence of urea or SDS, it was not possible to immunize with a
native form of the protein. Instead, gel slices were homogenized for
immunization in rabbits.

Antisera from each boost of three rabbits were tested against the
bacterially expressed antigen to determine presence and titer of antibodies
against the antigen as compared to preimmune sera. Western blot analysis
revealed weak reactivity of antibodies after the first boost. Increasing titers of
anti-his-pal antibodies were observed following subsequent boosts. After the
fifth boost all animals were sacrificed and the final antiserum was collected.
High dilutions (1:5060) of final antiserum easily recognized low levels of the
his-pal antigen (approx. 30 ng). For most western blot analyses, antibody
dilutions of 1:100 or 1:500 were used. (Much less reactivity is observed with



66
other his-tagged proteins, suggesting that most of the reactive antibodies

recognize the pal portion of the antigen).

Western blot analysis of Drosophila melanogaster proteins revealed
numerous bands using both preimmune sera and immune sera raised against
the his-pal antigen, despite the selection of rabbits for lower preimmune
reactivity to Drosophila. No new bands were observed among proteins
extracted from adult males, females, embryos or hand-dissected testes using
immune versus preimmune serum (data not shown). Because the
preimmune serum recognized numerous bands, it is quite possible that a pal
specific band would be masked by comigrating background bands. Similarly,
in the initial immunocytochemical analysis of testes squashes, the immune
serum did not give a definitive signal above the preimmune background
levels.

To eliminate background signal, affinity purification of the total his-pal
antiserum was performed. Purified his-pal antigen was bound covalently to a
column. Anti-his-pal antibodies were selectively bound and eluted with
changes in pH and salt concentration. Fractions of antibodies were tested for
reactivity to bacterially expressed his-pal antigen by incubation of strip blots
bearing purified his-pal protein and total bacterial protein (Fig.4.3D-F).
Comparison of total immune serum to affinity purified serum showed a
decrease in reactivity to bacterial background. Some simultaneous loss of
reactivity to his-pal antigen was observed. Clearly, some antibodies of weak
affinity fail to bind to the affinity purification column as evidenced by the
reactivity in the void volume fractions, Fig. 4.3D. It is also possible that
strongly bound antibodies may not have eluted from the column.

Nevertheless, the affinity purified serum meets the desired requirements in
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that the background is reduced and there is reasonable reactivity to his-pal for

further experiments.

Initial assessment of the affinity purified antibodies by western blot
analysis of Drosophila melanogaster proteins isolated from whole males or
testes revealed a decrease in background levels but no immune-specific
reactivity. Further experiments were performed using a variety of extraction
conditions, including preparations of histone and non-histone chromosomal
proteins, RNA binding protein extractions and membrane protein extractions
(Joffe et al., 1977, Kellum et al., 1995, Teng et al., 1994, Matunis et al., 1994,
Hortsch et al. 1994). None of the tested conditions permitted detection of a pal
specific protein. It is possible that the protein is not extracted from insoluble
material, or that it is particularly unstable or rare.

Affinity purified antibodies were used for immunocytochemical
analysis of whole mount testes preparations. Wildtype testes showed
immunoreactivity to nuclei of elongating spermatids most predominantly
(Fig. 4.4A and Fig. 4.5E). Costaining with the DNA-binding dye DAPI was
used to verify the location of nuclei (Fig 4.4B and Fig. 4.5F). No differential
fluorescence within the nuclei was apparent; antibody immunoreactivity was
coincident with DAPI staining. Additionally occasional fluorescence of sperm
tails in a bundle was observed. Examination of whole mount testes from pal2
males showed no fluorescence of sperm nuclei in bundles. This observation
suggests that the antibody fluorescence is indeed specifically due to the pal .
protein (Fig. 44C and D). Furthermore, affinity purified serum was subtracted
of antibodies recognizing the his-pal antigen (using affinity purification
columns). The subtracted serum was used on preparations of wildtype testes

and failed to bind specifically (Fig. 4.4E and F). Both in preparations treated
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Figure 44. Immunocytochemical analysis of testes. Testes from Canton S _
wildtype (A,B,E and F), and pal? males (C and D) were incubated with affinity
purified serum raised against bacterially expressed pal protein (A,C) or
subtracted serum (E), and with the DNA stain, DAPI (B,D,F). Nuclei of
bundled elongating spermatids exhibit immunoreactivity in wildtype males
(panels A and B). No or little fluorescence is observed in pal? males (panels C

and D) or in wildt_ype males incubated with subtracted serum (panels E and F).
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with subtracted serum and preparations of testes from pal2 males,

immunoreactivity was still occasionally observed to sperm tails in bundles,
suggesting that this binding is non-specific.

