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The Drosophila dorsal group gene pipe provides the crucial link that transmits
dorsal-ventral (DV) polarity information from the ovary to the embryo.
homozygous for mutations in pipe produce dorsalized embryos.

Females

pipe encodes ten

protein isoforms with amino acid sequence similarity to vertebrate glycosaminoglycan 2O-sulfotransferases, suggesting that Pipe functions by modifying a carbohydrate-bearing
molecule that controls embryonic DV patterning. Two major components of my project
have been to examine the functional specificities of different Pipe isoforms and to
identify Pipe's enzymatic substrate and learn how it participates in DV pattern formation.
I have used two approaches to investigate whether the various Pipe isoforms share
the same functional specificities. In one approach, I expressed each isoform in the
follicle cells and found that the expression of only one of them was able to rescue the
pipe mutant phenotype or ventralize progeny embryos.

In a second set of transgenic

studies, three of the other isoforms were individually shown to restore the production of a
pipe-dependent sulfated epitope when expressed in the salivary glands of otherwise pipe
vi

null mutant embryos.

These data indicate that distinct functional specificities are

associated with the various Pipe protein isoforms. In addition, these studies allowed me
to determine that embryos from females lacking endogenous pipe expression nevertheless
retain polarity along their dorsal-ventral axis, suggesting the existence of a second
polarizing signal in addition to the ventral transcription of pipe.
To identify Pipe’s substrate, I developed a technique for metabolic labeling which
enabled me to identify a molecule exhibiting Pipe-dependent sulfation. This molecule
was identified as the protein Vitelline Membrane-Like (VML), a putative component of
the vitelline membrane layer of the eggshell. The involvement of VML in dorsalventral patterning was demonstrated on the basis of the enhancing effects of a vml
mutation on the severity of dorsalization of embryos from females of a sensitized genetic
background. Thus, VML represents a bona fide substrate of Pipe that participates in the
establishment of dorsal-ventral polarity. In these studies I was also able to show Pipedependent sulfation of other vitelline membrane components which may also influence
embryonic dorsal-ventral patterning.
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Chapter 1: General Introduction
The expression of the Drosophila dorsal group gene pipe provides the crucial link
that transmits dorsal-ventral (DV) polarity information from the ovary to the embryo.
In order to present my studies of the function of pipe in embryonic pattern formation, I
will first provide some general information about the mechanisms through which
embryonic pattern is pre-determined during oogenesis and then elaborated during
embryogenesis.

First, I will present a brief introduction of the process of Drosophila

oogenesis, focusing on the fates of different cell types in the ovaries. Then I will the
present a description of how the major axes of the embryo are formed, starting from how
polarity originates in the oocyte.

In this section, I will focus on the formation of DV

axis, in particular the role Pipe is playing in this process. In addition, the formation of
anterior-posterior axis will also be covered to provide a whole picture of how the polarity
patterns are formed in the embryos.

Finally, as the molecule that we have identified as

the enzymatic substrate of Pipe is likely to be a component of the eggshell, I will spend
the remainder of this chapter to describe the composition and formation of this
extracellular structure.

DROSOPHILA OOGENESIS
Oogenesis occurs in the two Drosophila ovaries, each of which consists of about a
dozen ovarioles.

Each Drosophila egg develops in the ovary within a discrete structure

called an egg chamber which consists of cell with two distinct origins: the somaticallyderived follicle cells and the germ cells.

The egg chambers originate at the anterior tip

of each ovariole in a region called the germarium (Figure 1-1).

In this region, germline

stem cells divide asymmetrically into a new stem cell and a posterior cystoblast. The
1

cystoblast goes on to undergo four rounds of mitotic division with incomplete cytokinesis
and generate a cyst of 16 sister cells interconnected by cytoplasmic bridges called ring
canals.

One of the two cells with four ring canals differentiates into an oocyte, while the

other 15 cells become polyploid nurse cells (Figure 1-1).
cells are germline-derived cells.

Both the oocyte and the nurse

The 16-cell cyst is enveloped by 16 somatic follicle

cells and forms a stage-1 egg chamber (Dobens and Raftery, 2000).

Once the oocyte

has been determined, it moves to the posterior end of the cyst through homophilic
interaction between DE-Cadherin expressed by the oocyte and by a terminal
subpopulation of follicle cells (Godt and Tepass, 1998; Gonzalez-Reyes et al., 1995).
Expression of the TGF-α-homologue Gurken by the oocyte confers upon the adjacent
follicle cells a posterior cell fate and in this way the anterior-posterior (AP) polarity of
the egg chamber is defined (Gonzalez-Reyes et al., 1995). As the egg chamber buds off
from the germarium, it moves posteriorly and progresses through 14 defined stages.
Thus each ovariole actually contains a linear array of egg chambers of different
developmental stages with each egg chamber connected to its neighbors through a stack
of five to eight specialized follicle cells called stalk cells (Figure 1-1).
During the course of oogenesis, the nurse cells synthesize most of the RNAs,
proteins and organelles required for oocyte development and maturation and for early
embryogenesis prior to the onset of zygotic transcription.

In order to support this high

level of production activity, nuclei of nurse cells undergo several rounds of DNA endoreplication and become polyploid. Some of the RNAs transferred from the nurse cells
into the oocyte provide positional information necessary for the development of the
embryo.

These include the bicoid mRNA, which is localized to the anterior of the

oocyte (Berleth et al., 1988; Park et al., 2003), as well as oskar and nanos mRNAs, which
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Figure 1-1. Drosophila early oogenesis (Reproduced from Current Biology with
permission from Elsevier) (Huynh and St Johnston, 2004). Egg chambers
originate at the anterior tip of each ovariole (top image) in a region called
the germarium (middle image). Following division of a germline stem cell,
one of the daughter cells (the cystoblast) goes on to undergo four rounds of
mitotic division with incomplete cytokinesis and generates a cyst of 16 sister
cells interconnected by cytoplasmic bridges called ring canals (bottom
image). One of the two cells with four ring canals differentiates into an
oocyte, while the other 15 cells become polyploid nurse cells. The
germarium is divided into four morphological regions along the anterior (a)–
posterior (p) axis. Numbers below the germarium shown in the middle
image indicate the different regions of the germarium in which the germline
cell divisions shown in the bottom image occur.
are localized to the posterior of the oocyte (Kim-Ha et al., 1991; Wang and Lehmann,
1991).

During stage 11, the nurse cells expel all of their cytoplasmic contents into the

oocyte through the ring canals in a process called “dumping".

At the same time, the

nurse cells undergo a specialized form of Programmed Cell Death (PCD), and the nurse
cell remnants of apoptosis are phagocytosed and lysed by the neighboring follicle cells
(Foley and Cooley, 1998; Laundrie et al., 2003; Nezis et al., 2000; Peterson et al., 2007).
Most of the follicle cells continue proliferation through stage 6 of oogenesis, and
then become polyploid via endo-replication during stages 7 through 10 of oogenesis
(Dobens and Raftery, 2000).

At stage 9, a series of follicle cell migrations take place.

The majority of follicle cells covering the nurse cells elongates and migrates posteriorly
over the oocyte.

Thus, by stage 10A, only about 30 follicle cells remain to form a thin

epithelium over the nurse cells, while approximately 1,000 thick columnar follicle cells
form a monolayer over the oocyte. At the same time, a group of about 6 to 10 follicle
cells, named border cells, which originated at the anterior pole of Drosophila egg
chamber, migrate between the nurse cells and ultimately come to reside at the border
between the nurse cells and oocyte. The border cells are responsible for producing the
micropyle through which the sperm will enter the egg as well as providing a signal that
4

contributes to the anterior/posterior patterning of the embryo.

At stage 10B, from the

follicle cells surrounding the oocyte a group of cells residing closest to the nurse
cell/oocyte boundary begin to migrate centripetally between the nurse cells and the
oocyte.

After this migration, the oocyte is fully enveloped by a complete layer of

follicle cells.
The follicle cells provide a number of functions during oogenesis, one of which is
their involvement in vitellogenesis.

During this process, a lipophosphoglycoprotein

called vitellogenin is produced in fat body cells, which comprise the Drosophila analogue
of the vertebrate liver. This vitellogenin is secreted into the hemolymph which bathes
the ovaries. Follicle cells transport the vitellogenin from the hemolymph to the surface
of the developing oocyte where this yolk precursor protein binds to the vitellogenin
receptor on the surface of oocyte and is taken up by receptor-mediated endocytosis.
Next, the vitellogenin protein is processed by cleavage into the mature yolk proteins
(Schonbaum et al., 1995).

In addition to presenting fat body-derived vitellogenin to the

oocyte, the follicle cells also express and secrete vitellogenin protein which is taken up
into the oocyte and cleaved into yolk proteins. Prior to vitellogenesis, during oogenesis
stages 1 through 6 oocyte growth is very slow; however, the oocyte grows much more
rapidly after stage 8 due to the uptake of vitellogenin and later, the dumping of the nurse
cell contents.

A second major function of follicle cells is to express and secrete the

structural components of the eggshell. The protein components of vitelline membrane,
the inner layer of the eggshell, are synthesized and secreted by follicle cells during stages
9 to 10 of oogenesis. The proteins of the chorion, the outer layer of the eggshell, are
produced and secreted later, during stages 12 to 14.

In addition to vitellogenesis and

eggshell construction, the follicular epithelium is also responsible for the synthesis and
secretion of regulatory molecules that participate in the establishment of embryonic
5

polarity in Drosophila. Details about follicle cells’ involvement in embryonic dorsalventral (DV) and anterior-posterior (AP) pattern formation will be described in later
sections of this introductory chapter.

Finally, follicle cells begin to undergo apoptosis

during stage 14, and are completely detached from the eggshell when the mature egg
chamber exits the ovariole at oviposition (Nezis et al., 2000).

THE ORIGIN OF OOCYTE POLARIZATION
One amazing feature of Drosophila embryogenesis is that within 24 hours, the
single-celled, fertilized egg develops into a larva with a complicated structure. One
feature that contributes to this fast developmental rate is that spatial information required
for the formation of the two major axes is established during oogenesis in the form of
localized polarizing cues present in the oocyte and surrounding follicular epithelium (St
Johnston and Nusslein-Volhard, 1992). In fact, the origin of the polarity information
can be tracked back to oocyte specification, one of the very early steps of oogenesis (Lin
and Spradling, 1995).

Details outlining these events will be discussed in the next

several sections.
As described previously, following 4 rounds of mitotic division, the cystoblast
produces 16 cells of which two cells, designated as pro-oocytes, have four ring canals
connecting them to other nurse cells. Once the oocyte has been determined from among
these two pro-oocytes, it will move to the posterior end of the cyst, an event that
determines the polarity of the anterior-posterior axis during the rest of oogenesis.
After the egg chamber leaves the germarium, it is polarized by two signaling
events, both of which are induced by the cleavage of the Transforming Growth Factor
(TGF) alpha-like molecule, Gurken (Gonzalez-Reyes et al., 1995; Neuman-Silberberg
and Schupbach, 1993; Shmueli et al., 2002). As it is cleaved, the extracellular domain
6

of Gurken is secreted from the oocyte and activates the Ras/Raf/MAPK (MitogenActivated Protein Kinase) cascade via the Drosophila Epidermal Growth Factor Receptor
(EGFR) Torpedo (DER) in the follicular epithelium (Ghiglione et al., 2002; GonzalezReyes et al., 1995).

The results of these two signaling events are the polarization of the

surrounding follicle cells first along the AP axis, and later along the Dorsal-Ventral (DV)
axis.

The first Gurken signaling event happens when gurken mRNA, as a component of

the Balbiani body, localizes to the posterior of the oocyte (Cox and Spradling, 2003).
During stage 4 to 6 of oogenesis, the posteriorly produced Gurken protein induces the
follicle cells overlaying the oocyte to adopt a posterior fate (Roth et al., 1995), resulting
in an unidentified feedback signal from the posterior follicle cells which triggers another
re-polarization of the oocyte microtubule cytoskeleton at stages 6 to 7 of oogenesis (Roth
et al., 1995) and thus the repositioning of the oocyte nucleus from the posterior end to the
anterior during stage 9.

The oocyte nucleus remains cortically anchored during its

movement, and the random point on the anterior circumference of the oocyte to which it
moves becomes the anterior-dorsal corner of the oocyte (Roth et al., 1995). A very
important consequence of this microtubule re-polarization event is the localization or
maintenance of positional determinants along AP axis, including oskar mRNA at the
posterior (Ephrussi et al., 1991; Kim-Ha et al., 1991), and bicoid mRNA at the anterior of
the oocyte (Berleth et al., 1988; St Johnston et al., 1989) . As the oocyte nucleus moves
anteriorly, gurken mRNA particles also move to the anterior and then turn and move
dorsally toward the oocyte nucleus (MacDougall et al., 2003).

At stage 10 of oogenesis,

gurken mRNA accumulates in the cytoplasmic space between the nucleus and the plasma
membrane and thus localizes the expression of Gurken protein (Roth et al., 1995). This
second Gurken signal induces the follicle cells closest to the oocyte nucleus to adopt a
dorsal fate, and ultimately regulates the expression of genes in the follicle cell layer that
7

are required for DV pattern formation in both the embryo and the eggshell (GonzalezReyes et al., 1995; James et al., 2002; Peri et al., 2002; Roth et al., 1995; Sen et al.,
1998).

THE FORMATION OF THE ANTERIOR-POSTERIOR AXIS
Systematic genetic screens have identified four separate groups of maternal effect
genes that control the formation of the embryonic axes.

Each group comprises a set of

genes for which loss-of-function mutations produce similar effects on pattern formation.
Three of these sets, named the anterior, posterior and terminal groups, function to define
the anterior-posterior (AP) axis, while only one is dedicated to dorsal-ventral (DV) axis
formation (St Johnston and Nusslein-Volhard, 1992).
In a normal embryo, the order of pattern elements along the anterior-posterior axis
is acron, which is the terminal portion of the head including the brain, followed by head,
thorax, abdomen and telson, the tail. Between the head and tail are repeating segmental
units, including three segments from the thorax and eight segments from the abdomen.
This eleven-segment pattern is shared by embryos, larvae, and even the adult flies.
Mutations in the anterior group genes lead to loss of head and thorax structures (Berleth
et al., 1988; Frohnhofer et al., 1986).

Mutations in the posterior group genes lead to loss

of the abdominal structures, and in some cases, failure of pole cells formation (Lehmann
and Nusslein-Volhard, 1986; Lehmann and Nusslein-Volhard, 1991; Schupbach and
Wieschaus, 1986; Schupbach and Wieschaus, 1989).

Mutations in the terminal group

genes lead to the loss of acron and telson, the two terminal structures in embryos
(Klingler et al., 1988).

The function of the anterior, posterior and terminal gene

products is to provide positional cues that will control the transcription of downstream
zygotic segmentation genes in a spatially-restricted manner along the AP axis of the
8

embryo.

It is these segmentation genes that divide early embryos into repeating series

of segmental primordial along the AP axis.
The segmentation genes are divided into three groups based on their mutant
phenotypes: gap genes, pair-rule genes and segment polarity genes (Nusslein-Volhard
and Wieschaus, 1980) (Figure 1-2).

The first two groups are expressed in early embryos

Maternal effect genes

Gap genes

Pair-rule genes

Segment polarity
genes

Homeotic selector
genes

Figure 1-2. Order of action of the classes of genes involved in the establishment of
anterior-posterior pattern in the Drosophila embryo. The positional
information provided by the three classes of maternal effect mutants
(Anterior, Posterior, and Terminal) are responsible for the expression of the
Gap genes in broad domains along the AP axis. The Gap proteins control
the transcription of the Pair-rule genes whose products control the
transcription of the Segment polarity genes. The products of the Segment
polarity genes comprise a signal transduction pathway that generates and
maintains segmental boundaries, and provides positional information to cells
within each segment. The Gap proteins and the Pair-rule proteins also
collaborate to determine the pattern of expression of the Homeotic selector
genes, the products of which control segment identity and define the
structural differences between segments in the larva and adult. Note that
all of the products of the Gap, Pair-rule, and Homeotic selector genes are
transcription factors.
9

at syncytial blastoderm stage at which the nucleus of the fertilized embryo has undergone
13 rounds of nuclear mitotic divisions without cytokinesis (Foe and Alberts, 1983). The
first 8 divisions happen rapidly in the interior of the embryo during the cleavage stage,
after which most of the nuclei migrate to the periphery of the embryo where they divide
at a much slower rate. The final product of these nuclear divisions is a syncytium with
around 6,000 nuclei localized under the embryonic membrane.

Right after this stage,

during the 14th round of nuclei division, newly formed membrane encapsulates each
nucleus into individual cells, and thus produces an epithelial monolayer. Gap genes are
transcription factors expressed in one or two broad domains along the AP axis of a
syncytial blastoderm, and their expression pattern are controlled by the maternal effect
genes of the anterior, posterior and terminal classes (Bronner and Jackle, 1991;
Finkelstein and Perrimon, 1990; Knipple et al., 1985; Preiss et al., 1985; Tautz, 1987).
For example, the maternal translation of hunchback (hb) is repressed by posterior group
gene product Nanos (Pelegri and Lehmann, 1994); while the zygotic expression of hb is
activated in the anterior region by anterior group gene product Bicoid (Rivera-Pomar et
al., 1996). Loss-of-function mutations of the gap genes give rise to embryos lacking
large contiguous regions of the body (Nusslein-Volhard and Wieschaus, 1980), such as
loss of head and thoracic segments in the case of hb (Lehmann and Nusslein-Volhard,
1987; Tautz, 1988).
The different combinations and various concentrations of gap proteins initiate the
segmentation in fly embryos by activating the expression of pair-rule genes in seven
stripes along the AP axis (Nibu et al., 1998; Pankratz et al., 1990; Rivera-Pomar et al.,
1995).

Each stripe is several nuclei wide and corresponds to the formation of a unit of

two parasegments.

Each parasegment is a combination of the posterior compartment of

one segment with the anterior compartment of the next segment.
10

Thus, loss-of-function

mutations in the pair-rule genes lead to embryos lacking portions of every other segment
(Nibu et al., 1998).

All of the pair-rule genes encode transcription factors (Chao et al.,

1991), and they are separated into two groups depending on how their expression are
regulated (Rubacha et al., 1988).