Other stages of cells in the testes show low levels of fluorescence with
affinity purified antibodies. In order to visualize better particular cell types,
testes which had been fixed were dissected prior to examination. In primary
spermatocytes, fluorescence appears in the cytoplasm, but little or no
immunoreactivity is apparent in primary spermatocyte nuclei (Fig. 4.5A and
B). In contrast, early round spermatids exhibit very faint fluorescence
primarily in the nucleus, and a less detectable signal is observed in the
cytoplasm (Fig. 4.5 C and D). It is possible that low levels of protein are
present in the cytoplasm which remain indistinguishable from background.
Nevertheless, by the elongating spermatid stage bright nuclear fluorescence is
observed. Mature individualized sperm appear to bind antibodies though the
immunoreactivity is weaker than the signal present in sperm bundles (Fig.
45T1and J). Itis unclear whether the difference in intensity of the antibody
signal is due to a decrease in protein levels, accessibility of the antibody to its
epitopes or (perhaps more likely) difficulty in detecting signal from a single
sperm in contrast to a bundle of 64 spermatids. The last explanation is
supported by a similar observation that DAPI staining of individual sperm is
more difficult to detect. It is also plausible that accessibility is limited both for
DAPI and antibody staining.

Presence of signal in individualized sperm suggested that the pal
protein may still be present in sperm nuclei after transfer to females and
fertilization of eggs. Additionally, if the pal protein is transferred to the

embryo, is the pal protein removed prior to mitosis or does it persist on
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paternal chromosomes? This question was addressed by analyzing embryos

derived from snky/snky males crossed to Sevelin wildtype females. snky is a
paternal effect mutation which arrests development shortly after sperm entry
with no apparent conversion of the sperm nucleus to a male pronucleus.
Thus, by analyzing snky—derived embryos, it is possible to view the sperm
nucleus in the absence of alterations in the nucleus occurring normally after
sperm entry. When snky-derived embryos were incubated with pal
antibodies, fluorescence of the sperm head was observed (Fig. 4.5 K and L).
Additionally, fluorescence of the female meiotic products (polar bodies and
female pronucleus) was also observed (data not shown). Similarly, when
female sperm storage organs were incubated with the affinity purified
antibodies, sperm nuclei exhibited fluorescence (data not shown). Nuclei of
the storage organ epithelia, however, were also fluorescent. This result
suggests that there is a cross-reactive staining of nuclei in storage organ
epithelia and female meiotic products. While it is formally possible that the
pal product is transferred from the sperm nucleus to the female nuclei, this
possibility seems unlikely since there is no development of the male
pronucleus in snky-derived embryos (K. Fitch, personal communication). It
seems more plausible that an epitope common to both the pal protein and
another nuclear protein is identified by antibodies used. This cross-reactivity
renders tests of whether staining of later stage embryos is due to pal or
another protein inconclusive. Similarly, in the testes of pal2 animals,
background signal is observed in most cell stages. Therefore, it is not clear
whether fluorescence can decisively be attributed to the pal antigen in stages

other than the bundled elongating spermatids as opposed to another cross-
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reacting species. In the future, perhaps it will be possible to remove such

cross-reactive antibodies, allowing this question to be addressed.

Despite the absence of the pal protein, pal mutants exhibit no apparent
abnormalities during spermatogenesis when examined by light microscopy
(data not shown). From genetic analysis, the observation of mosaic progeny
of pal fathers imply that defects do occur in early embryogenesis. To
determine the nature of these defects and when they occur, the phenotype of
pal-derived embryos was compared to wildtype embryos during the earliest
stages of development (in collaboration with K. Wilson). In these studies,
embryos were collected and fixed in batches at intervals from 15' to 90" after
egg deposition. Nuclear and chromosomal morphologies were examined
using fluorescent microscopy after staining embryos with DAPI or with an
anti-histone antibody. Microtubules and spindle morphology were examined
with anti-a-tubulin antibody.

In embryos of wildtype fathers, the sperm nucleus appears as a tightly
condensed DAPI-positive body in embryos fixed within 15 minutes of egg
deposition. As the sperm traverses the distance from the point of entry at the
micropyle to a more central position in the egg, it decondenses into an
interphase state. After completion of meiosis, the female pronucleus is
formed and migrates to a position about 75% egg length. Once formed, the
male pronucleus stains with anti-histone antibody and occupies a position
closely apposed to the female pronucleus. The maternal and paternal
chromosomes condense into metaphase chromosomes and align in separate
clusters on the metaphase plate forming the gonomeric spindle (Huettner,
1924). After the completion of cycle 1, twelve rapid, synchronous nuclear

divisions occur before cellularization of the blastoderm.
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Embryos of wildtype fathers ranging in age from precycle 1 to cycle 10

were characterized by confocal microscopy (n=107). Of these, only 3.6%
showed abnormalities. In contrast, 27% of the 167 embryos derived from
pall/pall (n= 65) or pall /Df(2L)7Y15 (n=102) fathers were abnormal. Categories
of abnormalities were: the presence of micronuclei adjacent to prophase or
interphase nuclei (Figure 4.6,D), mitotic spindles with a chromosome
displaced from the spindle (Figure 4.6,E), anaphase configurations with a
lagging chromosome (Figure 4.6,F), asynchrony among nuclei of an embryo,
and abnormal tubulin arrays, some of which were not associated with nuclei
or chromosomes.

Many of these defects are consistent with the idea that the absence of
the pal* product causes a mitotic chromosome loss that is manifested as a
failure of kinetochore function during metaphase or anaphase (Baker 1975).
According to this model, the presence of micronuclei at interphase of cycle 2
and later stages may result from chromosome loss at the preceding mitosis,
followed by nuclear envelope formation around the isolated chromosome.
Observations of cycle 1 embryos, however, provide evidence that
chromosome loss events can occur prior to mitosis. Micronuclei adjacent to
the male pronucleus were observed prior to or at the stage of apposition with
the female pronucleus.

Based on an analysis of the proportion of tissue showing chromosome
loss in the progeny of pall fathers, Baker (1975) suggested that most of the loss
events occur within the first three or four embryonic cycles. However, in this
work, a pal~associated defect in embryogenesis was observed as early as

formation of the male pronucleus.
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Discussion

Examination of the pal protein expression by antibody
immunoreactivity revealed that the protein is present in the nuclei of
maturing spermatids. Decrease of immunoreactivity with subtracted serum
(following preabsorption with the his-pal antigen) and decrease or absence in
testes of pal? males argue that this signal is specific to the pal protein. In
wildtype animals, fluorescence of spermatids is strongest in late bundled
sperm. Although pal RNA is readily detected in primary spermatocytes, only
low levels of pal protein can be detected in the cytoplasm of primary
spermatocytes and nuclei of round spermatids. Little or no nuclear
fluorescence was observed in meiotic stages of larval testes (data not shown).
While low levels of the pal protein may be present during meiotic stages, it
seems more likely that the pal protein is involved in post-meiotic processes
for several reasons. Nondisjunction is not observed above background in
progeny of pal fathers, supporting the idea that spermatogenic loss seems to
occur after separation of chromosomes and the completion of meiosis.
Perhaps more simply, all the phenotypes observed in pal progeny can be
explained without invoking a role in meiosis, as discussed later in this
chapter.

Observation of fluorescence in bundles of elongating sperm and
possible later stages suggest that translational regulation may be important for
pal expression. The expression of the pal RNA is most pronounced in
primary spermatocytes and may persist to the round spermatid stage. There is
little antibody signal in primary spermatocytes when high levels of pal RNA
are present. Furthermore, by the time that the protein is the most intense

there is no apparent RNA staining by in situ hybridization. These data argue
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that pal RNA is not translated as soon as it is available, rather its translation

is regulated in some manner. Perhaps, for instance, the shift of pal RNA
localization from a tight perinuclear cap to a more homogeneous distribution
in the cytoplasm is required for the onset of translation.

Staining of nuclei is consistent with the hypothesis that pal encodes a
chromosomal protein, as was suggested earlier by the phenotypes associated
with the pal mutation and by the predicted basicity of this small protein.
Nuclear fluorescence appears to coincident with all the DNA in the nucleus,
suggesting that the pal protein may bind the entire chromosome. However, it
is possible that regional differences exist along the length of chromosomes
that are not detectable in the small condensing sperm head.