The expression domains of the primary pair-rule genes

are directly controlled by combinations of maternal gene products and gap gene products
(Pankratz et al., 1990), while the secondary pair-rule genes are instead regulated by the
primary pair-rule genes products (Carroll and Scott, 1986; Ellison and Howard, 1981;
Frasch and Levine, 1987).
The combination of pair-rule genes generates the expression of segment polarity
genes in 14 stripes along the AP axis of the embryo after cellularization (DiNardo and
O'Farrell, 1987; Macdonald and Struhl, 1986). Loss-of-function mutations in segment
polarity genes leads to body defects such as deletions, duplications and polarity reversals
in all segments (DiNardo and O'Farrell, 1987).

Among the segment polarity genes,

hedgehog(hh) and wingless(wg) are key genes required to maintain the previously
established parasegmental periodicity, and to define the cell fates in each parasegment,
while other segment polarity genes are regulators of the Hg or Wg signalling transduction
pathways (Perrimon, 1994).

In addition to regulating the expression of segment polarity

genes, the products of the gap and pair-rule genes also control the expression patterns of
the homeotic selector genes, which in turn determine the identity of each embryonic
segment along the AP axis (Casares et al., 1996; Celniker and Lewis, 1987; Georgias et
al., 1997; Lawrence and Morata, 1994; Wu et al., 2001).

Most of the homeotic selector

genes exist in two clusters on the third chromosome: the Antennapedia compex and the
Bithorax complex (Lawrence and Morata, 1994).

Because they are responsible for the

specification of different body parts, mutation in these genes lead to variety of homeotic
transformation (Kiger, 1973; Postlethwait and Schneiderman, 1971).
11

Among the maternal effect anterior group genes, bicoid (bcd) encodes the key regulator
for patterning the head and thorax of the embryo, while the rest of this group, including
exuperantia (exu), swallow (swa) and staufen (stau), are required for correct localization
of bcd mRNA during different stages of oogenesis and early embryogenesis (Chao et al.,
1991; Macdonald et al., 1991; Schupbach and Wieschaus, 1986; St Johnston et al., 1991;
Stephenson and Mahowald, 1987).

Embryos from females with loss-of-function

mutation in bicoid lack the head and thorax structures, and form a body pattern made up
of telson-abdomen-telson (Frohnhofer et al., 1986). The activity of Bicoid is necessary
for the anterior terminal structures to form an acron rather than a telson, providing an
explanation for the formation of a telson at the anterior of bicoid-derived embryos.

The

bcd mRNA is initially transcribed in the nurse cells and then localized to the anterior pole
of the oocyte (Figure 1-3) in a microtubule-dependent manner (Berleth et al., 1988;
Pokrywka and Stephenson, 1995; St Johnston and Nusslein-Volhard, 1992). However,
bcd mRNA is not translated into protein until embryogenesis, at which point it diffuses
from the anterior to the posterior of the embryo combined with a rapid rate of
degradation.

Together, these influences lead to the formation of a concentration

gradient of Bcd protein along the AP axis (Figure 1-3) (Driever and Nusslein-Volhard,
1988).

The Bcd protein is a homeodomain-containing transcription and translation

factor (Berleth et al., 1988; Driever and Nusslein-Volhard, 1989; Dubnau and Struhl,
1996; Frohnhoefer and Nusslein-Volhard, 1986).

As a transcription factor, Bcd directly

regulates the expression of the zygotic gap and pair-rule genes that are required for
correct formation of the head and thoracic segments (Driever and Nusslein-Volhard,
1989; Gao and Finkelstein, 1998; Hoch et al., 1991; Hulskamp et al., 1990; Rivera-Pomar
et al., 1995; Small et al., 1992).

One previously described example is the regulation of

hunchback transcription by Bcd in the anterior half of the embryo (Rivera-Pomar et al.,
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1995).

As a translation factor, Bcd prevents the formation of posterior structures by

binding to and inhibiting the translation of caudal (cad) mRNA in the anterior of
embryos (Dubnau and Struhl, 1996).

Cad is a maternally-expressed transcription factor

required for correct formation of the abdomen region (Dubnau and Struhl, 1996; Hader et
al., 1998).
The posterior group genes are required for the formation of abdominal structures
and for the assembly of pole plasm, a specialized cytoplasm localized at the posterior end
of the egg that is required for germ cell formation (Lehmann and Nusslein-Volhard,
1986).

Mutations in all posterior group genes lead to loss of the abdominal structures

Figure 1-3. Three maternally-encoded systems interact to establish the anteriorposterior axis of the Drosophila embryo. NC: nurse cells; FC: follicle
cells; Blue circles: nuclei. The determinants of polarity of the anterior,
posterior and terminal classes in the stage 10 egg chamber (bicoid RNA,
oskar RNA, and Torsolike protein) (top) and in the syncytial blastoderm
embryo (Bicoid protein gradient, Nanos protein gradient and activated Torso
receptor) (bottom) are shown in red.
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with some of the mutants also leading to a loss of pole cells (Lehmann and NussleinVolhard, 1986; Lehmann and Nusslein-Volhard, 1991; Schupbach and Wieschaus, 1986;
Schupbach and Wieschaus, 1989).

nanos (nos) is a key player among the posterior

group genes in the formation of abdominal segments (Lehmann and Nusslein-Volhard,
1991).

The nanos mRNA is produced in nurse cells and localized to the posterior pole

of the oocyte with the help of Oskar (Osk) protein, another key posterior group gene
product (Ephrussi et al., 1991; Gavis and Lehmann, 1992; Lowe et al., 2006; Wang and
Lehmann, 1991).

The posterior localization of Oskar protein is achieved via tight

coupling of microtubule-dependent mRNA localization (Figure 1-3) and positiondependent translational regulation. oskar mRNA that is not localized at the posterior is
translationally repressed by Bruno and Cup (Castagnetti and Ephrussi, 2003; Chang et al.,
1999; Christerson and McKearin, 1994; Ephrussi and Lehmann, 1992; Kim-Ha et al.,
1991; Lie and Macdonald, 1999a; Lie and Macdonald, 1999b; Lowe et al., 2006;
Markussen et al., 1995; Nakamura et al., 2004; Park et al., 2003; Rongo et al., 1995;
Webster et al., 1997). Upon translation, Nanos protein is restricted to the posterior pole
of the embryo (Figure 1-3), even though only 4% of nanos mRNA is actually localized to
this region (Bergsten and Gavis, 1999).

This translational regulation is achieved by

translational repression of unlocalized nanos mRNA and activation of localized nanos
mRNA.

To achieve repression, a cis-acting Translational Control Element (TCE)

located in the 3'UTR of nanos transcripts is bound by the protein Smaug (Smg), which
mediates translational repression of nanos mRNA (Dahanukar et al., 1999; Dahanukar
and Wharton, 1996; Gavis et al., 1996; Smibert et al., 1999; Smibert et al., 1996). The
translation of posterior localized nanos mRNA is activated by germ plasm components
that bind to a distinct sequence of nanos mRNA that overlaps the TCE motif (Bergsten
and Gavis, 1999; Crucs et al., 2000).
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The major function of Nanos in AP pattern formation is to inhibit the translation
of maternal transcribed hunchback mRNA in the posterior of the embryo by promoting
its deadenylation (Tautz, 1988; Wreden et al., 1997).

This maternal hb transcript is

distributed uniformly in embryos of early stages, in contrast to the Bicoid-dependent
zygotically-expressed hb mRNA(Tautz and Pfeifle, 1989). If the maternal hb mRNA is
translated in the posterior, the HB protein would repress the expression of the gap genes
required for abdominal segments formation, such as knirps and giant (Pankratz et al.,
1992; Pankratz et al., 1990; Struhl, 1989). Actually Nanos does not bind to the hb
mRNA directly.

Instead, it is Pumilio, a partner protein of Nanos, that binds to the

Nanos Response Elements (NRE) located in the 3'UTR of hb mRNA and brings Nanos
into the complex (Barker et al., 1992; Murata and Wharton, 1995; Wreden et al., 1997).
In addition, Pumilio has also been shown to be capable of binding to the NRE of bcd
mRNA and temporarily inhibiting its translation by promoting deadenylation (Gamberi et
al., 2002).
As stated above, maternal effect genes from both anterior group and posterior
group act to set up the AP axis in similar ways.

In both systems, products of these

maternal effect genes function to localize positional determinants within the oocyte and
embryo by microtubule-dependent mRNA localization and spatially-regulated translation.
The terminal group, the third set of maternal effect genes required for AP axis formation,
operates in a different way. Loss-of-function mutations in terminal groups genes lead to
the lack of the acron, telson and the most posterior abdominal segment (Klingler et al.,
1988).

Instead of a localized determinant deposited within the developing oocyte, the

key gene torso (tor) encodes a transmembrane Receptor Tyrosine Kinase (RTK) that is
distributed uniformly throughout the embryonic membrane (Casanova and Struhl, 1989;
Sprenger et al., 1989). Constitutively-activated gain-of-function alleles of tor exist,
15

which disrupt the segmented region of the embryo and promote the development of
structures derived from the terminal regions of the fate map (Casanova and Struhl, 1989;
Klingler et al., 1988). This localized activation of Tor at the ends of the embryos
(Figure 1-3) depends on the products of other terminal group genes, which contribute to
the formation of a spatially-restricted ligand.

The activation of Tor induces the

transcription of two terminal gap genes, tailless (tll) and huckebein (hkb), at the two ends
of the syncytial blastoderm embryo by locally inhibiting repression exerted by the
transcriptional repressors Capicua (Cic) and Groucho (Gro) (Cinnamon et al., 2008;
Duffy and Perrimon, 1994; Jimenez et al., 2000; Paroush et al., 1997). This inhibition is
achieved through phosphorylation of Cic and Gro via the classical RTK/Ras/Raf/MAPK
pathway.

The phosphorylation of Cic targets this transcriptional repressor for

degradation (Jimenez et al., 2000); while the phosphorylation of Gro reduces its ability to
repress by an unknown mechanism (Cinnamon et al., 2008).
It is not yet known how Torso is activated only at the ends of the embryo.

It is

believed that another terminal group gene, trunk (trk), is the most likely candidate to
encode the ligand of Tor (Casali and Casanova, 2001; Stein and Stevens, 2001). trk
mRNA is uniformly expressed in early embryos, and Trk protein is predicted to be
secreted into the fluid-filled perivitelline space between the embryonic membrane and the
vitelline membrane (Casanova et al., 1995).

Expression of a C-terminal fragment of Trk

in embryos is sufficient to activate Tor signaling (Casali and Casanova, 2001), suggesting
a proteolytic cleavage is required to transform Trk protein into the ligand of Tor.
However, neither an in vivo cleaved form of Trk, nor a terminal group gene encoding a
protease has been identified.
The predicted uniform distribution of Trk suggests a requirement for spatiallyrestricted activation of Trk by the product of another terminal group gene, torsolike (tsl)
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(Nusslein-Volhard et al., 1987).

Tsl is expressed only in subpopulations of follicle cells

at the two ends of the developing oocyte (Figure 1-3) (Savant-Bhonsale and Montell,
1993).

It exhibits no significant amino acid homology to other characterized proteins

although it carries a stretch of amino acids predicted to exhibit a structure similar to a
domain known as a Membrane Attack Complex-Perforin Domain (MAC-PF).

This

domain was first found in complement proteins and has been associated with the
formation of pores in membranes and with protein-protein interactions (Plumb et al.,
1999).

After translation, Tsl protein is secreted into the perivitelline space and tightly

localized to the two poles of the embryo in association with the inner surface of the
vitelline membrane facing the perivitelline space (Stevens et al., 2003).

It is believed

that the localization of Tsl at the two ends of the egg facilitates the spatially-restricted
activation of Trk, the putative ligand of Tor.

However, the mechanism through which

Tsl acts to activate Trk remains mysterious.

THE FORMATION OF THE DORSAL-VENTRAL AXIS DURING EMBRYOGENESIS
Like the mechanism employed by the terminal group genes to define the two ends
of the embryos, the formation of the dorsal-ventral axis also depends on the spatiallyrestricted activation of a uniformly-distributed receptor molecule present in the
embryonic membrane.

Among the genes identified in screens for maternal-effect

mutations that affect embryonic pattern formation, Anderson and Nüsslein-Volhard
(Anderson and Nusslein-Volhard, 1984) identified mutations in 11 different loci which
led to similar defects in the formation of the embryonic DV axis.

Females homozygous

for loss-of-function alleles of these genes produce embryos that consist of tubes of
epidermis that form cuticle carrying pattern elements normally found only dorsally in
wild-type larvae (Anderson and Nusslein-Volhard, 1984).
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These 11 genes are

collectively known as dorsal group.

In contrast, females homozygous for loss-of-

function alleles of a twelfth gene, cactus, produce embryos that are ventralized (Roth et
al., 1991).

The protein products of the dorsal group and cactus comprise a signal

transduction pathway in which a signal arising during oogenesis leads to the ventral
activation in the embryo of the Toll (Tl) receptor (Anderson et al., 1985a; Anderson et
al., 1985b). The ventral activation of Toll ultimately leads to the spatially-specific
nuclear accumulation of the transcription factor Dorsal (Roth et al., 1989; Rushlow et al.,
1989; Steward, 1989). Subsequent studies identified the involvement of totally 18 genes
in the establishment of embryonic DV polarity in Drosophila.
functions of these genes are shown in Table 1-1 and Figure 1-4.

The identities and
Their involvement in

the DV pathway will be described in details in the following paragraphs.
The ventral activation of the transmembrane receptor Toll is a key event in the
establishment of embryonic dorsal-ventral polarity (Anderson et al., 1985a; Anderson et
al., 1985b). Similar to the Torso RTK, Toll is also distributed uniformly throughout the
embryonic membrane (Hashimoto et al., 1991). Toll’s extracellular ligand-binding
domain, which exhibits homology to the thrombin receptor (Keith and Gay, 1990),
extends into the perivitelline space between the embryonic membrane and vitelline
membrane, while its intracellular domain shares structural similarity to the signaling
motif of mammalian Interleukin-1 (IL-1) receptor (Gay and Keith, 1991; Hashimoto et
al., 1988; Schneider et al., 1991). Also, like the terminal group gene tor, there exist
dominant gain-of-function alleles of toll that produce constitutively active forms of the
receptor and lead to the formation of ventralized embryos (Anderson et al., 1985b).
Epistasis analysis with dominant gain-of-function alleles of Toll (Anderson et al.,
1985b) has shown that seven of the eleven dorsal group gene products act upstream to
Toll, presumably in the formation of its activating ligand.
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These genes include pipe

Table 1-1. Genes involved in embryonic dorsal-ventral pattern formation.
Gene
windbeutel *

Protein identity
Molecular chaperone

Function
Pipe localization and activity

pipe *

Carbohydrate
sulfotransferase

ECM modification

papss

PAPS synthetase

Production of PAPS

slalom

PAPS Golgi transporter

Import of PAPS into Golgi required for
Pipe’s enzymatic function

nudel *

Serine protease

Activation of GD ?

gastrulation
defective *

Serine protease

Cleavage and activation of Snake

snake *

Serine protease

Cleavage and activation of Easter

easter *

Serine protease

Cleavage and activation of Spätzle

serpin27A

Serine protease inhibitor

Inhibition of Easter

spätzle *

NGF-like
Thrombin receptor
extracellularily, IL-1
receptor intracellularily

Ligand for Toll receptor

toll *

Recruitment of Weckle

Adaptor
Adaptor
Adaptor

Recruitment of Myd88/Tube heterodimer
Binding of Toll, Tube and Weckle
Recruitment of Pelle

pelle *

Serine/threonine kinase

Phosphorylation leading to the degradation
of Cactus and disassembly of the TollWeckle-Myd88-Tube-Pelle complex

cactus

IkB-like

Inhibition of Dorsal nuclear localization

dorsal *

NF-kB transcription
factor

Regulating the transcription of zygotic
genes

seele

?

?

weckle
myd88
tube *

18 genes have been identified which encode proteins involved in the
establishment of embryonic DV polarity in Drosophila. The 11 founding members of
the "dorsal group" are marked with asterisks. Among them, seele was identified in a
genetic screen (Luschnig et al., 2004).
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Figure 1-4. Spacial and functional relationships between the proteins involved in
DV pattern formation (modified from Jason Goltz, unpublished). At left
is a diagram showing a cross sectional view through a syncytial blastoderm
embryo. At right is a flow diagram showing a simplified version of the
signaling pathway that defines DV pattern in the embryo. Pipe, Wind,
Nudel, Papss and Sll act in the follicle cells during oogenesis. Gastrulation
defective, Snake, Easter, Spätzle and Serpin27A function in the perivitelline
space of the egg. Toll, Weckle, Myd88, Tube, Pelle, Cactus, Dorsal and
Seele act within the embryo.
(pip) (Sen et al., 1998; Stein et al., 1991), windbeutel (wind) (Konsolaki and Schupbach,
1998; Nilson and Schupbach, 1998; Sen et al., 2000) and nudel (ndl), whose expression
was found to be somatically-required by mosaic analysis (Stein et al., 1991).

The genes

gastrulation defective (gd) (Konrad et al., 1998), snake (snk) (DeLotto and Spierer,
1986), easter (ea) (Chasan and Anderson, 1989) and spätzle (spz) (Morisato and
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Anderson, 1994; Schneider et al., 1994), also act upstream of Toll and encode germlineexpressed, secreted proteins that are present in the extracellular perivitelline space.
Among translational products of these genes, Gastrulation Defective, Snake and Easter
are sequentially-acting serine proteases that form a cascade in which GD cleaves and
activates Snake, which then cleaves and activates Easter (Chasan et al., 1992; Han et al.,
2000; Jin and Anderson, 1990; Sen et al., 1998; Smith and DeLotto, 1994).

This

proteolytic cascade is believed to act ventrally in the perivitelline space (Schneider et al.,
1994; Stein and Nusslein-Volhard, 1992; Stein et al., 1991), which finally leads to the
cleavage of Spätzle protein into the active ligand for Toll (Morisato and Anderson, 1994;
Schneider et al., 1994).
The ventral activation of Toll by its ligand Spätzle leads to the recruitment of a
heterodimeric complex of two adaptor proteins, Myd88 and Tube (Towb et al., 1998).
This recruitment is mediated by a membrane-associated protein named Weckle, as this
protein is able to bind to Toll and Myd88 directly and is required for the correct
membrane localization of Myd88 (Chen et al., 2006).

The Toll-Weckle-Myd88-Tube

complex subsequently recruits the protein kinase Pelle (Chen et al., 2006; Hu et al.,
2004).