Is the pal protein retained on the sperm nucleus of fully mature sperm
upon transfer to the egg? Fluorescence of individualized sperm suggest that
the pal protein may be brought into the embryo, but this remains to be
convincingly demonstrated due to an apparent cross-reactive species in
embryos. For this reason, it is unclear when the pal protein is last present and
therefore when the last possible time of function is. If the pal protein does
not enter the egg, then effects on the embryos of pal fathers must be due
indirectly to earlier defects caused by the absence of the pal protein.
Alternatively, the pal protein may remain on paternal chromosomes
entering the embryo as part of the sperm nucleus at fertilization. If this is the
case, it is possible that the pal protein functions in the early embryo. The
protein, however, could be brought into the embryo, but only function earlier
in the testes.

Examination of testes of pal mutants by light microscopy failed to detect

any abnormalities during spermatogenesis. Analysis of embryos from pal
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fathers showed that the earliest defect observed was micronuclei present prior

to the first division. Additional defects include chromosomes off the
metaphase plate, chromosomes lagging at anaphase, distorted spindles, and
micronuclei at later divisions. All but the earliest phenotype are consistent
with Baker's hypothesis that the pal product is a chromosomal protein acting
during division to mediate interactions between the kinetochore and the
spindle. Observation of micronuclei prigr to mitotic division, however,
suggest either that the function of the pal product is not restricted to mitotic
division or that there is a second role of the pal product in addition to a
mitotic division role. Furthermore, studies by Hardy (1975) demonstrate that
micronuclei formed in spermatogénesis are lost prior to the formation of the
mature sperm. This observation implies that the micronuclei found prior to
cycle 1 in the progeny of pal fathers have arisen during the first events of
embryonic development.
A model of pal function

One way to account for the effect on paternal chromosomes is to
postulate that the pal protein is a component of the sperm-specific chromatin.
My working hypothesis is that the pal product may directly affect the
condensation or decondensation of chromatin. In particular, pal may be
involved in the histone transition. Absence of pal protein may lead to
problems condensing the paternal chromosomes during spermiogenesis and
decondensation and/or recondensation of these chromosomes during early
embryogenesis. At this time it is unclear whether the pal protein functions
during spermiogenesis or early embryogenesis. |

When the pal protein is absent, a defect may occur in the ability of

chromosomes to interact with other cellular structures due to the state of
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chromosome condensation. The pal protein may be important for keeping

individual chromosomes grouped together, perhaps by influencing
interactions with the nuclear envelope or the cytoskeleton. Difficulty
condensing chromosomes during spermiogenesis may result in
asynchronous packaging; thus one chromosome may be surrounded in a
separate nuclear membrane from the remaining chromosomes. Effects on
the condensation of the nucleus during spermiogenesis might be expected to
lead to arrest of sperm development as appears to be the case with affected
sperm in the Segregation Distorter phenomena (Tokuyasu, 1977 and
reviewed in Sandler and Golic, 1985). While there is no problem with
condensation of pal sperm nuclei or with decondensation in embryos of pal
fathers that was detectable by light microscopy;, effects too subtle for detection
may be sufficiently to cause the levels of chromosome loss observed.
Similarly, a chromosome which is decondensed late or improperly during
embryogenesis could cause separate packaging of this chromosome, and result
in micronuclei seen prior to the first mitotic division. During mitosis,
improper compaction of the chromosome may prevent or destabilize
interactions with the spindle microtubules or related cellular machinery and
may cause defects in mitosis. Clearly, from genetic data shown earlier, many
progeny of pal fathers develop normally. If there are defects in condensation
they are not expected to be large effects or else more abnormal animals would
be observed.

This hypothesis is appealing because it describes a spermatogenesis
specific process and could explain both the observation that only progeny of
pal fathers (not mothers) are affected and that only paternal chromosomes

(not maternal chromosomes) in the embryo are affected. This model is
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consistent with the observation that the pal protein appears to be bound to

the paternal chromosome during spermiogenesis and perhaps persists into
embryogenesis.

The histone transition, which is best documented in the mouse,
defines the process in which histones are replaced by transition proteins
which are replaced in turn by protamines during spermiogenesis (Risley,
1982; Oliva and Dixon, 1991). It is thought that the histone transition is
responsible for changes in chromatin architecture resulting in the
compaction/condensation of the chromatin to a fraction of its original
volume. Cytochemical studies of Das, Kaufmann and Gay (1962 and 1964a)
demonstrate that a process analogous to the histone transition of the mouse
also occurs in D. melanogaster, but indicate that it is a one-step process
presumably replacing lysine-rich histones with arginine-rich histone
variants, without a final replacement by protamine. Russell and Kaiser (1993)
have isolated one possible component of the sperm specific chromatin - a
gene with homology to H5-type histones and cysteine-rich protamines. As
noted previously, the small size and highly basic nature of the predicted pal
protein lend credence to the idea that it may act as a chromosomal protein;
furthermore, the location of the pal protein in the nuclei of the maturing
spermatid is appropriate for a role in the condensation of the sperm nucleus.
In embryos, the spermatogenesis specific chromosomal protéins are replaced
by juvenile somatic histones until cellular blastoderm, when they are
replaced by the mature somatic histones (Das, Kaufmann and Gay, 1964b and
Das and Gay, 1966). It should be noted that these cytochemical studies
provide only a general view of what may be a complex and dynamic process.

The molecular components involved in chromosome condensation and
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decondensation are just beginning to be isolated in Drosophila (ANAP-1, Ito et

al., 1996, DF 31; Crevel and Cotterill, 1995). The DF 31 protein is particularly
interesting because it causes decondensation of Xenopus sperm in vitro and
thus could be involved in sperm decondensation in vivo in Drosophila
(Crevel and Cotterill, 1995).

Why are chromosomes lost in subsequent mitotic divisions?

If the pal protein is a sperm specific chromatin protein and sperm
specific chromosome proteins are removed in the formation of the male
pronucleus, then why does the phenotype persist after the first division? I
suggest that the persistent phenotype reflects aberrant chromatin structure
distinguishing paternal from maternal chromosomes and propose two
models. In the first model, there may be some mechanism for passing an
imprint to new strands and thus defective paternal chromosomes would give
rise to newly formed but defective chromosomes. Alternatively, a second
model is that perhaps only the chromosomes bearing strands of DNA formed
and packaged during spermatogenesis are lost. Or in other words, the
chromosomes are imprinted but cannot pass that imprint to newly replicated
svtrands. Other sperm specific proteins may remain improperly bound to
chromosomes beyond the normal time in development due to an absence of
the pal protein. It is likely that the improperly bound proteins will not be
removed during subsequent mitoses any more readily than in the first
division (particularly since it seems unlikely that the mechanism for the
transition to a male pronucleus operates beyond the first division). Thus, any
chromosome which is defective but was not lost in the first division may be
lost in each subsequent division. Large patch sizes in mosaic embryos of pal

fathers indicate that most loss events occur early in development. It should
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be noted that there is another major remodeling of chromatin at cellular

blastoderm (Das, Kaufmann and Gay, 1964b and 1966). This event may
represent a second opportunity to rectify defects in pal-derived chromosomes.
There may also be an earlier remodeling of chromatin after cycle six. Ners
and Trever (1994) have observed that HMG-D is present in the nuclei of
embryos for the first six divisions in place of histone H1.

How can paternal chromosomes be distinguished from maternal
chromosomes? There is some evidence in Drosophila for the ability to
distinguish chromosomes using chromosomal proteins. An acetylated form
of histone H4, a well as the MSL-1 and MLE proteins, are bound preferentially
to the more highly condensed X chromosome in Drosophila males and are
implicated in distinguishing the X chromosome for dosage compensation
(Bone et al., 1994; Lavender et al., 1994). Perhaps other chromosomal proteins
or modified forms of chromosomal proteins are similarly used to distinguish
maternal and paternal chromosomes. Later in development, increased
phosphorylation of the heterochromatin binding protein HP-1 coincides with
the appearance of heterochromatin (Eissenberg, 1994). It is not clear if the
phosphorylation of this protein is causally linked to the formation of
heterochromatin. Acetylation of histones has been implicated in cell cycle
regulation (reviewed in Turner, 1995; Turner and O'Neill, 1995; Loidl, 1A994).
The predicted pal protein has numerous lysine and serine residues which
could be acetylated or phosphorylated, respectively. It remains to be seen
whether such modifications of the pal protein occur and if so whether they
affect function of this protein. Such modifications of chromosomal proteins
may affect protein function and may indirectly regulate chromosome

function, perhaps by maintaining heritable differences among chromosomes.