The local aggregation of Pelle enhances its own kinase activity by

autophosphorylation (Norris and Manley, 1996; Shen and Manley, 1998; Sun et al., 2004;
Towb et al., 2001), which leads to the phosphorylationan IkB-like protein, Cactus (Reach
et al., 1996).

Cactus is associated with an NF-kB transcription factor that is encoded by

the dorsal group gene dorsal, and this Dorsal-Cactus heterodimer is distributed uniformly
throughout the cytoplasm of the early embryo in the absence of Toll signaling (Roth et
al., 1989; Rushlow et al., 1989; Steward, 1989). The adapter protein Tube may function
to recruit this heterodimer to the Toll-Weckle-Myd88-Tube-Pelle complex as it has been
shown to interact with Dorsal in the yeast two-hybrid system (Edwards et al., 1997; Yang
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and Steward, 1997).

The ventral phosphorylation of Cactus leads to its ubiquitin-

mediated degradation and release of Dorsal on the ventral side of the embryo (Belvin et
al., 1995; Bergmann et al., 1996; Reach et al., 1996).

In addition, Pelle phosphorylates

Toll and Tube to disassemble the whole complex and release itself (Edwards et al., 1997).
The activation of Pelle may also lead to the phosphorylation of Dorsal to facilitate its
nuclear import (Drier et al., 1999). Taken together, the ultimate consequence of ventral
activation of Toll is the formation of a concentration gradient of nuclear translocated
Dorsal protein in the syncytial blastoderm embryo, with highest levels of Dorsal in the
nuclei on the ventral side and lowest levels on the dorsal side (Roth et al., 1989; Rushlow
et al., 1989; Steward, 1989).

The differential nuclear concentrations of Dorsal establish

as many as seven thresholds of gene activity and tissue differentiation that are required
for correct pattern formation of structures along the embryonic DV axis (Stathopoulos
and Levine, 2002).

For example, two zygotic gene required for mesoderm formation,

twist and snail, are activated by high level of nuclear concentration of Dorsal on the
ventral side of the embryo (Ip et al., 1992; Jiang et al., 1991; Kosman et al., 1991); while
zerknüllt and decapentaplegic, two zygotic genes required for dorsal epidermis
formation, are repressed by low levels of Dorsal and thus expressed only on the dorsal
side where there is no nuclear Dorsal protein (Jiang et al., 1993; Jiang et al., 1992; Kirov
et al., 1993; Pan and Courey, 1992).
In addition to embryonic DV pattern formation, the Toll pathway also acts to
mediate the innate immune response to Gram-positive bacteria and fungi by activating
the transcription of genes that encode immune peptides (Basset et al., 2000; Lemaitre et
al., 1996). Similar to what happens in DV patterning, a cleaved form of Spz activates
Toll (Levashina et al., 1999; Weber et al., 2003), which leads to the recruitment of
Tube/Myd88/Pelle and thus, to the degradation of Cactus (Lemaitre et al., 1996; Meng et
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al., 1999; Rutschmann et al., 2000).

However, the serine protease cascade involved in

the cleavage of Spätzle in the DV pathway does not function in the innate immune
response (Chasan and Anderson, 1989; Lemaitre et al., 1996).

Instead, a Spätzle-

Processing Enzyme (SPE), which can functionally substitute for Easter in DV patterning
when expressed in embryos lacking Easter, is required for the Toll-dependent immune
response (Jang et al., 2006).

In addition, Dorsal does not act alone to activate the

transcription of immune peptides.

A homolog of Dorsal named Dorsal-related

Immunity Factor (Dif) (Bian et al., 2005; Ip et al., 1993; Tanaka et al., 2005), which is
also inhibited by Cactus in the fat body tissue, functions redundantly in the larval
immune response, and is solely responsible for the adult immune response.

Both Dorsal

and Dif belong to the same NF-kB subfamily I, along with the vertebrate orthologues cRel, RelA and RelB (Huguet et al., 1997). The third Drosophila NF-kB molecule,
Relish, is a member of another different subfamily.

Relish mediates the immune

response to Gram-negative bacteria and certain fungi via a distinct signaling pathway, the
Immune Deficiency (IMD) pathway (Basset et al., 2000; Cornwell and Kirkpatrick, 2001;
Dushay et al., 1996; Hedengren-Olcott et al., 2004), whose components are otherwise
dissimilar to those of the Toll-Dorsal pathway.

Interestingly, insects other than

members of the Drosophilidae, such as mosquito and silkworm (Bian et al., 2005; Tanaka
et al., 2005), have only one subfamily I protein, and these proteins are more similar to
Dorsal than Dif is.

Considering that Dif and Dorsal are less than 10 kbps apart on the

same chromosome, it is very likely Dorsal represents the first NF-kB subfamily I protein
in Drosophila, with Dif having been produced by gene duplication (Meng et al., 1999)
and later undergoing sequence divergence.
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THE EMBRYONIC DV AXIS IS PRE-DEFINED BY A VENTRAL CUE PRODUCED DURING
OOGENESIS VIA THE ACTION OF PIPE
As described above, mosaic analysis has shown that three dorsal group genes,
pipe, windbeutel and nudel, are required to be expressed in somatic tissues (Konsolaki
and Schupbach, 1998; Nilson and Schupbach, 1998; Sen et al., 2000; Stein et al., 1991).
The pipe mRNA is expressed in the ventral follicle cells during stage 10 of oogenesis
(Sen et al., 1998), and Pipe protein is the first dorsal group gene product that exhibits an
asymmetric distribution along the DV axis of either the egg chamber or the embryo.
This ventrally-restricted expression of pipe is dependent on the Gurken signal that defines
DV polarity in the egg chamber.

In gurken mutants, pipe mRNA is detected in all

follicle cells around the DV circumference (Sen et al., 1998).

In addition, a transgene

that carries the E.coli LacZ gene under the control of the transcriptional regulatory
sequences of pipe exhibits the same Gurken-dependent expression pattern (Sen et al.,
1998).

Activation of EGFR signaling in dorsal follicle cells represses the expression of

pipe: in follicle cell clones homozygous for ras or raf loss-of-function mutations, pipe’s
expression is cell-autonomously de-repressed even in the dorsal and lateral regions of the
follicular epithelium (James et al., 2002; Peri et al., 2002). Correspondingly, clones of a
Gurken-independent activated allele of EGFR results in cell-autonomous repression of
pipe expression (Peri et al., 2002).

However, Gurken protein is detectable with

immunostaining only on the dorsal side and does not extend to the lateral side where the
expression of pipe is also repressed (Neuman-Silberberg and Schupbach, 1996; Peri et
al., 1999; Serano et al., 1995).

Amiri and Stein (Amiri and Stein, 2002) suggested that

Gurken protein might form a concentration gradient along the DV axis by diffusing from
its dorsal source to lateral or even ventral regions (Figure 1-5), where its concentration is
too low to be detected by antibodies.
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Figure 1-5. A model for regulation of pipe expression by Gurken-mediated
activation of the EGF receptor (Reproduced from Current Biology with
permission from Elsevier). “At the top is a diagram showing the
arrangement of the egg chamber at mid-oogenesis, indicating the positions
of the nurse cells (NC) and oocyte, the follicle cells (FC) and the dorsally
positioned oocyte nucleus. The grk RNA (red) is closely associated with
the nucleus. At the bottom is shown a cross-section through the egg
chamber, at a position along the anterior–posterior axis corresponding to the
location of the oocyte nucleus (see dotted line at top). Gurken protein
(purple) is translated at highest levels dorsally and secreted into the space
between the oocyte and the follicle layer (shown disproportionately
expanded here), forming a concentration gradient from dorsal to ventral.
At a critical location along the dorsoventral axis (arrows), the concentration
of Gurken protein falls to levels too low to mediate EGF receptor-dependent
repression of pipe, and ventral expression of pipe ensues.” (Amiri and Stein,
2002).
The spatially-restricted expression of pipe in the follicle defines the ventral side of
the embryo (Sen et al., 1998).

The pipe gene encodes 10 distinct protein products,

generated by alternate splicing of the primary transcript (Sergeev et al., 2001).

Ectopic

expression of a transgene encoding one of the pipe gene products, Pipe-ST2, throughout
the follicle cell layer leads to the production of ventralized embryos, while high levels of
expression of Pipe-ST2 in dorsal follicle cells is capable of inverting the DV axis of the
resultant embryo with respect to the intrinsic DV polarity of the eggshell (Sen et al.,
1998).

Thus, the spatially-restricted expression of Pipe-ST2 in the follicle layer is

sufficient to define the DV polarity of progeny embryos, and its ventral expression must
be responsible for the activation of the downstream serine protease cascade and
ultimately the Toll receptor on the ventral side of the embryo.

As my data in the next

chapter will show that pipe-ST2 is the only isoform essential for ovary-specific pipe gene
function, I will hereafter refer to this isoform as pipe, except in sections where I am
specifically discussing all isoforms.
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How the expression of Pipe in the follicle cells regulates the activation of
downstream serine proteases has been the main focus of my study.

Including ST2, pipe

encodes 10 distinct protein isoforms, all of which exhibit significant sequence homology
to the vertebrate enzymes heparan sulfate2-O-sulfotransferase (HS2ST) (Kobayashi et al.,
1997) and dermatan/chondroitin sulfate 2-O-sulfotransferase (D/CS2ST) (Kobayashi et
al., 1999) (Figure 1-6), two Golgi resident proteins that mediate the sulfation of
glycosaminoglycan (GAG) side chains of proteoglycans. Proteoglycans are a class of
glycoproteins with one or more GAGs attached to a protein core. GAGs are unbranched
polysaccharides consisting of specific disaccharide repeats, in which an N-acetylhexosamine links to a hexose or hexuronic acid, although these sugars may be highly
modified.

Different GAGs are distinguished by their particular disaccharide repeats and

by the linkage between the monosaccharide units. The most common repeat unit within
Heparan Sulfate (HS) is composed of a glucuronic acid (GlcUA) linked to Nacetylglucosamine (GlcNAc); while the GlcUA and N-acetylgalactosamine (GalNac)
disaccharide repeat is the main component of Chondroitin Sulfate (CS) and Dermatan
Sulfate (DS).
The biosynthesis of GAGs requires the function of multiple enzymes (Figure 1-7):
the disaccharide units of the chain are polymerized by glycosyltransferases onto a
tetrasaccharide linker that is attached to the protein core. After this extension, a portion
of the GlcNac residues in HS are N-deacetylated and N-sulfated by N-deacetylase/Nsulfotransferases (NDSTs) to create regions for further modifications of HS, which
involve epimerization of specific GlcUA residues to IdoUA by Epimerase, followed by
2-O-sulfation, 6-O-sulfation and finally 3-O-sulfation, as well as other modifications.
Some of the enzymes involved in this process appear to form physical complexes,
‘gagosomes’, to accelerate the GAG biosynthetic process (Hook et al., 1975).
27

For

Figure 1-6. Amino acid sequence alignment of Pipe-ST2, HS2ST and D/CS2ST.
The following symbols are used to represent the degree of conservation: "*"
indicates that a residue shared by all three proteins; ":" indicates a conserved
substitution; "." indicates a semi-conservative substitution.
example, xylosyltransferase and galactosyltransferase, two glycosyltransferases required
for producing the tetrasaccharide linkage of chondroitin sulfate glycoproteins (Figure 17), have been shown to have a physical interaction that is important for their correct
localization and enzymatic activity (Schwartz et al., 1974).
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Tumor suppressors EXT1

Figure 1-7. Biosynthesis of Heparan sulfate and Dermatan/Chondroitin sulfate
proteoglycans. Biosynthesis of a proteoglycan begins with the attachment
of a tetrasaccharide linkage consisting of Xyl-Gal-Gal-GlcA to a serine
residue of the core protein.
This process is catalyzed by a
Xylosyltransferase (XylT), a Galactosyltransferase (GalT) and a
Glucuronyltransferase (GlcAT). A series of disaccharides of varying
length, made up of an uronic acid residue attached to an amino sugar, is then
added to the linker region. The identity of the glycosaminoglycan, either
HS or D/CS, is determined by the amino sugar that is present and by the
structure of the bonds between the uronic acid residues and the amino
sugars. The newly produced heparin/heparan sulfate (dotted box on top)
can undergo epimerization of the uronic acid residue as well as a series of
modifications by deacetylase/N-sulfotransferases (NDSTs), Heparan sulfate
2-O-sulfotransferase (HS2ST), Heparan sulfate 6-O-sulfotransferase
(HS6ST) and Heparan sulfate 3-O-sulfotransferase (HS3ST). The newly
produced dermatan/chondroitin sulfate (dotted box on bottom) also
undergoes
series
of
modifications,
including
sulfation
by
Dermatan/Chondroitin Sulfate 2-O-sulfotransferase (D/CS2ST).
Only
enzymes that were mentioned in this dissertation are shown here. The
corresponding Drosophila homologues of genes encoding enzymes shown
here are as follows: sgl encodes UDP-GlcA Dehydrogenase(DH); sfl
encodes an NDSTs; tout-velu (ttv) encodes EXT1 (Bellaiche et al., 1998);
sister-of-tout-velu (sotv) encodes EXT2 (Takei et al., 2004); brother-oftout-velu (botv) encodes an additional EXT homologue required for HS
synthesis in Drosophila (Takei et al., 2004).
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and EXT2, which function as GlcUA-transferase and GlcNac-transferase, respectively,
are involved in the polymerization of heparan sulfate (Figure 1-7) (Lind et al., 1998).
EXT1 and EXT2 localize to ER when expressed independently, but they migrate to the
Golgi and show increased enzymatic activity when co-expressed (McCormick et al.,
2000; Senay et al., 2000). In addition to the glycosyltransferases mentioned above, the
physical association of HS2ST and Epimerase also appears to be important for their
appropriate subcellular localization and enzymatic activities (Pinhal et al., 2001).
HS2ST and D/CS2ST, the two homologues of Pipe, mediate the transfer of a
sulfate group to the 2-O position of the uronic acid residues (Kobayashi et al., 1996;
Kobayashi et al., 1999) in their respective GAG substrates (Figure 1-8). The amino acid
sequence similarity between Pipe and these two GAG-modifying enzymes is very
significant. Therefore, it was initially suggested (Sen et al., 1998) that Pipe-ST2 might
also act as a sulfotransferase to modify a proteoglycan on its associated GAG
polysaccharides, either HS or D/CS.

Consistant with this hypothesis, GAGs have been

shown to regulate the activity of different serine proteases, especially in protease
cascades (Kowarzyk, 1952; Sahu and Pangburn, 1993). For example, a group of serine
proteases including Thrombin acts in a cascade to initiate the vertebrate blood clotting
process (Kowarzyk, 1952).

Heparin, another GAG substrate of HS2ST which has

similar polysaccharide composition but higher levels of sulfation than HS, has been
known to be a potent anticoagulant for more than 90 years (Marcum, 2000).

It acts by

binding and activating antithrombin, an inhibitor of Thrombin (Furie and Furie, 1988).
Interestingly, the 3-O-sulfation of a glucosamine unit in a specific pentasaccharide
sequence of heparin has been shown to be critical for this binding activity (Atha et al.,
1984; Kusche et al., 1988; Petitou et al., 2003; Petitou et al., 1988). Similarly, heparin
can also bind multiple protease members of the complement cascade
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Figure 1-8. Structure of Dermatan/Chondroitin sulfate and Heparin/Heparan
sulfate (modified from Xianjun Zhu, unpublished). The main sulfation
target of HS2ST and D/CS2ST are the iduronic acid (IdoUA) which is
produced via epimerization of the glucuronic acid (GlcUA). The black
circles indicate the 2-position hydroxyl groups to which D/CS2ST and
HS2ST will catalyze the addition of sulfate groups.
(Sahu and Pangburn, 1993), and inhibit the activation of the complement system
(Linhardt et al., 1988; Weiler et al., 1978).

In this process, the inhibitory activity of

heparin is regulated by the degree of its O-linked sulfation (Cofrancesco et al., 1979;
Kazatchkine et al., 1981).

Thus, the Pipe sulfotransferase may act similarly to modify

and regulate the activity of a serine protease regulator, which in turn controls the activity
of a downstream serine protease cascade in the perivitelline space.
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In addition to its sequence similarity to HS2ST and D/C2ST, the idea that Pipe
acts as a sulfotransferase in DV patterning is supported by functional studies of genes
required for synthesis and transport of 3’-phosphoadenosine 5’ phosphosulfate (PAPS),
the small high energy molecular donor required for all sulfation reactions in higher
organisms.

These genes are PAPS synthetase (papss), which encodes the enzyme

responsible for production of PAPS (Jullien et al., 1997), and slalom (sll), which encodes
the protein that transports PAPS into the Golgi (Luders et al., 2003). slalom expression
in follicle cells is required for embryonic DV pattern formation (Luders et al., 2003).
Females carrying homozygous slalom mutant follicle cell clones produce dorsalized
embryos (Luders et al., 2003).

Similarly, females with mosaic egg chambers carrying

both germline and follicle cells clones that are homozygous for loss-of-function alleles of
papss also produce dorsalized embryos (Zhu et al., 2007). In the case of papss, it is
necessary to generate follicle cells clones in an egg chamber that also lacks papss
expression in the germline, because the production of PAPS by the germline can rescue
papss mutant follicle cells, likely due to the possible tranport from germline cells to
follicle cells via gap junctions (Zhu et al., 2007).
Additional evidence that Pipe acts as a sulfotransferase comes from the analysis
pipe mutant alleles.

Both pipe1 and pipe7 alleles affect valine 123, which is located in

PKVGSQTF, a stretch of amino acids predicted to lie within a binding site for PAPS (Sen
et al., 1998; Zhu et al., 2005). Embryos from females carrying the pipe1 mutation are
completely dorsalized. pipe1 represents a non-conservative substitution of an aspartic
acid residue and produces what is probably a completely non-functional protein.

In

contrast, females homozygous for the pipe7 mutation produce weakly dorsalized
embryos.

pipe7 carries a relatively conservative substitution of an isoleucine residue for

valine 123 and thus represents a hypomorphic allele.
32

When pipe7 females are fed with

sodium chlorate, a compound known to inhibit the activity of PAPS synthetase (Baeuerle
and Huttner, 1985; Lansdon et al., 2004), they produce more severely dorsalized embryos
than they do under normal conditions (Zhu et al., 2005). This observation suggests that
pipe7 phenotype is sensitive to the concentration of PAPS, which is consistent with the
hypothesis that pipe7 encodes a protein with lower affinity for PAPS.