In summary, the presence of pal protein in nuclei of maturing
~ spermatids suggests a role for pal in the process of condensation or
decondensation of chromosomes. I will address remaining questions and

suggest future studies in Chapter 5.
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CHAPTER 5
CONCLUDING REMARKS
Analysis of the paternal contributions allows a more complete
understanding of the processes of early embryogenesis. In my dissertation, I
have sought to understand better the role of one such paternal effect gene,
paternal loss. Below I have summarized briefly what is now known about
the pal gene and its product.

* The pal gene is a strict paternal effect gene, expressed only in males.
Absence of this function leads to loss of paternal chromosomes in
progeny of pal fathers.

* Only a proportion of progeny of males homozygous for null alleles
exhibit chromosome loss events, suggesting that the function of the
pal gene is partially redundant with that of other genes.

* The pal transcript is testes-specific and is predicted to encode a novel
small basic protein of only 121 amino acids. The transcript is
expressed in primary spermatocytes and is initially localized as a
polar, perinuclear cap, later becoming more diffuse in the
cytoplasm.

* The pal protein is predominantly detected in the nuclei of
elongating spermatids, suggesting that pal is a sperm-specific
chromosomal protein.

These data suggest that mutations in the pal gene affect only paternal
chromosomes because the pal function is specific to the process of
spermatogenesis. I propose that the pal protein functions by affecting the
condensation state of the sperm chromatin. Absence of this product would

result in improper packaging of chromosomes and their -failure to interact
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appropriately with other cellular components, such as the spindle and

nuclear envelope. Many questions remain to be answered. Below, I present
some of these questions and a few suggestions about future experiments to
address them. Most are encompassed by one of two overriding questions:
What is the function of the pal protein? How is the expression of pal
regulated?

What is the function of the pal protein? Observation of pal protein in
the nucleus of elongating spermatids suggests that this small basic protein
binds chromatin. If this is the case, does pal protein bind DNA directly or
indirectly? One could address this question by determining whether pal
protein can bind DNA as such by performing gel shift assays. This would
require the preparation of abundant pal* protein either by bacterially
expressing the protein or by purification directly from Drosophila tissue.
Alternatively, one could determine if the pal protein copurifies with DNA in
Drosophila. This would be facilitated by developing methods to identify pal
protein on Western blots.

Why are chromosomes lost? What in particular happens during
chromosome loss? Is chromosome condensation or decondensation actually
affected? I have hypothesized that the pal protein functions either in the
process of chromosome condensation or decondensation. An assay for
condensation is required to test this hypothesis. There are several
cytochemical methods for assessing chromatin states (e.g. Das et al., 1964), but
these methods do not provide much information about regional differences
in condensation state along the length of a chromosome. Ideally, one would
like to have more refined methods for examining the state of chromatin in

sperm or early embryonic divisions. As an alternative, one could express pal
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protein ectopically in the salivary glands, where chromosome condensation

of the large endoreplicated chromosomes can be more readily monitored.
More subtle effects on condensation might be detectable using this approach.
While such ectopic experiments would not prove endogenous activity, an
observed effect would indicate the potential to affect condensation, justifying
further development of more sensitive techniques in the early embryo.

It is unclear whether pal functions during spermiogenesis or in early
embryogenesis. When is the latest time pal protein is present during
development? If pal protein is present in the embryo, does chromosome loss
in progeny of pal fathers result directly from absence of a function normally
occurring in embryos? Effects in pal mutants may be indirect due to an
absence of the pal protein in the testis. Knowing definitively whether the pal
protein is present on the sperm as it enters the egg would help address this
question. Unfortunately, cross-reactivity of the anti-pal antibodies with
embryonic nuclei prevents answering this question at this time. One way
around this difficulty might be to sort out which antibodies -among the
polyclonal mix are cross-reactive with other proteins and which are specific to
pal protein. The polyclonal sera were raised against a pal fusion protein
containing all but the N-terminal six amino acids. It is possible that the cross-
reactive antibodies map to a particular region of the pal protein, which could
be determined by peptide mapping. If this is the case, small fragments of the
pal gene could be cloned into an expression vector in order to overexpress
smaller regions of the pal protein. One could then try to use different
portions of the pal protein to affinity purify a subset of the antibodies from
the polyclonal sera. Hopefully one might identify fractions of antibodies

which bind only pal protein (i.e. no staining at all in pal mutants). One could



87
then ask when the pal protein is normally removed from the paternal

chromosomes.