Taken together,

this data support a situation in which Pipe-mediated sulfation of a specific target
molecule is essential for the establishment of DV polarity.
Despite Pipe’s similarity to HS2ST and D/CS2ST, neither HS nor D/CS
represents the enzymatic substrate of Pipe. First, the sequence identity shared between
Pipe and HS2ST and between Pipe and D/CS2ST is about the same 30%.
similar to the level of identity between HS2ST and D/CS2ST.

This is

This observation already

raised the possibility that Pipe represents a sulfotransferase with anenzymatic specificity
distinct from either HS2ST or D/CS2ST. Secondly, transgenic expression of hamster
HS2ST or human D/CS2ST in follicle cells failed to rescue the dorsalized phenotypes of
embryos from pipe mutant females (Z. Zhang and D. Stein, unpublished). Thirdly,
Pipe-ST2 expressed in cell culture does not exhibit HS2ST or D/C2ST activity on
purified GAGs.

Finally, the most compelling evidenct that these GAGs are not involved

in DV patterning came from studies of genes involved in the biosynthesis of HS and
D/CS (Zhu et al., 2005; Zhu et al., 2007). These genes include sugarless (sgl) (Binari et
al., 1997; Hacker et al., 1997; Haerry et al., 1997), a homolog of UDP-glucose-6
dehydrogenase that is involved in the biosynthesis of the uronic acid residue in both HS
and D/CS, sulfateless (sfl) (Lin and Perrimon, 1999), a homolog of mammalian Ndeacetylase/N-sulfotransferases (NDSTs), which are essential for maintaining the correct
sulfation level of GlcNac in HS/heparin, and fringe connection (frc) (Goto et al., 2001;
Selva et al., 2001), a Golgi transporter of nucleotide-sugars required for HS biosynthesis.
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Zhu et al. (Zhu et al., 2005) reasoned that if Pipe’s sulfation target is either HS or D/CS,
then mutations in genes involved in biosynthesis of these molecules would produce
dorsalized embryos just like mutations in pipe.

However, females carrying follicle cell

clones homozygous for mutations in either sgl, sfl or frc, did not produce progeny
embryos with DV defects. Because UDP-glucuronic acid, the product of Sugarless
activity, is also a small molecule which may move through gap junctions as suspected for
PAPS, sgl may behave non-autonomously in follicle cells. For this reason, Zhu et al.
2007 also generated females with follicles carrying sgl mutant clones in both the
germline and follicle cells.

However, no dorsalized progeny embryos were produced by

females carrying both mutant germline and follicle cells (Zhu et al., 2007).
Furthermore, Zhu et al. 2005 also studied the generation of an Alcian Blue-staining
material in the embryonic salivary glands.

The generation of this stained material is

dependent on the sulfotransferase activity of Pipe in the salivary glands, and on the
requirment of Pipe function for Windbeutel, but is otherwise unrelated to the pathway
defining embryonic DV patterning.

Zhu et al. 2005 found that mutations in sgl, sfl or

frc do not interfere with this histochemical staining pattern. Therefore, neither sulfated
HS nor D/CS can represent this stained material.

Taken together, HS and D/CS are not

required for Pipe’s function in either DV pattern formation or for the production of the
Alcian blue-stained material in the embryonic salivary glands.
targets of Pipe are not HS or D/CS.

Thus the sulfation

The target of Pipe may be a GAG of alternate

structure that lacks uronic acid residues, or another class of glycoprotein, glycolipid or
even a free carbohydrate moiety.
In addition to pipe, two other dorsal group genes, windbeutel (wind) (Anderson,
1987; Konsolaki and Schupbach, 1998) and nudel (ndl) (Anderson and Nusslein-Volhard,
1984), are also required to be expressed in the somatic follicle cells. windbeutel (wind)
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encodes a homologue of the vertebrate endoplasmic reticulum protein Erp29 (Konsolaki
and Schupbach, 1998), and belongs to a family of protein-disulfide isomerases that have
varying redox and chaperone activities (Ferrari and Soling, 1999; Freedman et al., 2002).
Sen et al. 2000 have previously shown that Wind protein is required for the correct
subcellular localization and function of Pipe-ST2.

Furthermore, dimeric Wind has been

shown to interact directly with the soluble domain of Pipe in vitro (Barnewitz et al.,
2004) and is believed to represent a molecular chaperone for Pipe protein. ndl encodes
a large protein of 2,616 amino acids with a centrally-located serine protease domain and
multiple predicted O-linked glycosylation regions as well as three potential GAG
addition sites (Hong and Hashimoto, 1995).

Based on structural considerations, Nudel

is predicted to bind and activate GD directly (Rose et al., 2003), but this interaction has
never been confirmed in vivo and GD has been shown to be processed independently of
Nudel when expressed together with Snake in cell culture (Dissing et al., 2001).
Therefore, the role of Nudel in the process of DV pattern formation remains uncertain.
One possibility, based on its structural similarity to extracellular matrix proteins and on
the multiple potential sites for glycosylation in the protein, is that Nudel is the target of
Pipe-mediated sulfation.

However, studies carried out by Nilson and Schüpach (Nilson

and Schupbach, 1998) appeared to rule out this possibility.

Those investigators

generated genetically mosaic mutant female flies carrying patches of nudel mutant cells
in their follicle layer and showed that Nudel need not be expressed in ventral Pipeexpressing follicle cells in order to fulfill its function in DV patterning (Nilson and
Schupbach, 1998), a result which appeared to be inconsistent with Nudel being the target
of Pipe.

However, there is a caveat in their experiment as the nudel allele they used

belongs to a class of mutants that affect DV patterning only.

There exists a group of

stronger alleles that result in the formation of soft or collapsed eggs and of early arrest of
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embryonic development (Hong and Hashimoto, 1996) indicating that other functions are
associated with Nudel, in addition to the provision of protease activity. Nudel protein
has been shown to undergo complex proteolytic processing and it is possible that in
addition to protease activity, another function influencing embryonic DV polarity is
provided by the Nudel protein, associated with one of the other cleavage products.

An

intriguing possibility is that one of these cleavage fragments corresponds to the carrier of
a carbohydrate moiety modified by Pipe.

This possibility will be discussed further in

Chapter 3.
How does the spatially-restricted expression of Pipe during oogenesis lead to the
ventral activation of the serine protease cascade?

Our favored model for Pipe-ST2

action (Figure 1-9) suggests the existence of a carbohydrate-associated molecule, distinct
from HS and D/CS, which is synthesized in all follicle cells, but only sulfated by Pipe in
the ventral cells of the follicular epithelium.

This Pipe's target molecule, which we refer

to as "Glycan X", may exist in the form of a glycoprotein, glycolipid or free carbohydrate
structure.

Following modification by Pipe in the Golgi, this molecule is secreted,

becoming associated with either the oocyte membrane or the vitelline membrane of the
eggshell, where it remains until embryogenesis, when it leads to the activation of the
serine protease cascade ventrally in the perivitelline space by an as yet undetermined
mechanism.

The activation of this cascade finally leads to the ventral activation of Toll

and to the definition of cell fates around the DV circumference of the embryo.

In this

way, the target of Pipe mediates a process of "delayed induction" in which polarity
information is transferred to the ventral side of the embryo from ventral follicle cells,
which no longer exist when the embryonic DV axis is formed.

Thus the identification

of the nature of this molecule will contribute greatly to the generation of a more complete
understanding of the establishment of embryonic DV polarity.
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Figure 1-9. Current model for Pipe’s action (modified from Jason Goltz,
unpublished). In ventral follicle cells, Pipe-ST2 adds sulfate residues (tiny
yellow ovals) to a Glycan“X” which consists of a carrier protein or lipid
(blue oval) carrying an attached carbohydrate chain (small red ovals).
After being secreted into the perivitelline space (between the follicle cells
and the oocyte membrane membrane), the modified Glycan X is retained in
the perivitelline space of the egg and interacts with members of the dorsal
group serine protease cascade, and finally leads to the activation of Toll
receptor only on the ventral side of the embryonic membrane.
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THE MORPHOGENESIS OF THE EGGSHELL
The extracellular matrix structure represented by the eggshell is known to play an
important role in the establishment of AP pattern and may play a similar role in the
formation of the DV axis.

It was first shown by Stevens et al., 2003 that a spatial cue

for terminal patterning corresponding to the product of the gene torsolike is anchored in
the vitelline membrane of the eggshell.

The enzymatic substrate of Pipe may similarly

be secreted into the perivitelline space and become a component of the eggshell.
Therefore, I will spend the remainder of this chapter describing the composition and
formation of this extracellular structure.

Several eggshell components introduced in this

section will be mentioned repeatedly in the last chapter when I discuss my studies leading
to the identification of the substrate of Pipe. Most of the material in this section has
been reviewed by Waring (Waring, 2000).
The Drosophila eggshell is an extracellular matrix structure between the oocyte
and the overlaying follicle cells.

It is produced by sequential secretion of different

eggshell components by the somatic follicle cells that surround the oocyte during the last
30 hours of oogenesis.

The main body of the eggshell is made up of five

morphologically distinct layers (Figure 1-10) which, from proximal to distal relative to
the oocyte membrane, are the proteinaceous vitelline membrane, a lipid wax layer, a
proteinaceous inner chorionic layer (ICL), a proteinaceous outer endochorion, and the
outer-most non-proteinaceous exochorion (Margaritis et al., 1980).

The ICL,

endochorion and exochorion are collectively known as the chorion.
The sequential production of the different layers of the eggshell begins with the
formation of the vitelline membrane during stage 9 to late stage 10 of oogenesis. The
vitelline membrane components are co-secreted with the yolk proteins by the follicle cells
into the perivitelline space.

They aggregate to form a discontinuous layer of precursor
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vitelline bodies that are seperated by microvilli, while yolk proteins reach the oocyte
membrane through the gaps of the forming vitelline membrane (Trougakos et al., 2001).
As the microvilli shorten during stage 10B, a thick and continuous vitelline membrane
layer is formed, which then thins to 300nm in width because of the rapid growth of the
oocyte (Margaritis et al., 1980).

From late stage 10 to stage 12, the follicle cells begin

Figure 1-10.Three-dimensional representation of a fragment of the Drosophila
eggshell main body. The main body of the eggshell is made up of five
morphologically distinct layers which, from proximal (bottom) to distal
(top) relative to the oocyte membrane, are the vitelline membrane, a lipid
wax layer, an inner chorionic layer (ICL), an outer endochorion, and the
outer-most exochorion. In particular, the endochorion has a tripartite
structure of a floor, pillars and a roof.
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to secrete lipid-filled vesicles overlaying the vitelline membrane, and by stage 14 these
vesicles are compressed together into a thin layer of less than 5nm in cross section. The
biological function of this wax layer is to protect embryos from desiccation (Margaritis et
al., 1980; Papassideri et al., 1993). The formation of the ICL and endochorion starts at
stage 12. These two chorion layers remain attached together until stage 14, when they
separate from each other and become two independent layers.

Negatively stained EM

indicates that the ICL is composed of protein octamers of four heterodimer protein pairs
which form a crystalline structure (Margaritis et al., 1984). The existence of the ICL
provides mechanical resistance for wax layer compression (Papassideri and Margaritis,
1996).

In addition, the ICL may help the larva to shed the vitelline membrane and wax

layer during hatching (Akey and Edelstein, 1987).

While the mature ICL is only 40nm

thick, the endochorion is of more than 500nm in thickness with a tripartite structure of a
floor, pillars and a roof (Figure 1-10) (Margaritis et al., 1980).

Between the thin inner

floor and the thick outer roof are empty gas exchange cavities created by vertical pillars.
In addition, the different distribution of pillars results in the unevenness of the roof
network, including ridges which define the borders of the follicle cell imprints.

The

endochorion is covered by a thick layer of exochorion, which consists of loose fibers of
an unknown composition oriented parallel to the oocyte surface.

Due to the fragility of

these fibers, the exochorion often has a patchy appearance after the egg is laid.
Unlike the eggshell covering the main body of the embryo, the eggshell at the
anterior and posterior ends shows regional specializations (Margaritis et al., 1980). The
unique eggshell structure at the posterior end of the egg is called the aeropyle. It is a
simple structure featuring two different populations of cell imprints, including the central
area having a perforated endochorion roof, and a peripheral area called the transition
zone.

The specialized eggshell structures at the anterior end of the egg, including the
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micropyle, the operculum and two dorsal appendages, are more prominent and complex.
The micropyle is an eggshell protrusion with a central pore that is just big enough to
provide the access of a single sperm to the oocyte plasma membrane.

The operculum is

characterized by an abrupt transition of the eggshell, called a "collar", at its anterior and
lateral margins.

This structure acts to facilitate hatching of the larva at the completion

of embryogenesis (Turner and Mahowald, 1977).

The dorsal appendages on either side

of the dorsal midline are long cylindrical structures required for respiration when eggs are
submerged under liquid medium.

The appendages consist mainly of modified pillars

with air spaces, which are believed to be connected to the endochorionic cavities (Hinton,
1959; Hinton, 1969).

In addition to the dorsal appendages and these cavities, holes in

the operculum and the aeropyle also play important roles in respiration under dry
conditions.
As described above, different layers are produced in a stage-specific way during
the period of egg construction. This facilitates the identification of eggshell protein
components by stage-specific incorporation of radioactive proline, which represents
about 18% of the amino acid composition of the vitelline membrane and 11% of the
chorion.

Similarly, genes encoding these proteins can also be identified by isolating

mRNAs that are specifically produced during these stages. With these methods, several
classical eggshell components were identified.

The nomenclature for naming these

proteins is as follows: in chorion proteins, "s" denotes shell, and the numbers represent
their apparent molecular weights on SDS-PAGE; in vitelline membrane proteins, "sV"
denotes shell, vitelline layer. An alternative system to naming vitelline membrane
proteins is "VM" followed by the cytogenetic location of the coding genes, plus an
optional lower-case letter to distinguish genes from the same chromosomal region.

For

example, VM26Aa and VM26Ab, both are in the same 26A region of the second
41

chromosome.

The identified eggshell proteins include four major vitelline membrane

proteins named VM26Aa (also referred to as sV17), VM26Ab (also referred to as sV23),
VM32E and VM34C, all of which are expressed during mid-oogeneis from stage 8 to 10
(Fargnoli and Waring, 1982).

There is sequential expression of six major chorion

proteins: s36 and s38 during stages 11-13, s16 and s18 in stage 13, and s15 and s18 in
stage 14of oogenesis (Waring and Mahowald, 1979). In addition to these eggshell
components, which were identified in protein preparations, a new gene encoding an
eggshell component named defective chorion 1 (dec-1) was identified in genetic screens
for female sterile mutations causing females to lay flaccid eggs (Bauer and Waring, 1987;
Gans et al., 1975; Komitopoulou et al., 1983; Mohler, 1977). dec-1 encodes multiple
protein isoforms that are components of different layers of the eggshell, with the major
isoform fc106 localized in the endochorion (Nogueron et al., 2000).
Recall that at least two genes encoding vitelline membrane proteins are located at
26A on the second chromosome.

More refined analysis of this region revealed four

closely linked genes (TU-1 to TU4) whose mRNA products accumulate during the period
of vitelline membrane deposition (Popodi et al., 1988).

Among them, two highly

expressed genes, TU-2 and TU-4 were shown to encode VM26Aa/sV17 and
VM26Ab/sV23 respectively; while the other two less abundant transcripts TU-1 and TU3 were recently identified in a Mass Spectrometry (MS)-based analysis of ovarian
extracellular matrix/eggshell components (Fakhouri et al., 2006) and shown to be follicle
cell protein 26Aa (fcp26Aa or cg9050), which was later referred to as palisade (Elalayli
et al., 2008a), and follicle cell protein 26Ac (fcp26Ac or cg13977). 11 new eggshell
components were also identified in the same Mass Spectrometry analysis of fractionated
eggshells, and most of them have been confirmed to be expressed in the follicle cell layer
during the period of eggshell deposition (Fakhouri et al., 2006).
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Among these 11 genes

is another member of the putative 26A vitelline membrane gene cluster, named cg13992,
which lacks known motifs associated with eggshell proteins, but shares weak homology
to immunoglobulins (Vogel et al., 2003).
Similar to the 26A vitelline membrane gene cluster, genes encoding the major
chorion proteins are also clustered in the Drosophila genome, with one cluster located at
the 7F region on the X chromosome and a second one located on the 66D region on the
third chromosome.

The X-linked cluster contains s36 and s38, while the third

chromosomal cluster includes s15, s16, s18 and s19.

Interestingly, the follicle cells

specifically amplify these two chorion-gene-containing chromosomal domains 16-fold
and 60-fold, respectively (Delidakis et al., 1989; Orr-Weaver, 1991).

It is this genomic

amplification that makes the rapid production of chorion proteins possible over a period
of only 2 to 3 hours during oogenesis (Parks and Spradling, 1987). In contrast, genes
encoding the vitelline membrane proteins are transcribed over a much longer period of
time and the corresponding chromosomal domains are not amplified (Higgins et al.,
1984; Popodi et al., 1988).

Recently, two more follicle cell-specific amplified gene

clusters were identified by microarray analysis (Claycomb et al., 2004).

They are

named DAFC (Drosophila Amplicon in Follicle Cells)-30B and -62D because one is
within chromosomal region 30B, the other in region 62D.

Among genes in these two

amplicons are members of the yellow gene family, which were later shown to be essential
for proper eggshell formation, and proteins with homology to chitin binding motifs,
adenylate cyclases, membrane transporters, calcium-transporting ATPases, GTP
dissociation inhibitors and others (Claycomb et al., 2004).
After these eggshell components are secreted and deposited onto the eggshell,
they undergo dynamic regulated changes including trafficking between different eggshell
layers, proteolysis and extensive cross-linking. For example, the majority of chorion
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protein s36 initially resides in the vitelline membrane, and then becomes an endochorion
component during later stages (Pascucci et al., 1996). In contrast, VM32E is localized
in the vitelline membrane at stage 10B, but later presents partial localization in the
endochorion as well (Andrenacci et al., 2001). Thus, VM32E actually represents a
component of both the vitelline membrane and the chroion. In addition to trafficking,
some vitelline membrane proteins such as sV17 and sV23, but not chorion proteins, also
undergo sequential proteolytic cleavage on both terminus after secretion (Manogaran and
Waring, 2004; Pascucci et al., 1996).

In the extreme side of these dynamic changes,

different protein isoforms encoded by dec-1 gene are expressed during different stages,
cleaved into different forms, and localized in different layers of the eggshell, including
the vitelline membrane, the ICL and the endochorion (Nogueron et al., 2000).

Finally,

after these eggshell components localize to the right place, the structure is further
stabilized by covalent cross-linking of disulfide and later dityrosine bonds. A very
important impact of these cross-linking is that the eggshell proteins, which can be
solubilized with denaturing solutions (2% SDS, 8M Urea or 6M Guanidine HCl) well
into stage 14 during oogenesis, become insoluble after the eggs are laid (Pascucci et al.,
1996).

Among these proteins, the chorion proteins undergo both disulfide and

dityrosine/trityrosine cross-linking after stage 14 and become insoluble prior to ovulation
(Mindrinos et al., 1980; Pascucci et al., 1996).

On the other hand, the vitelline

membrane proteins undergo disulfide cross-linking much earlier, such as stage 12 for
sV17 and sV23 and stage 14 for VM32E, but they do not become dityrosine cross-linked
until ovulation (Andrenacci et al., 2001; Heifetz et al., 2001; LeMosy and Hashimoto,
2000; Pascucci et al., 1996).

In addition, dec-1 derivatives may be cross-linked to other

eggshell proteins via glutamine-lysine bonds (Waring et al., 1990).

A Drosophila

peroxidase (pxd) expressed in the follicle layer has been recently shown to be a
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component of ICL and endochorion (Konstandi et al., 2005), thus may be responsible to
chorion hardening process in the presence of follicle cell produced hydrogen peroxide
(Margaritis, 1985).

However, it remains unclear how the cross-linking of the vitelline

membrane is regulated as no peroxidases were identified in this layer with histochemical
or antibody stainings (Keramaris et al., 1991; Mindrinos et al., 1980).

Two major components of my project have been to examine the functional
specificities of different Pipe isoforms and to identify the enzymatic substrates of Pipe.
In Chapter 2, I will describe my transgenic expression studies that were used to
investigate whether the various Pipe isoforms share the same functional specificities.
These data indicate that distinct functional specificities are associated with the various
Pipe protein isoforms.

In addition, these studies allowed me to determine that embryos

from females lacking endogenous pipe expression nevertheless retain polarity along their
dorsal-ventral axis, suggesting the existence of a second polarizing signal in addition to
the ventral transcription of pipe.

In Chapter 3, I will describe a technique for metabolic

labeling which enabled me to identify a molecule exhibiting Pipe-dependent sulfation.

I

was able to identify this molecule as the protein Vitelline Membrane-Like (VML), a
putative component of the vitelline membrane layer of the eggshell, and then demonstrate
its involvement in DV patterning. Thus, VML represents a bona fide substrate of Pipe
that participates in the establishment of dorsal-ventral polarity.

In these studies I was

also able to show Pipe-dependent sulfation of other vitelline membrane components
which may also influence embryonic dorsal-ventral patterning.
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Chapter 2: Distinct Functional Specificities are associated with Pipe
protein isoforms
INTRODUCTION
Pipe is the first dorsal group gene product that exhibits an asymmetric distribution
along the DV axis of either the egg chamber or the embryo, and this ventrally-restricted
pattern of transcription is a direct result of the repression by the EGFR signaling in the
dorsal and lateral cells of the follicular epithelium (Amiri and Stein, 2002).

When the

pipe locus was first characterized, two isoforms, designated pipe-ST1 and pipe-ST2, were
identified from EST and cDNA clones (Sen et al., 1998).

Both isoforms show

significant sequence similarity to Chinese hamster heparan sulfate 2-O-sulfotransferase
(Kobayashi et al., 1997).

Results from RNA in-situ hybridization and Northern bloting

indicate that pipe-ST2 is strongly expressed in the ventral follicle cells during stages 9 to
10 of oogenesis (Sen et al., 1998). Interestingly, both pipe-ST1 and pipe-ST2 isoforms
show strong expression in the embryonic salivary glands from stage 12 of embryogenesis
(Sen et al., 1998), suggesting an unknown function performed by Pipe sulfotransferase in
the embryo.

Most significantly, Sen et al. (Sen et al., 1998) used pipe transgenes to

show that the asymmetric expression of pipe-ST2 in egg chambers defines the DV axis of
the embryos.

In these experiments, the DV polarity phenotypes were assessed in terms

of embryonic gastrulation movements and cuticular pattern elements.

During

gastrulation in wild-type embryos, asymmetric cell movements along the DV axis include
the asymmetric formation of cephalic furrow, the appearance of several transverse folds
on the dorsal side, and the movement of the posterior plate, which carries the pole cells,
from the posterior end towards the anterior end, moving along the dorsal side of the
embryo.

Following embryogenesis, specific larval cuticular pattern elements
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originating at particular locations along the DV axis of the embryo can be clearly
distinguished.

These include the ventrally-derived denticle bands and the dorso-

laterally derived Filzkörper, which represents tracheal structures. In contrast to the
situation for embryos derived from wild-type females, females with severe loss-offunction mutations in pipe, such as pipe1/pipe2, produce embryos that exhibit a symmetric
pattern of gastrulation movements.
around their DV circumference.

At this time, these embryos form a series of folds all
At the completion of embryogenesis, these embryos

form a tube of cuticle carrying structures normally found only on the dorsal side of
embryonic cuticles derived from wild-type mothers.

However, directed expression of

the pipe-ST2 mRNA in the follicle cell layer of otherwise pipe mutant females can restore
lateral and ventral pattern elements to progeny embryos (Sen et al., 1998).

Detailed

analysis showed that strong and uniform expression of pipe-ST2 in both pipe mutant and
wild-type backgrounds results in ventralized gastrulation movements, and in the
formation of rings of ventral denticle material in larval cuticles.

The most convincing

data for a role for Pipe in polarizing the embryonic DV axis comes from experiments in
which pipe-ST2 was expressed transgenically on the dorsal side of an otherwise pipe
mutant follicle layer. This leads to a gastrulation pattern with a reverse orientation in
relation to the intrinsic DV polarity of the egg (Sen et al., 1998).

These results

demonstrate that localized expression of the isoform pipe-ST2 provides a polarizing cue
that defines the ventral side of the progeny embryos.
In addition to the original two protein isoforms, further analysis of the pipe locus
(Sergeev et al., 2001) permitted the identification of 8 additional splicing isoforms of
pipe (Figure 2-1 A), predicted to generate distinct protein isoforms. All pipe isoforms
share the first 3 exons encoding the N-terminal 95 amino acids of the protein, which
represents the putative membrane-spanning region of these Golgi resident proteins.
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The

putative sulfotransferase domain of each isoform is encoded by a distinct set of isoformspecific exons.

These elements that encodes the isoform-specific groups of exons were

initially referred to as Box1 through Box10 based on their proximities to the common 5'
exons, with Box1 being most proximal to the 5' and Box10 being closest to the 3' end of
the gene (Sergeev et al., 2001).

These ten ORFs share about 60% amino acid sequence

identity with one another, and about 30% identity with HS2ST and D/CS2ST.

An

alternate nomenclature has also been adopted by Flybase (http://www.flybase.org/) based
on the annotation of the sequenced Drosophila genome, with the predicted Pipe isoforms
referred to as Pipe-PK, PE, PL, PC, PF, PD, PG, PH, PI, PJ and PA respectively,
corresponding to Boxes 1 through 10.

The Box10 carrying isoform, or PA, corresponds

to the previously identified ovary specific pipe-ST2 isoform, while pipe-ST1 corresponds
to the Box9/PJ-containing isoforms.

In addition, the Flybase genome annotation

predicts that Box2 contributes to two isoforms, PE and PL, which differ in the length of
their first isoform-specific exon.

However, my RT-PCR results, described later in this

chapter, indicated that the predicted PE isoform is not expressed in vivo. Therefore in
the rest of this dissertation, I will refer to only ten, rather than eleven, Pipe isoforms.
The uniqueness of the pipe-ST2 isoform among all ten alternative splicing
products was first hinted at by the study of previously obtained EMS (ethane methane
sulfonate)-generated pipe mutants (Figure 2-1 B)(Zhu et al., 2005). Direct sequencing
demonstrated that ten of these eleven EMS-induced mutations map to pipe-ST2-specific
exons, and therefore only affect pipe-ST2 among the ten isoforms encoded by the locus.
The ten pipe-ST2-specific mutations are pipe1, pipe2, pipe4, pipe5, pipe6, pipe7, pipe8,
pipe9, pipe11 and pipe12. In contast, the pipe3 allele carries a stop codon at the end of the
third common exon, thus affecting all pipe isoforms.

In addition to pipe3, two additional

pipe alleles that affect multiple isoforms have also been identified.
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pipeC14 is a mutation

Figure 2-1. Structure of the pipe locus and location of the EMS-generated pipe
mutations (Reproduced with permission of the Company of Biologists)
(Zhu et al., 2005). (A) Intron structures of the various pipe isoforms are
shown, with exons in red. At far left are the isoform designations of the
BDGP (PA-PK) and of Sergeev et al. (Sergeev et al., 2001). Box 10
corresponds to pipe-ST2. All mutations except pipe3 localize to pipe-ST2specific exons. pipe3 is located in the third common exon. (B). Structure
of the coding region of pipe-ST2 showing the location of the eleven EMSgenerated mutations.
Green vertical bars indicate the position of
exon/exon boundaries.
that resulted from the imprecise excision of a P-element insertion in the pipe locus. No
pipe RNA is detectable by in-situ hybridization in pipeC14 mutant ovaries or embryos
(Zhu et al., 2005).

Furthermore, as noted previously, in addition to the ovary, pipe is
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expressed in embryonic salivary glands and immunostaining of embryos using an
antibody directed against a peptide sequence present in the N terminus of all Pipe
isoforms demonstrated that no Pipe protein is present in pipeC14 mutant salivary glands
(Zhu et al., 2005).

Although the lesion associated with this allele has not been

identified, we believe pipeC14 represents a mutation in a 5’ regulatory region of the gene
that is essential for the expression of all isoforms.

pipeZH1 was characterized by

Southern analysis as a large deletion that removes the 3’ end of the pipe locus, including
boxes 8-10 and at least part of Box7 (Sergeev et al., 2001). So far, no pipe alleles
specifically affecting any of the isoforms other than pipe-ST2 have been identified in
genetic screens for mutations affecting DV polarity, suggesting that none of them are
absolutely essential for DV patterning.
In addition to the role for Pipe-ST2 in embryonic DV axis formation, at least
some of the isoforms appear to have other roles in the fly life cycle.

Although all pipe-

ST2-specific mutations identified so far affect only the process of DV pattern formation,
pipeC14 and pipe3, which affect all Pipe isoforms, are semilethal when placed in trans to a
deficiency (Zhu et al., 2005).

In addition, the pipeC14/Df and pipe3/Df trans-

heterozygous flies that do survive reach adulthood more slowly and are smaller than
wild-type flies (Zhu et al., 2005).

A similar phenotype is observed in flies homozygous

for mutations in windbeutel (wind) (Zhu et al., 2005), which encodes a homologue of the
vertebrate endoplasmic reticulum protein Erp29 (Konsolaki and Schupbach, 1998). We
have previously shown that Wind protein is required for the correct subcellular
localization and function of Pipe-ST2 (Sen et al., 2000).

Windbeutel is presumably

essential for the correct subcellular localization and function of all Pipe isoforms.

We

believe that the effects of pipe and windbeutel mutations on viability are correlated with
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Pipe’s expression in the embryonic salivary glands and with the production of Alcian
Blue staining material in the embryonic salivary glands.
Alcian Blue is a histochemical dye that interacts with highly sulfated molecules
(Scott and Dorling, 1965; Scott et al., 1964).

Zhu et al. (Zhu et al., 2005) observed

intensive staining associated with the lumen of the developing salivary glands, and
showed that this staining pattern is abolished in pipeC14 and pipe3 mutants.
Interestingly, the staining remains in mutations affecting pipe-ST2 alone (Zhu et al.,
2005), indicating that isoforms other than, or in addition to Pipe-ST2 are capable of
producing the stained material. As expected, mutations in wind also result in a loss of
Alcian Blue staining, because the function of Wind is presumably required for all Pipe
protein isoforms.

However, dorsal group genes other than pipe and wind are not

required for Alcian Blue staining in the salivary glands, implying that the stained material
is not a downstream consequence of the dorsal signaling pathway. In addition, embryos
mutant for slalom and papss also lack staining in the salivary glands, suggesting that the
stained material is a direct sulfation target of Pipe.
We have also identified a second embryonic salivary gland staining pattern that
depends on Pipe function.

This salivary gland staining pattern is detected using a

fortuitous antiserum against Engrailed protein that was generated in the lab of Dr. Patrick
O'Farrell (Myat et al., 1996). In addition to the conventional segmental staining pattern
exhibited by Engrailed protein, this polyclonal antiserum also detects an additional
antigen, which we refer to as Engrailed Star (En*), in embryonic salivary glands (X. Zhu
and D. Stein, unpublished).

This salivary gland antigen does not correspond to

Engrailed protein, as a monoclonal antibody that specifically recognizes Engrailed, 4D9
(Patel et al., 1989), does not stain embryonic salivary glands. The En* antibody did not
detect its target antigen in the salivary glands of embryos homozygous for pipeC14 or
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pipe3, but did stain in pipeZH1 and pipe-ST2-specific mutants.

En* staining also required

the function of Slalom and Papss, suggesting the involvement of sulfotransferase activity
in generating this epitope.

Taken together, these data suggest that Alcian Blue-stained

material and the En* epitope represent sulfated molecules, that are produced in the Golgi
of embryonic salivary gland cells through the enzymatic action of one or more of the Pipe
protein isoforms, and that the Pipe-ST2 isoform is dispensable for their formation.
Furthermore, the semilethality seen in pipe null flies may result from the lack of these
Pipe-dependent sulfated molecules in the salivary glands, as that may be essential for the
proper development and function of the embryonic salivary glands and later, for normal
feeding behaviour.
The complex pattern of splicing of the pipe primary transcript has led us to
investigate the functional basis for the existence of multiple protein isoforms encoded by
this locus. It is possible that all Pipe isoforms are associated with the same enzymatic
specificity and participate in embryonic DV pattern formation.

Alternatively, the

various Pipe protein isoforms could be associated with distinct enzymatic activities. In
this case, a subset of the proteins would be required in the ovary for embryonic DV
patterning, while other isoforms would provide Pipe’s function in the embryonic salivary
glands.

The apparent unique requirement for Pipe-ST2’s involvement in DV pattern

formation, together with the ability of other Pipe isoforms to produce the Alcian Blue and
En* staining in the salivary glands is consistent with the idea that there are distinct
enzymatic specificities associated with different isoforms.

These observations would

also be explained by differential expression of each isoform in different tissues. In
order to examine these possibilities in my studies reported here, I have examined the
expression of the various isoforms, finding that all of the isoforms are highly expressed in
the embryo while Pipe-ST2 is the primary isoform expressed in the ovary, although
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several other isoform are also expressed there at low levels. To extend these studies, I
have shown that the Pipe-ST2 isoform is uniquely capable of directing the production of
embryos with DV polarity; none of the other isoforms, expressed in the follicle cell layer,
are capable of substituting for Pipe-ST2 or leading to the production of ventralized
progeny. This observation indicates that Pipe-ST2 provides an enzymatic specificity
that is distinct from those associated with the other isoforms encoded by the pipe locus.
The pipe-dependent Alcian Blue and En* antibody staining in the salivary glands
provide me with an additional opportunity to examine the enzymatic specificities of the
different protein isoforms in that tissue. By individually expressing Pipe isoforms in the
salivary glands of embryos otherwise lacking Pipe activity, I observed that three of the
Pipe protein isoforms, Box2, Box4 and Box6, are capable of restoring the presence of the
En* antigen while the expression of Pipe-ST2 cannot. This observation provides further
evidence that proteins encoded by the pipe locus differ in their enzymatic and functional
specificities.
Finally, in a separate set of experiments, I have observed that uniform expression
of Pipe-ST2 along the DV circumference of the follicle cell layer of egg chambers from
females otherwise completely lacking Pipe expression leads to the production of embryos
with residual DV polarity that is appropriately oriented with respect to the eggshell.
This observation strongly suggests the existence of a second polarizing input, in addition
to the ventral transcription of the pipe gene, which influences the orientation of the
embryonic DV axis.
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RESULTS
Multiple Pipe isoforms are expressed in Drosophila ovaries and embryos
In order to determine the expression pattern of the mRNA for the various Pipe
protein isoforms, total RNA was prepared from wild-type embryos and from the ovaries
of wild-type females.

The isolated RNA was then subjected to reverse transcription

(RT), and the resulting cDNA was used for PCR analysis. For PCR analysis one primer
was derived from sequences present at the 5’ end of the first exon common to all
isoforms, while the second isoform-specific primer was derived from sequences
complementary to the first unique exon of each isoform.

The results of these RT-PCR

experiments demonstrated that all Pipe isoforms are abundantly expressed in wild-type
embryos, presumably in the embryonic salivary glands (Figure 2-2 A).

In wild-type

ovaries, in addition to pipe-ST2 (Box10), mRNAs corresponding to boxes 1 through 7 are
also expressed.

However, most of them are of low abundance except Box4, which is

expressed at relatively higher levels (Figure 2-2 B).

Nevertheless, pipe-ST2 still

represents the most abundant isoform expressed in the ovary. As mentioned previously,
although Box2 has been predicted to be associated with the expression of two separate
mRNAs differing in the length of their first isoform-specific exon, only the larger
isoform, corresponding to PL, was detectable in these experiments.

Analysis of the pipeC14 and pipeZH1 alleles
I have previously described the pipeC14 mutant allele, which was identified in a
screen for P-element-induced mutations of the pipe locus.

No pipe-ST2 mRNA or

protein is detectable in the embryos or ovaries of pipeC14 mutants following whole mount
in situ hybridization or immunostaining, suggesting that the pipeC14 allele represents an
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Figure 2-2. Expression of pipe isoforms in wild-type embryos and ovaries. (A)
Expression pattern of pipe isoforms in wild-type embryos. All isoforms
are strongly expressed in wild-type embryos as detected by RT-PCR
generating isoform-specific amplification products. (B) Expression pattern
of pipe isoforms in ovaries from wild-type females.
mRNAs
corresponding to at least eight isoforms, including boxes 1 to 7 and box 10,
are detected in ovaries from wild-type females by RT-PCR with isoformspecific primers. Among them, boxes 4 and 10 are strongly expressed.
RNA null (Zhu et al., 2005).