Are the entering strands of DNA the only ones which are lost or can
the defect be passed heritably to DNA synthesized in the embryo? In other
words, can we demonstrate the maintenance of an imprint? In order to
address this question, one needs a means of distinguishing the paternal
chromosomes brought in by the sperm from the newly made copies produced
in the embryo. (Experiments are underway by Barbara Wakimoto to use Brd-
U labeling of sperm produced by pal fathers to follow paternal chromosomes
during loss events.) If pal is observed on the paternal chromosomes beyond
the first division, are all paternal chromosomes labelled, indicative of a
persistent imprint, or are only a subset of chromosomes labelled? If only a
subset are labelled, does the number correspond to the number of paternal
chromosome strands at fertilization? This would indicate failure to
maintain a paternal imprint beyond the first division.

Why is the penetrance of the pal mutation weak? Are there other
factors partially redundant to the pal function? If so, what are they? One
could try to identify such factors genetically by screen for second site
enhancers of the pal phenotype. At an extreme, severe chromosome loss is
predicted to cause male sterility due to loss of the large autosomes bearing
essential functions. The low rates of pal loss observed with pal null alleles,
however, provides ample range for identifying enhancers of pal. A laborious
but rather straightforward approach would be to mutagenize pal strain and
test mutagenized pal/pal homozygoqs males for increased rates of paternal

chromosome loss (>15%) or male sterility.
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Additionally, one could test known mutations directly for interactions

with pal. If pal is indeed a chromosomal protein affecting the condensation
state of the paternal chromosomes, one might expect other chromosomal
proteins found in sperm or early embryos to affect the severity of the pal
phenotype. Tomkiel (1991) has suggested that pal-induced chromosome loss
is affected by deletions of various regions of heterochromatin. Suppressors
and enhancers of position effect variegation affect the expression of genes
placed in different chromatin context (euchromatin or heterochromatin).
Mutations in these genes make reasonable candidates for affecting the rate of
chromosome loss induced by pal mutations. Similarly it would be interesting
to test mutations in genes encoding chromosomal proteins used in the first
divisions, such as the HMG-D (Ners and Travers, 1994) gene, as they become
available.

How is the pal protein regulated? Is the RNA under translational
regulation? Is the localization of the RNA important for regulating
translation or protein function? What are the heterogeneous minor forms of
pal RNA? Are they as suggested due to changes in polyA tail length? If so,
does tail length represent a regulated or stochastic event? RNase protection
assays to define 5' and 3' ends of the transcript may determine how this
variability in transcript size arises, and in particular whether it is due to
variation in polyA tail length. With which side of the nucleus is mRNA
associated in primary spermatocytes? Anti-centrosomal antibodies could be
used to stain centrosomes; alternatively rRNA probes could be used to
identify the nucleolus. Both of these organelles are located asymmetrically in

primary spermatocytes. Either could provide an orienting landmark to
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distinguish where the pal transcript resides in the cell in concert with in sity

localization of the pal RNA.

Is the pal protein modified covalently (phosphorylated, acetylated) in a
way that affects its function? Acetylation of lysine residues appears to
important for regulating the function of histone H4 (Turner and O'Neill,
1995). In this case, however, antibodies were raised against various acetylated
isoforms of histone H4, enabling the authors to examine the differential use
of these isoforms. It would be fortuitous to find antibodies among the
isolated polyclonal sera with parallel specificity. Nevertheless, one could test
whether particular residues are important for functions, for instance, by
performing site-directed mutagenesis to replace lysine residues with non-
acetylated residue, transforming the mutated gene into pal-background, and
assessing if chromosome maintenance is impaired.

By defining the function of the pal protein and by identifying and
analyzing interacting components, one may gain a better understanding of
normal events in the early embryo. The processes occurring in the first
embryonic divisions will certainly have features unique to those divisions as
well as features shared with many types of division. By better understanding
the components that are regulated in different ways, perhaps we will gain a
more complete understanding of the dynamic changes occurring during

development.
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