However, in situ hybridization is not sufficiently sensitive

to enable the conclusion that therre is absolutely no expression of mRNA.

Therefore, I

carried out RT-PCR analysis of the expression of the cDNA isoforms using the same set
of primers that had been used to examine isoform expression in wild-type
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embryos/ovaries, in this case using mRNA prepared from the ovaries of
pipeC14/Df(3L)pipeA13 females.

No expression of any pipe mRNA isoforms was

detected (data not shown), confirming that the pipeC14 allele leads to a complete lack of
pipe gene-derived mRNA.
When the pipeZH1 allele was first characterized, the deletion affecting the locus
was shown by Southern analysis to cover boxes 8 through 10 as well as a portion of Box7
(Sergeev et al., 2001). This would represent an RNA null allele with respect to the pipeST2 spliced product as well as several of the other isoforms.

To confirm this mapping

result, I prepared genomic DNA from wild-type and homozygous pipeZH1 mutant flies
and subjected them to PCR using primers specific for the individual genomic DNA
isoforms.

In this case, I used 3’ primers complementary to sequences in the first unique

exons of boxes 5 through 10 while the 5’ end primers derived from intronic sequences
located about 500 bps upstream of each 3' primer sequence.

PCR products

corresponding to boxes 5 to 10 were detected in wild-type samples, but only boxes 5
through 8 were found in samples of pipeZH1 mutants (Figure 2-3).

Together, my results

show that pipeZH1 represents a deletion of Box9 (ST1) and Box10 (ST2).

In addition,

RT-PCR analysis confirmed that no pipeST2-specific mRNA is expressed in
pipeZH1/Df(3L)pipeA13 mutant females (data not shown).

Therefore, this allele

represents a complete null with respect to the Pipe-ST2 protein isoform.

As the primers

used in this experiment were designed to amplify only the 5’ end of the first unique exon
of each isoform, it would not be possible to detect alterations of the 3’ end of Box8.
However, the genomic region of Box7 isoform is intact in pipeZH1 allele, suggesting that
the 5’ break point of the pipeZH1 deletion lies between the first unique exon of Box8 and
the first unique exon of Box9.

56

Figure 2-3. Mapping of the breakpoint in the pipe locus of the pipeZH1 deficiency
allele. Isoform-specific PCR using genomic DNA extracted adult flies
showed the existence of the genomic region corresponding to Boxes 9 to 10
in wild-type (A), but not in the pipeZH1 mutant (B).
The Pipe-ST2 isoform is uniquely capable of ventralizing progeny embryos
Sequence analysis of 11 EMS-induced mutations of pipe (Zhu et al., 2005)
demonstrated that 10 are associated with lesions that affect pipe-ST2-specific exons.
pipe3, the one exception among these alleles, carries to a stop codon at the end of the
third common exon, which would produce a truncated protein of 94 amino acids from the
region common to all Pipe protein isoforms. No mutations specifically associated with
any of the other Pipe protein isoforms have been identified, suggesting that the Pipe-ST2
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isoform may be uniquely required for embryonic DV patterning.

My finding that

multiple pipe mRNA isoforms are expressed in the ovary led us to revisit the question of
whether any of the other isoforms participate in the regulation of embryonic DV
patterning. Any isoforms that has the same enzymatic activity as Pipe-ST2 would be
expected to be able to functionally substitute for Pipe-ST2 and to ventralize progeny
embryos when strongly expressed throughout the follicle cell layer.

Correspondingly,

the inability of any other isoforms to substitute for Pipe-ST2 would indicate that PipeST2 provides a “unique” enzymatic activity.

Interestingly, the relatively strong

expression of Box4 in the ovary already suggests that this isoform cannot functionally
substitute for Pipe-ST2 because its expression cannot rescue the dorsalized phenotype
resulting from point mutations in pipe-ST2.

To investigate the capability of other

protein isoforms to participate in DV pattern formation, I individually expressed cDNAs
corresponding to each of the Pipe isoforms in both pipe1/pipe3 and pipe1/+ females.
These isoforms were expressed throughout the follicle cell layer under the control of the
follicle cell-specific Gal4 enhancer trap element, T155-Gal4 (Queenan et al., 1997). As
described above, pipe1 represents an allele that is functionally null for of pipe-ST2 but not
the other isoforms, and pipe3 encodes a truncated protein lacking the enzymatic domains
for all Pipe isoforms.

While expression of the Pipe-ST2 isoform under the control of the

T155-Gal4 driver directed the formation of ventralized embryos by pipe1/+ females, none
of the other isoforms showed this activity.

Similarly, expression of Pipe-ST2 in

pipe1/pipe3 females rescued the formation of lateral and ventral pattern elements in
progeny embryos, but the progeny of pipe1/pipe3 females expressing each of the other
isoforms remained dorsalized (data not shown).

Thus, although mRNAs corresponding

to seven Pipe isoforms, in addition to Pipe-ST2, are expressed in the follicle cell layer,
only Pipe-ST2 is associated with an activity necessary and sufficient for embryonic
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patterning. From this we can conclude that if the other Pipe protein isoforms are active
sulfotransferases, they must be associated with different enzymatic specificities.

Generation of the En* epitope reveals differences in functional specificity among the
different Pipe protein isoforms
As described previously, there exists a pipe-dependent epitope in the lumen of the
embryonic salivary glands that is fortuitously detected by the antiserum generated against
the Drosophila Engrailed protein by the lab of Dr. Patrick O'Farrell. In addition to the
conventional segmental staining pattern exhibited by Engrailed protein, this polyclonal
antiserum also detects an antigen, which is referred to as Engrailed Star (En*) in the
embryonic salivary glands (Figure 2-4 A) (X. Zhu and D. Stein, unpublished). This
salivary gland antigen does not correspond to the Engrailed protein, as the anti-Engrailed
monoclonal antibody does not stain salivary glands.

X. Zhu and D. Stein also found that

the En* antibody does not detect its target antigen in the salivary glands of embryos
homozygous for wind allele or two pipe alleles, pipeC14 and pipe3, both of which lead to
the elimination of all Pipe protein isoforms.

In contrast, the salivary glands of embryos

homozygous for pipeZH1 and for pipe2, a splicing defect that affects only Pipe-ST2, did
stain with the En* antibody.

In addition, they showed that embryos homozygous for

mutations in either papss or slalom failed to stain for the En* epitope. The fact that the
epitope requires the production of the universal sulfate donor PAPS strongly suggests that
it corresponds to a sulfated molecule.

Similarly, the requirement for Slalom, the PAPS

Golgi transporter, indicates that the En* epitope is generated in the Golgi apparatus,
consistent with its secretion into the lumen of the salivary gland. Collectively, their
results are consistent with the premise that the En* epitope is a sulfated molecule,
generated in the Golgi of embryonic salivary gland cells through the enzymatic action of
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Figure 2-4. Production of the En* epitope by various pipe isoforms.
The
production of the En* epitope in the embryonic salivary glands can be
detected by whole-mount immunostaining in embryos of wild-type (A) , as
well as pipe3/pipeC14 mutant embryos expressing Box 2 (D), Box 4 (F) or
Box 6 (H) in the salivary glands, but not in embryos of pipe3/pipeC14 alone
(B) or pipe3/pipeC14 mutant embryos expressing Box 1 (C), Box 3 (E), Box 5
(G), Box 7 (I), Box 8 (J), Box 9 (K) or Box 10 (L).
one or more of the Pipe protein isoforms, and demonstrate that the Pipe-ST2 isoform is
dispensable for its formation.

The En* epitope exhibits characteristics similar to the

sulfated material present in the lumen of embryonic salivary glands that has previously
bee detected using Alcian Blue.

Like En*, the alcian blue-stained material requires the

expression of the pipe locus, though not of Pipe-ST2, as well as the expression of
windbeutel, papss and sll (Zhu et al., 2005).

I therefore suspect that the En* represents a

structural component of the alcian blue-stained material in Drosophila.
The presence of the En* antigen in embryos homozygous for the pipeZH1 mutation
indicates that Pipe-ST2, as well as Box 9 are dispensable for its formation, and that other
isoforms produced by the pipe locus can produce it. Thus, the En* epitope provides
another means of testing whether different Pipe protein isoforms can be distinguished
with respect to their functional specificities by determining whether some Pipe protein
isoforms are capable of producing En*, while others are not.

To test this, I tested which

isoforms, expressed individually in the embryonic salivary glands, were capable of
generating the En* epitope.

We used the embryonic salivary gland-specific Gal4

enhancer trap line, Fkh-Gal4 (Henderson and Andrew, 2000), to direct expression of each
Pipe isoform individually in the salivary glands of pipe3/pipeC14 mutant embryos.
pipe3/pipeC14 mutant embryos do not produce functional versions of any of the Pipe
isoforms and do not produce En* antigen (Figure 2-4 B). Following expression of each
of the Pipe isoforms in the salivary glands, I found that the expression of each of the Pipe
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isoforms Box2, Box4 and Box6, in the salivary glands, led to the production of the En*
epitope in the absence of all of the other isoforms (Figure 2-4 C-L).
ST2 was not capable of producing the En* epitope.

Importantly, Pipe-

Based on their abilities, or lack of

abilities to generate the En* antigen and to rescue the DV defect resulting from pipe
mutant, the various Pipe protein isoforms can be distinguished into three functional
classes.

Pipe-ST2 (Box10) expression in follicle cells can rescue the pipe mutant

phenotype and mediate the formation of lateralized/ventralized embryos, but its
expression in the embryonic salivary glands cannot generate the En* epitope.

Box2,

Box4 and Box6 cannot mediate lateralization or ventralization of embryos but they can
facilitate the formation of the En* epitope.

Box1, Box3, Box5, Box7, Box8, and Box9

can neither ventralize/lateralize embryos nor produce the En* epitope.

Interestingly,

despite the fact that Box2, Box4 and Box6 share the ability to generate the En* epitope,
they do not represent members of a subgroup (Figure 2-5) among the Pipe protein
isoforms that are more similar to one another than they are to the other Pipe protein
isoforms.

Figure 2-5. The phylogenetic tree of Pipe protein isoforms. Box2, Box4 and Box6
belong to different subgroups among Pipe isoforms.
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During the course of my studies of the abilities of the Pipe isoforms to generate
the En* epitope, I also tested whether the various Pipe isoforms were capable of restoring
Alcian Blue staining to otherwise pipe null mutant embryos.

Similar to what has been

done above, I first demonstrated that the salivary glands of pipe3/pipeC14 mutant embryos
are not stained with Alcian Blue (Figure 2-6 B).

I then expressed each Pipe protein

isoform individually in embryonic salivary glands under the control of Fkh-Gal4, and
found that none of them were capable of restoring Alcian Blue staining to pipe3/pipeC14
mutant embryos (Figure 2-6 C-L).

Based on this result, I suspect that the Alcian Blue-

stained material represents a mixture of sulfated molecules generated through the action
of several of the Pipe protein isoforms, with detectable Alcian Blue staining requiring
high levels of Pipe isoform levels that cannot be generated via Fkh-Gal4-mediated
expression. Presumably the En* antibody can detect its sulfated target at concentrations
that are too low to enable detection by the less sensitive Alcian Blue stain.
The suggestion that the En* antigen represents a specific structural component of
the Alcian Blue-stained material is supported by staining carried out to test for its
presence in a number of other species of Drosophila (X. Zhu and D. Stein, unpublished),
all of which are predicted to express multiple Pipe protein isoforms based on the
examination of genomic sequence. They found that Alcian Blue-stained material was
present in all of the additional Drosophila species that they tested: D. ananassae, D.
erecta, D. immigrans, D. pseudoobscura, D. sechellia, D. simulans, D. virilis, D.
willistoni, and D. yakuba (Figure 2-7).

In contast, they found that the En* epitope was

present in species of the melanogaster group (D. melanogaster, D. simulans, D. sechellia,
D. yakuba, D. erecta, D. ananassae), but was not present in the salivary glands of the
more evolutionarily distant species, D. immigrans, D. pseudoobscura, D. virilis or D.
willistoni (Figure 2-7). The most parsimonious explanation of these findings is that the
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Figure 2-6. Detectable Alcian Blue staining of embryonic salivary glands cannot be
generated through the expression of individual Pipe isoforms. The
production of the Alcian Blue-stained material in the embryonic salivary
glands can be detected in wild-type embryos (A), but not in pipe3/pipeC14
embryos (B) or pipe3/pipeC14 mutant embryos expressing of any single Pipe
(C – L).

Figure 2-7. The Alcian Blue staining and En* staining of the embryonic salivary
glands in different insect species. The number in brackets behind the
name of an insect indicates the number of pipe isoforms predicted to be
encoded in the genome of this species. The Alcian Blue-stained material is
present in all of the Drosophila species we have tested, while the En*
epitope is only present in species of the melanogaster group.
Alcian Blue-stained material represents a heterogeneous population of epitopes generated
through the action of multiple Pipe proteins isoforms, which is required for the correct
development or function of the embryonic salivary gland.

The En*-stained material

represents a specific structural component of that material, whose presence in D.
melanogaster and in some of its sister species is dependent on the D. melanogaster Pipe
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isoforms Box2, Box4 or Box6.

It is probably that differences in the structure of the

Alcian blue-stained material generated over the course of evolution due to variation in the
Pipe isoforms in the members of the genus Drosophila has led to the presence of the En*
antibody in some species and to its absence in others.

A second polarizing input influences the formation of the embryonic DV axis.
The ventrally-restricted expression of pipe in the follicle cell layer, and the ability
of ectopic expression of Pipe-ST2 in dorsal follicle cells to repolarize the progeny of
otherwise pipe mutant females led to the initial assumption that ventral expression of
Pipe-ST2 is the primary, and perhaps the only, determinant of embryonic DV polarity
(Sen et al., 1998).

Subsequent observations suggested that there may be factors in

addition to the ventrally-restricted transcription of the pipe gene that contribute to the
polarity of the embryonic DV axis.

When the Gal4/UAS system was used to direct

Pipe-ST2 expression at uniformly high levels throughout the follicular epithelium of
pipe1/pipe2 mutant females, although the progeny embryos exhibited a strongly
ventralized cuticular phenotype, some residual polarity remained, which was detected in
the pattern of gastrulation movements.

Specifically, many of the embryos exhibited

germ-band extension movements that were appropriately oriented with respect to the
intrinsic polarity of the eggshell (D. Stein, unpublished). Were the ventral transcription
of Pipe-ST2 in the follicle cell layer the only polarizing factor influencing the embryonic
DV axis, we would expect uniform follicle cell expression of Pipe-ST2 to produce
embryos exhibiting an apolar lateralized or ventralized phenotype.

These results

therefore suggest the possibility of the existence of second input whose effects can be
observed when Pipe-ST2 expression in the follicle cell layer is uniform.
66

The pipe1 and pipe2 mutant lesions are specific to the Pipe-ST2 isoform; pipe2
causes a splicing defect and pipe1 is a missense mutation affecting the region of the
protein that binds PAPS. The results described above could be explained by a situation
in which there is residual ventral Pipe-ST2 enzymatic activity associated with one or both
of these alleles that can combine with the activity of uniformly-expressed transgenic
Pipe-ST2, resulting in asymmetric activity along the DV axis.

Alternatively, the

expression of one of the other pipe isoforms in ventral follicle cells, which are unaffected
by the pipe1 or pipe2 mutations, might locally enhance the effects of uniform
transgenically-expressed Pipe-ST2 in the ventral follicle cells, either by providing an
ancillary enzymatic activity or by augmenting the function of Pipe-ST2, ventrally. A
third explanation for the results described above would be the existence of another factor,
independent of the pipe locus that contributes to the asymmetry of the DV pathway.
In order to distinguish between the possibilities outlined above, I expressed Pipe-ST2
uniformly in various pipe mutant backgrounds and systematically examined the
phenotypes of progeny embryos, focusing on the extent of rescue of the lateral and
ventral pattern elements, and on whether the rescued embryos exhibited polarity with
respect to the intrinsic polarity of the eggshell. The existence of the correct polarity
with respect to the intrinsic polarity of the eggshell means that the dorsal group signal
transduction pathway is operating in its correct position, thus resulting in the formation of
a Dorsal nuclear uptake gradient with the correct direction. When this happens it means
that the elements of the DV pathway that are defining where the ligand is produced are
still operating, at least partially. On the other hand, if the rescued embryos exhibit no
polarity or random polarity with respect to the intrinsic polarity of the eggshell, it means
the endogenous mechanism that is defining where the ligand is produced is completely
disrupted. Thus, we generated transgenic flies carrying pipe-ST2 under the control of
67

the hsp70 promoter, enabling heat-shock inducible expression of Pipe-ST2 in the follicle
cell layer. The hsp70-pipe-ST2 transgene was expressed in the following pipe mutant
backgrounds: pipe1/pipe2, pipe1/Df(3L)pipeA13, pipe2/Df(3L)pipeA13, pipe9/Df(3L)pipeA13,
pipeZH1/Df(3L)pipeA13, pipe3/Df(3L)pipeA13 and pipeC14/Df(3L)pipeA13.

Among them,

pipe9 is a nonsense mutation in the first isoform-specific exon of Pipe-ST2, and thus
generates a truncated and nonfunctional version of Pipe-ST2 without affecting any of the
other isoforms.

The gastrulation patterns and cuticles of progeny embryos produced 18

to 24 (Table 2-1) and 24 to 30 (Table 2-2) hours after heatshock of transgenic females
were examined.

The classification of these phenotypes is according to Roth et al. (Roth

et al., 1991) with modifications:

Dorsalized embryos (D) are characterized by loss of

ventral pattern elements and expansion of dorsal structures due to insufficient Pipe-ST2
activity compared to that of the wild-type. Depending on the severity of the phenotype,
dorsalized embryos are classified in one of four groups (Figure 2-8): completely
dorsalized (D0, dorsal epidermis and amnioserosa only), strongly dorsalized (D1,
Filzkörper but no ventral denticles), moderately dorsalized (D2, Filzkörper and ventral
denticle bands of narrow width) and weakly dorsalized (D3, twisted or tail-up
phenotype).

Among them, D1, D2 and D3 class exhibit residual polarity, but D0

embryos are completely apolar.

In contrast, gain-of-function phenotypes due to the

extra Pipe’s activity are classied into ventralized, polar embryos (V), and laterized, apolar
embryos (L) (Figure 2-8).

V1 embryos exhibit an expension of mesoderm and the

presence of some ventral denticle material; V2 embryos have ventral denticles bands of
normal or slightly larger than normal width and exhibit a reduction or loss of Filzkörper
material; L1 embryos have apolar rings of denticles similar to the ones found ventrally in
normal embryos, all around their DV circumference; L2 embryos have rings of smaller
lateral-type denticles along their DV circumference.
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Figure 2-8. Representative cuticular phenotypes of embryos obtained following
transgenic expression of Pipe-ST2. The particular cuticles shown are
from females of the following genotypes: the D0, D1, D2 and L2 cuticles
are from hsp70-pipe-ST2; pipeC14/Df females; the D3 and L1 cuticles are
from hsp70-pipe-ST2; pipe9/Df females; the V1 and V2 cuticles were
produced by hsp70-pipe-ST2; pipe1/pipe2 females. The white arrows
indicate the position of Filzkörper. Embryonic phenotypes are scored
according to Roth et al. (Roth et al., 1991) with the following modifications.
D0, completely dorsalized; D1, Filzkörper, but no ventral denticles; D2,
Filzkörper and ventral denticle bands of narrower than normal width; D3,
head defects, twisted or tail-up phenotype; V1, strong ventralization,
expension of mesoderm, ventral denticle material present and
asymmetrically positioned; V2, weak to moderate ventralization,
asymmetrically-positioned normal or wider than normal ventral denticle
bands and reduced or absent Filzkörper; L1, patches ofventrally-derived
denticle material positioned symmetrically around the DV circumference;
L2, patches of ventro-laterally-derived denticle material positioned
symmetrically around the DV circumference.
Following heat-shock-induced Pipe-ST2 expression in the each of the genetic
backgrounds tested, a range of larval cuticular phenotypes was observed, including
completely dorsalized and apolar embryos, partially dorsalized embryos with clear polar
DV pattern elements, lateralized and apolar embryos, or ventralized and polar embryos
(Table 2-1, 2-2).

The embryos that were produced 18-24 hours after heat-shock (Table

2-1) were generally more significantly rescued (relatively more ventralized and
lateralized embryos) compared to those which were produced 24-30 hours after heatshock (Table 2-2), indicating a decay of the heat-shock induced expression level over
time.

Nevertheless, heat-shock induced expression of Pipe-ST2 in each of these genetic

backgrounds led to the formation of some embryos with appropriately polarized larval
cuticles. Most significantly, pipeC14/Df(3L)pipeA13 females, completely lacking any of
the endogenous Pipe protein isoforms, nevertheless produced some normally-polarized
embryos following uniform, heatshock-induced expression of Pipe-ST2, detected by
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Table 2-1.

Cuticular phenotypes of embryos derived from pipe mutant females
carrying hsp70-pipe-ST2 transgene 18 to 24 hours after heat-shock.

pipe1/pipe2
pipe1/Df(3L)pipeA13

D2

D3

L1

L2

V1

V2

0%

0%

0%

7%

30%

61%

2%

(n=62)

0%

0%

3%

8%

3%

18%

53%

15%

A13

(n=73)

0%

3%

12%

41%

7%

3%

7%

27%

9

A13

(n=82)

0%

0%

16%

35%

11%

13%

13%

11%

(n=51)

0%

0%

12%

59%

4%

6%

12%

8%

(n=26)

0%

8%

12%

38%

12%

12%

19%

0%

(n=23)

0%

22%

35%

0%

9%

26%

4%

4%

pipe /Df(3L)pipe
ZH1

/Df(3L)pipe

3

pipe /Df(3L)pipe
pipe

D1

0%

2

pipe /Df(3L)pipe
pipe

D0
(n=113)

A13

A13

C14

A13

/Df(3L)pipe

Embryonic phenotypes are scored according to Roth et al. (Roth et al., 1991) with
modifications as noted in the legend to figure 2-7.
Table 2-2.

1

pipe /pipe

Cuticular phenotypes of embryos derived from pipe mutant females
carrying hsp70-pipe-ST2 transgene 24 to 30 hours after heat-shock.
2

D0

D1

D2

D3

L1

L2

V1

V2

(n=93)

0%

0%

0%

0%

15%

4%

57%

24%

1

A13

(n=76)

4%

18%

50%

12%

3%

0%

0%

13%

2

A13

pipe /Df(3L)pipe
pipe /Df(3L)pipe

(n=60)

33%

25%

17%

10%

8%

7%

0%

0%

pipe9/Df(3L)pipeA13

(n=49)

27%

24%

27%

10%

6%

6%

0%

0%

pipeZH1/Df(3L)pipeA13

(n=74)

31%

12%

24%

16%

1%

12%

0%

3%

(n=37)

8%

38%

24%

24%

0%

5%

0%

0%

(n=66)

64%

29%

3%

0%

0%

5%

0%

0%

3

pipe /Df(3L)pipe
pipe

C14

A13

/Df(3L)pipe

A13

Embryonic phenotypes are scored according to Roth et al. (Roth et al., 1991) with
modifications as noted in the legend to figure 2-7.
observation of gastrulation movements (Figure 2-9 J) and through examination of
progeny embryo cuticular phenotypes (Figure 2-9 K).

These observations strongly

suggest that even in the absence of ventrally restricted transcription of the pipe gene in
the follicle cell layer, there exists a secondary mechanism that exerts a polarizing
influence on the embryos.
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Figure 2-9. Residual DV polarity is observed in embryos from females in which
Pipe-ST2 has been expressed uniformly around the DV axis of the
follicle cell layer. Larval cuticles (A, D, G, J), embryonic gastrulation
movements (B, E, H, K) and Twist expression patterns (C, F, I) of progeny
from wild-type (A, B, C), pipe1/pipe2( D, E, F),55B-Gal4 Df(3L)pipeA13
UAS-pipe-ST2; pipeC14 ( G, H, I) and heat-shocked hsp70-pipe-ST2;
pipeC14/Df(3L)pipeA13 females (J and K) are shown. Otherwise pipe null
mutant females expressing Pipe-ST2 uniformly around the follicle cell layer
produce polarized embryos as detected by examination of the pattern of
cuticular structures(G, J), gastrulation movements (H, K) and Twist
expression patterns (I).
Despite the fact that heat-shock induced expression of Pipe-ST2 in the various
pipe mutant backgrounds led to a range of rescued cuticular phenotypes in progeny
embryos, detailed examination revealed differences in the effectiveness of rescue that
was dependent on the pipe mutant background. Embryos from pipe1/pipe2 were rescued
more effectively than any of the other genotypes so that all embryos exhibited only gainof-function ventralized or lateralized phenotypes during both time periods examined after
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the heat-shock.

Unlike pipe1/pipe2 females, which produce only D0 progeny, even

without heat-shock, the hsp70-pipe-ST2;pipe1/pipe2 females produced mainly D2
progeny, while non-heatshocked hsp70-pipe-ST2 females of other pipe mutant genotypes
tested here produced D0 embryos (data not shown).

This observation suggest that

although the residual activity associated with pipe1 or pipe2 alone is not sufficient to
rescue the completely dorsalized phenotype, leaky expression of hsp70-pipe-ST2 in
combination with residual activity that is present can restore the production of some
dorsolateral and

ventral structures. In contrast, pipeC14/Df(3L)pipeA13 background led

to a more ineffective rescue after the heat-shock. In particular, 22% and 35% of the
embryos produced 18-24 hours after the heat-shock in pipeC14/Df(3L)pipeA13 background
fell into the D1 and D2 classes respectively, while other backgrounds exhibited at most
8% D1 and 16% D2 embryos (Table 2-1).

This trend is even more obvious in embryos

produced 24-30 hours after the heat-shock (Table 2-2) such that 64% of the embryos
derived from the pipeC14/Df(3L)pipeA13 background were completely dorsalized (D0),
while other backgrounds exhibited at most 33% D0 embryos.

Since I have previously

shown that pipeZH1 completely lacks pipe-ST2 and Box9 expression, the fact that
expression of pipe-ST2 in the pipeZH1/Df(3L)pipeA13 background leads to more effective
rescue of the dorsalized phenotype of progeny embryos than it does in the
pipeC14/Df(3L)pipeA13 females suggests that products of the pipe locus, other than the
Box9 and Pipe-ST2 isoforms, may influence the establishment of embryonic DV polarity.
This influence could be exerted at the level of production of other isoforms or on critical
protein motifs carried by those isoforms, or at the level of production of pipe RNA,
which could have an effect on the stability or translation of the transgenic mRNA.
To ensure that the observations described above were not dependent on specific
features of hsp70-mediated expression, we carried out similar experiments in which Pipe73

ST2 was expressed under the control of the 55B-Gal4 enhancer trap insertion which
expresses Gal4 uniformly around the DV axis in an anterior population of oocyteassociated follicle cells (Goentoro et al., 2006; Mantrova and Hsu, 1998).

Expression of

UAS-LacZ under the control of 55B-Gal4 leads to symmetric expression of βgalactosidase activity along the DV axis at the anterior of the oocyte in the stage 9/10 egg
chamber (Figure 2-10). Pipe-ST2 was expressed under the control of 55B-Gal4 in the
pipe9/Df(3L)pipeA13,

pipeZH1/Df(3L)pipeA13,

pipe3/Df(3L)pipeA13 and pipeC14/Df(3L)pipeA13 mutant females.

As observed for hsp70-

background

of

pipe1/Df(3L)pipeA13,

mediated expression of Pipe-ST2, a range of cuticular phenotypes was produced
following 55B-Gal4-mediated expression of Pipe-ST2 in the pipe mutant genotypes listed
above (Table 2-3).

Uniform 55B-Gal4-mediated expression of Pipe-ST2 in the anterior

Figure 2-10. LacZ expression pattern directed by the 55B-Gal4 driver line. Egg
chambers from fixed ovaries stained with X-Gal are shown. The blue color
indicates the expression of lacZ and hence, Gal4. Two UAS-LacZ lines
were examined one producing cytosol activity (A) and the other producing
nuclear activity (B).
74

follicle cells of all pipe mutant females, including pipeC14/Df(3L)pipeA13 led to the
formation of numerous appropriately-polarized embryos, detected through observation of
gastrulation movements (Figure 2-9 G), examination of progeny embryo cuticular
phenotypes (Figure 2-9 H) and immunohistochemical staining using an antibody directed
against the ventral mesodermal marker, Twist (Figure 2-9 I). These results support
those obtained in studies of rescue by hsp70-pipe-ST2 which indicate that a second
signal, in addition to the ventrally restricted transcription of pipe, contributes to the
polarization of the Drosophila embryonic DV Axis.

The effects of this secondary signal

can be observed in the progeny of females in which Pipe-ST2 is expressed uniformly
around the DV circumference of follicle cells.

Table 2-3.

Cuticular phenotypes of embryos derived from pipe mutant females
carrying 55B-Gal4 UAS-pipe-ST2.
D0

D1

D2

D3

L1

L2

V1

V2

pipe1

(n=105)

0%

0%

23%

44%

4%

1%

1%

28%

pipe9

(n=165)

0%

0%

2%

18%

9%

4%

22%

45%

pipe

ZH1

(n=185)

3%

27%

17%

0%

16%

10%

8%

20%

pipe

3

(n=99)

0%

0%

2%

6%

20%

8%

21%

42%

pipe

C14

(n=132)

0%

2%

10%

8%

29%

5%

5%

41%

Embryonic phenotypes are scored according to Roth et al. (Roth et al., 1991) with
modifications as described in the legend to Table 2-1.

DISCUSSION
Distinct functional specificities are associated with different Pipe protein isoforms
Blast analysis of the genomic sequences from various insect species indicates that
pipe is a highly conserved gene in insects. In insects other than the Cyclorrhaphan
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(true) flies, which include flies in the genus Drosophila, only a single Pipe isoform has
been identified.

Moreover, the single Pipe isoforms that are predicted to be expressed

by mosquito (Anopheles gambiae), silkworm (Bombyx mori), honeybee (Apis mellifera)
and flour beetle (Tribolium casteneum) exhibit the greatest sequence similarity to the
Pipe-ST2 isoform, among the multiple isoforms expressed by Drosophila melanogaster.
In contrast, the genomes of each of the Drosophila species which have been sequenced
(D. ananassae, D. erecta, D. grimshawi, D. mojavensis, D. persimilis, D. pseudoobscura,
D. sechellia, D. simulans, D. virilis, D. willistoni and D. yakuba) encode multiple
isoforms.

Taken together, these observations suggest that an insect ancestral to the

holometabolous Dipterans, Coleopterans, Hymenopterans and Leptidopterans expressed a
single Pipe isoforms whose role was to regulate the formation of the embryonic DV axis.
Whether Pipe proteins regulate DV axis formation in more basal genera of insects or in
other arthropods awaits the availability of sequenced genomes from species in those
groups of organisms.
Given the existence of ten Pipe isoforms with different sulfotransferase domains,
it is natural to ask whether these Pipe isoforms have the same enzymatic specificity, or
alternatively, whether each one of them is associated with a different catalytic specificity.
The direct answer to this question depends on measurements of the ability of each
individual Pipe isoform to transfer sulfate group onto their substrate molecules.
However, these biochemical assays cannot be carried out without some information about
the nature of Pipe’s target molecule, information that we do not currently have.
Therefore, instead of a direct assay to examine their enzymatic specificities, I decided to
study their functional specificities. The demonstration that different Pipe isoforms are
capable of providing distinct functions supports the idea that different enzymatic
specificities are associated with different isoforms.
76

This is not a surprising result since

some of the previously characterized vertebrate GAG modifying enzymes also encode
multiple isoforms with distinct specificities (Habuchi et al., 2003; Liu et al., 1999;
Shworak et al., 1999; Xu et al., 2005).

Recall that the 2-O-position of the uronic acid on

HS can be sulfated by HS2ST, as well as the 6-O and 3-O positions of the glucosamine
residues.

These modifications are catalyzed by different enzymes, such as heparan

sulfate 6-O-sulfotransferase (HS6ST) and heparan sulfate 3-O-sulfotransferase (HS3ST),
respectively (Sasisekharan and Venkataraman, 2000).

Interestingly, while there is only

a single form of mammalian HS2ST, there are three isoforms of HS6ST and seven
isoforms of HS3ST (Xu et al., 2005).

The large number of HS3ST isoforms is of

particular interest because the 3-O-sulfation on HS is the key regulator of blood
coagulation, HSV infection as well as other important biological processes (Liu et al.,
1996; Shukla et al., 1999; Ye et al., 2001). These 3-O-sulfation reactions are tightly
regulated by the different tissue specific expression patterns and substrate specificities
associated with different protein isoforms (Liu et al., 1999; Shworak et al., 1999) in order
to exhibit specific biological functions.

For example, the HS3ST isoforms 1 and 5 are

involved in sulfation of the antithrombin-binding pentasaccharide sequence on HS
(Kobayashi et al., 1999), while isoforms 3, 5 and 6 can produce a critical 3-O-sulfate
group which allows the HS to act as an entry receptor for HSV-1 by binding to its
envelope glycoprotein gD (Chen and Liu, 2005; Duncan et al., 2004; Kobayashi et al.,
1999; Shukla et al., 1999; Tiwari et al., 2004; Xia et al., 2002; Xu et al., 2005).
Similarly, the three isoforms of HS6ST also show distinct expression patterns and
substrate specificities (Habuchi et al., 2003).
The existence of multiple protein isoforms in Drosophila species indicates that
multiple duplications of the gene have occurred during the evolution of the members of
the Dipteran suborder, Brachycera, perhaps in the line leading to the family
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Drosophilidae.

The functional basis for the maintenance of these multiple isoforms

among the Drosophilids is unclear. One model is that some of the isoforms have arisen
as a means of modulating the effects of the essential Pipe-ST2 isoform during oogenesis.
One intriguing possibility is some of the additional isoforms modify the carbohydrate
substrate of Pipe-ST2, thus making the substrate a better target for Pipe-ST2.

While this

pre-modification of the Pipe target would not be essential for Pipe-ST2 action, it could
make this developmental process more robust by reinforcing the ventral effects of PipeST2 action, or make the process more efficient and reproducible from egg chamber to
egg chamber, an adaptation which would aid the rapid oogenesis in the Drosophilid
species.

An alternative model, which derives some support from our observations, is

that the multiple Pipe protein isoforms in the Drosophilids may have arisen to provide a
function totally unrelated to embryonic DV patterning. As shown here, all isoforms are
expressed in the embryonic salivary glands of D. melanogaster. Moreover, we have
previously shown that the absence of expression of all isoforms of Pipe leads both to a
loss of Alcian Blue staining in the embryonic salivary gland, as well as a decrease in
viability and growth in homozygous mutants. While these effects are only correlative, it
is reasonable to hypothesize that the decrease in viability and growth results from an
alteration in feeding behavior attributable to a perturbation of the development or
function of the salivary gland, due to the absence of all Pipe catalytic activity. As such,
the presence of multiple isoforms of the Pipe protein in the Drosophilids may represent
an adaptation specifically related to the feeding behavior and physiology of those species.
However, the ultimate understanding of the basis for the multiple Pipe proteins and their
functions will require a precise determination of the distinct catalytic activities of the
various proteins, a goal that will first require the identification of the class of molecule(s)
on which these enzymes act.
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A second signal, in addition to the ventrally-restricted transcription of pipe,
influences the polarity of the embryonic DV axis
When I used either the hsp70 promoter or 55B-Gal4 to express the Pipe-ST2
isoform uniformly around the follicle cell layer of egg chambers lacking all endogenous
pipe expression, I observed the production of rescued progeny embryos exhibiting
residual polarity that was appropriate with respect to the intrinsic polarity of the eggs in
which they were contained.

These observations strongly suggest the existence of a

second signal that can affect polarity, even in a situation in which Pipe-ST2 activity is not
ventrally enriched.

Based, in part, on their observation of secretion by follicle cells of

the BMP pathway components Decapentaplegic, Short Gastrulation, Tolloid, and Tolkin,
Carneiro et al. (Carneiro et al., 2006) have proposed a model in which maternallydirected activation of the Dpp pathway facilitates dorsal degradation of the Cactus protein
in a Toll-independent manner, thus representing a second mechanism for polarizing the
DV axis of the embryo. This pathway could, in principal, correspond to the second
polarizing input.

However, we do not favor this explanation.

Their finding are

difficult to reconcile with the existence of mutant alleles of easter and toll which cause
uniform activation of Toll around the DV circumference of the embryo, and the
consequent production of apolar lateralized or ventralized embryos.

Such apolar

embryos would not be expected to be produced were the Dpp pathway acting indepently
of Toll signaling to establish embryonic DV axis formation.

Based on the existence of

these unusual alleles of easter and toll, we favor a model in which the pipe-independent
signal that we have observed is contributing to the polar activation at a step upstream of
Easter-mediated cleavage of Spätzle.
We consider two possible sources of this second polarizing influence.
According to the current model, Pipe protein action in ventral follicle cells leads to the
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modification, by sulfation, of a carbohydrate associated with a carrier glycoprotein. The
modified glycoprotein would then be deposited into the egg where it would mediate the
ventral function of the dorsal group serine protease cascade.

Although previous models

have considered Pipe-ST2 to be the unique ventral follicle cell-enriched dorsal group
protein, many follicle cell-expressed genes exhibit asymmetric expression along the DV
axis that is dependent on the dorsally-restricted activation of the EGFR signaling
pathway. Were any of the genes encoding proteins involved in the synthesis of the
direct carbohydrate target of Pipe or its protein (or lipid) carrier, the ventrally-enriched
production of the Pipe substrate could account for residual polarity of progeny embryos
under conditions of uniform Pipe-ST2 activity.

Although its expression might be

enriched ventrally, the Pipe target must be expressed throughout the follicle cell layer,
consistent with the production of ventralized embryos when Pipe-ST2 is expressed at
high levels throughout the follicle cell layer. The ability of Pipe-ST2 to invert the
polarity of progeny embryos when expressed ectopically in dorsal follicle cells would
result from the ability of Pipe-mediated sulfation to overcome the polarizing effects of
the ventral enrichment of the Pipe substrate. Interestingly, during the studies to identify
the sulfation target of Pipe which I will describe in the next chapter, multiple vitelline
membrane components have been shown to be sulfated in a Pipe-dependent way.
Among them, we have confirmed that Vitelline Membrane-Like protein (VML) is
involved in DV pattern formation, and it may function redundantly with some of the
other vitelline membrane proteins. The expression of a second of these potential PipeST2 substrates, vitelline membrane protein 32E (VM32E), is regulated by EGFR
signaling and ventrally-enriched in the follicle cell layer during stage 10 of oogenesis
(Bernardi et al., 2007).

Therefore the asymmetric expression of this protein along the
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DV axis may provide a second polarizing input if VM32E participates in DV pattern
formation.
An alterative basis for polarity in the absence of asymmetric Pipe activity might
be the existence of an inhibitor of either Gastrulation Defective or Snake, which is
enriched dorsally within the perivitelline space, or of a ventrally-enriched, positivelyacting regulator of the processing or activity of Gastrulation Defective, Snake or Easter,
separate from Pipe-ST2.

Although a serpin inhibitor of Easter, Spn27A, has been

shown to operate in the perivitelline space, this molecule is uniformly distributed
(Hashimoto et al., 2003; Ligoxygakis et al., 2003).

Available data suggests that Spn27A

acts to restrict Easter activity to the ventral side of the embryo, following its activity, and
does not have any intrinsic ability to orient the activity of Easter.

Moreover, the fact

that constitutive expression of a processed form of Easter leads to the formation of apolar
lateralized embryos indicates that there does not exist an inhibitor of Easter whose effects
are asymmetric along the DV axis.

Whether there exists an asymmetrically-active

serine protease inhibitor that modulates the functions of Gastrulation Defective or Snake
awaits the detection of a serpin with those properties.

Alternatively, if uniform

expression of constitutively-active forms of Gastrulation Defective or Snake within the
perivitelline space were shown to result in the formation of polar, rather than apolar,
embryos, such an observation would lend support for the existence of an asymmetricallyacting inhibitor of one of these proteases.

Again, if there exists a dorsally-enriched

inhibitor or a ventrally-enriched activator of one or more of the dorsal group serine
proteases, overexpression of Pipe-ST2 would be able to overcome its effects, consistent
with the ability to produce embryos with inverted polarity via dorsal expression of PipeST2.
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Finally, it is important to note that whatever the mechanism that acts to polarize
embryos when Pipe-ST2 is uniformly expressed, the presence of Pipe-ST2 activity is a
prerequisite for it to exert its effects. In the absence of Pipe-ST2-mediated activation of
dorsal group serine protease activity, progeny embryos are dorsalized.

The predicted

second signal has no capacity to activate Toll signaling in the absence of Pipe-ST2.

Does the ventral expression of other Pipe protein isoforms influence the function of
the Pipe-ST2 protein?
We found that Pipe-ST2-mediated rescue of embryonic phenotypes was more
effective in pipe mutant backgrounds that expressed other Pipe isoforms that it was in the
pipeC14/Df(3L)pipeA13 background.

This observation indicates that the ventral

expression of the mutant pipe transcription unit can augment the effects of Pipe-ST2 in
ventral follicle cells. A number of mechanisms can account for these effects.

As noted

above, despite the fact that only one Pipe isoform appears to be required for DV
patterning in many insects, the situation might be more complex owing to the particular
features of the Drosophila lifestyle. As such, distinct sulfotransferase activities encoded
by the pipe locus could cooperate with Pipe-ST2, perhaps by modifying the Pipe target
molecule and making it a better substrate for Pipe-ST2.

If such a mechanism is in

operation, it is not essential for DV patterning as high levels of Pipe-ST2 expression can
lead to effective phenotypic rescue in the pipeC14/Df(3L)pipeA13 mutant background.
However, we don’t favor this model because we did not observe a similar effect in the
pipe3/Df(3L)pipeA13 background which also affects all Pipe isoforms. As an alternative
to the mechanism described above, the expression of other Pipe protein isoforms could
influence Pipe-ST2 function in a way that is independent of their catalytic activities.
For example, oligomerization has been adopted by lots of Golgi-resident proteins as a
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mechanism to maintain their correct localization by preventing themselves from being
sorted into transportation vesicles (Munro, 1998).

This is particularity true for enzymes

involved in biosynthesis of glycans, as not only enzymes with closely related functions
trend to form complex structures (Esko and Selleck, 2002; Ledin et al., 2006; McCormick
et al., 2000; Pinhal et al., 2001; Schwartz et al., 1974; Senay et al., 2000), but homooligomerizations are also frequently observed. One example is mammalian HS6ST in
which the trans-membrane proximal stem domains are required for its oligomerization,
Golgi localization and enzymatic activity (Nagai et al., 2004).

The same thing is true

for a GlcNac-transferase involved in the biosynthesis of Asn-linked oligosaccharides
(Sasai et al., 2001).

Thus if the various Pipe protein isoforms form complexes with one

another, the other Pipe isoforms might act to enhance the appropriate localization or
stability of the Pipe-ST2 protein.

Finally, it is possible that it is the presence of the pipe

transcription unit, rather than the Pipe protein isoforms, that enhances the rescuing ability
of Pipe-ST2.

If the degradation of the pipe mRNAs is a subject of regulatory control, or

if its turnover is mediated by a particular Ribonuclease, the presence of the mutant
transcription unit and its spliced products could compete with the transgenic pipe-ST2
transcript for the ribonuclease, thus leading to an increase in the half life of the pipe-ST2
mRNA in comparison to its half life in the follicle cells of females expressing only the
pipe-ST2 mRNA.

Ongoing investigations are directed towards learning which of these

mechanisms accounts for the augmentation of Pipe-ST2 function by the expression of
endogenous mutant pipe RNA.
In conclusion, our investigations of the functions of the various Pipe protein
isoforms has demonstrated the existence of additional layers of complexity in the
mechanism accomplishing embryonic DV polarity, including the presence of a previously
unappreciated mechanism for generating DV polarity that does not rely on ventral
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restriction of pipe transcription.

A possible source of this second polarizing signal may

come from the ventrally-enriched sulfation target molecule of Pipe as will be described in
the next Chapter.

The further elucidation of the structure of the carbohydrate substrate

of Pipe-ST2 and its function in regulating the dorsal group serine protease cascade will
provide insights about this alternative polarizing input and about the specific roles of the
sulfotransferases encoded by the pipe locus.

MATERIALS AND METHODS
Stocks, crosses and maintenance
All stocks were maintained employing standard conditions and procedures.

The

wild-type stock used was Oregon R. Mutant alleles of pipe have been described as
follows: pipe1 and pipe2 (formerly pipe386 and pipe664) (Anderson et al., 1985b); pipe9,
pipe3 and pipeC14(Zhu et al., 2005); pipeZH1 (Sergeev et al., 2001); Df(3L)pipeA13 (Sen et
al., 1998). windM88 was provided by Konsalaki et al. (Konsolaki and Schupbach, 1998),
and sll7E18 was provided by Luders et al. (Luders et al., 2003). papss2 is described in
FlyBase (http://flybase.org/).

Transgenic lines carrying pUAST-pipe-ST2 and hsp70-

pipe-ST2 insertions were described by Sen et al. (Sen et al., 2000; Sen et al., 1998). The
UAS-lacZ reporter-containing lines were provided by Dr. Norbert Perrimon.

The

following Gal4 enhancer trap lines were used: 55B-Gal4 (Brand and Perrimon, 1994),
Fkh-Gal4 (Henderson and Andrew, 2000) and T155-Gal4 (Harrison et al., 1995).
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Analysis of expression of the pipe mRNA in ovaries and embryos
Total RNA was isolated from embryos and dissected ovaries using TRIZOL
reagent (Invitrogen).

cDNA was prepared using SuperScript® III First Strand Synthesis

System for RT-PCR (Invitrogen).
To analysis the expression level of the pipe locus, 30 cycles of PCR was carried
(94 ℃ -57 ℃ -72 ℃ ) using the cDNA generated.

The 5’ end primer 5'-

GGATGTCTCTGAACGCCGAGCG-3' starts from nt -2 within the 5’ UTR contained in
all isoforms.

Each isoform-specific 3’ end primer is derived from sequences

complementary to the 4th exon of that isoform.

The isoform specific oligos are:

5'-GAGCAACTCCATCATCTTCTC-3',
5'-CATCAGCTCCATCAGCGATTG-3', 5'-CATCAACTCGATCAGCGTTTC-3',
5'-GATGAGTCGCGTCATTGACTG-3', 5'-CATAAGCTCAATCAGCTGCAT-3',
5'-AAAGAGCTCCAGCATAGATTC-3', 5'-CATAAACTCCGTAAGCGATTC-3',
5'-GGAGAGTTCCATTAGAGCTTC-3', 5'-GAAAAGTGGGACCATTTGCTC-3', and
5'-AAGGAGCTCCATAAACGTCTG-3', for box 1 to box 10, respectively.

Analysis of the genomic region of pipeZH1
Genomic DNA was isolated from adult wild-type flies and from flies homozygous
for pipeZH1. 30 cycles of PCR was carried out using each primer pair (94℃-57℃-72℃).
The 3’ end primers for boxes 6 to 10 are the same ones that were used in the RT-PCR
analysis described above.

Each 5’ end primer for boxes 6 to 10 is derived from

sequences located about 500 bps upstream of the corresponding 3’ end primer in the
genomic region.

The sequences of these primers are:

5'-GCCCTCAAACTGAACGATCTC-3'
5'-CCACGATTCTTTCGCGGTGC-3'
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5'-TACGCAGTGGTGGGGACTTG-3'
5'-AAGCATTAAAGATCCGGAGGG-3'
5'- CTTTCAGTGCACAGCAAAAGC -3', for Boxes 6 to 10 respectively.

Trangenic constructs
To clone each pipe isoform, cDNA prepared from RNA from wild-type embryos
was subjected to 30 rounds of PCR amplification (94℃-57℃-72℃).
end

primer

was

In each case the 5’

5'-CCGAGCGCGGCCGCAAAATGAAACTACGCGATGTGG-3'

which contains a NotI restriction site followed by the initiation codon precided by 3
adenine residues.

Each 3’ end primer contains the stop codon and an additional XbaI

recognition sequence for cloning.

The sequences of the 3' primers are

5'-GGATCCTCTAGACTAATCCCACAGCTTGGGATC-3',
5'-GGATCCTCTAGACTAATAGTCCTCATTGTATTC-3',
5'-GGATCCTCTAGATTAGAAGTGCAATTGCTTATTTAT-3',
5'-GTACTATCTAGACTAAAATTCGTTCTTATGGAC-3',
5'-GGATCCTCTAGACTAGTTGTTGATGGCCATTTC-3',
5'-GTACTATCTAGACTAGTTTAACAGACCATGCAC-3',
5'-GGATCCTCTAGATTAGGAAAAATTCAGTCGTTCCAA-3',
5'-GGATCCTCTAGATTAAGTAGTCCCTGAAACATTTTT-3',
5'-GGATCCTCTAGATTAGTGAAGATTGTTCTCGAG-3', and
5'-GTGAAGTCTAGACTTCAATTGCCAATCAGGCCG-3',
respectively.

for

boxes

1

to

10,

PCR amplification products containing the full-length open reading frame

correspoding to each pipe isoform were then digested with NotI and XbaI, and subcloned
into similarly digested pUAST (Brand and Perrimon, 1993).
86

Immunostaining of embryos
Staining of embryos was carried out according to Macdonald and Struhl
(Macdonald and Struhl, 1986) using antibody pre-absorbed against wild-type embryos at
a dilution of 1:1000.

The rabbit polyclonal antibodies directed against the Twist (Roth

et al., 1991) and Engrailed proteins (Myat et al., 1996) were each used at a dilution of
1:2000.

Primary antibodies were used in conjunction with a biotinylated goat anti-

rabbit secondary antibody (1:2000 diluted, pre-absorbed against wild-type embryos) and
visualized with avidin/HRP complex (Vector Laboratories).

Alcian blue staining of embryos
Stocks were constructed in which chromosomes of interest (chromosomes
carrying mutations in wind, sll, or papss, or pipe3-bearing chromosomes carrying an
insertion of each UAS-pipe-isoform, and a pipeC14-bearing chromosome carrying an
insertion of Fkh-Gal4) were carried in trans to balancers (TM3, Sb) bearing insertions of
both Krüppel-Gal4 and UAS-GFP.

After male and female flies carrying different

chromosomes were crossed on yeast for 48 hours, overnight collections of embryos were
dechorionated in 50% bleach, then transferred to a glass plate and covered in
hydrocarbon-27 oil (Sigma).

Stages 12 to 16 embryos were separated into groups

containing fluorescent wild-type or non-fluorescent mutant embryos using a Leica
MZFLIII dissecting microscope equipped for detection of GFP and stained with Alcian
blue according to Zhu et al. (Zhu et al., 2005).
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Examination of gastrulation patterns and cuticular phenotypes
Embryos from 12 hour-long collections were covered in hydrocarbon 27 oil
(Sigma) and gastrulation stage embryos identified and examined direct by conventional
light microscopy.

Larval cuticles were made from embryos that were allowed to

complete development and prepared according to Van der Meer (van der Meer, 1977).
DV phenotypes of embryonic cuticles were classified according to Roth et al. (Roth et
al., 1991) with the modifications described previously in this chapter.
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Chapter 3: A vitelline membrane protein sulfated by Pipe participates in
the establishment of embryonic dorsal-ventral polarity in Drosophila
INTRODUCTION
The determination of pattern elements along the DV axis of the Drosophila
embryo requires the function of 11 maternal-effect loci known collectively as the dorsal
group (Anderson and Nusslein-Volhard, 1984).

Females homozygous for loss-of-

function alleles of dorsal group genes produce embryos that are dorsalized while females
homozygous for loss-of-function alleles of a twelfth gene, cactus, produce embryos that
are ventralized (Roth et al., 1991). Among the dorsal group gene products, Pipe is the
first to show a spatially-restricted distribution along the DV axis of either the egg
chamber or the egg. pipe is transcribed on the ventral side of the follicle cell layer
during stages 9 and 10 of oogenesis (Sen et al., 1998). Its ventral expression is believed
to provide a polarizing cue that leads to the ventral activation of a serine protease cascade
in the extracellular perivitelline space during early embryogenesis.
pipe encodes a homolog of two vertebrate GAG-modifying enzymes: heparan
sulfate 2-O-sulfotransferase (HS2ST) (Kobayashi et al., 1997) and dermatan/chondroitin
sulfate 2-O-sulfotransferase (D/CS2ST) (Kobayashi et al., 1999).

Consistent with

Pipe’s role as a sulfotransferase, follicle cell expression of both PAPS synthetase and the
protein that transports PAPS into the Golgi is necessary for the establishment of the DV
polarity in progeny embryos (Luders et al., 2003; Zhu et al., 2007).

Furthermore,

females carrying the hypomorphic pipe7 allele, which introduces a relatively conservative
valine to isoleucine substitution within in the predicted PAPS binding site, produce
weakly dorsalized eggs (Sen et al., 1998; Zhu et al., 2005). Consistent with the idea that
this conservative substitution in pipe7 allele results in a weakened binding affinity to
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PAPS, pharmacological reduction of the amount of PAPS in the egg chambers by feeding
of females with sodium chlorate leads to a more severe dorsalization phenotype (Sen et
al., 1998; Zhu et al., 2005). Taken together, Pipe's function in the establishment of DV
polarity requires its sulfotransferase activity.
How does the ventral expression of Pipe-ST2 in the follicular epithelium lead to
the ventral activation of downstream serine protease cascade?

Examples of cases in

which sulfated GAGs influence the activities of other serine protease cascades have led
us to consider a mechanism for Pipe-ST2 action that includes a carbohydrate-associated
molecule that is produced in all follicle cells, but sulfated by Pipe only in cells on the
ventral side of the epithelium.

Following modification, this sulfated molecule is

secreted into the perivitelline space of the egg chamber and becomes associated with
either the oocyte membrane or the vitelline membrane of the eggshell.

During

embryogenesis, the sulfated product of Pipe action leads to the ventral activation of one
or more components of the dorsal group serine protease cascade in the perivitelline space
by an as yet undetermined mechanism.

The activation of this cascade leads to the

ventral activation of Toll and finally to the formation of a gradient of nuclear
concentration of Dorsal protein which controls the expression of embryonic genes
required for the formation of the DV axis (Morisato and Anderson, 1994; Roth et al.,
1989; Rushlow et al., 1989; Schneider et al., 1994; Steward, 1989).

In this model, the

sulfation target of Pipe-ST2 plays a very important role: it transfers the polarizing
information from the follicle cells to the embryo.

The identification of this molecule

and the elucidation of how it regulates the activity of the protease cascade will contribute
greatly to our understanding of how the embryonic DV polarity is established.
Despite the extensive amino acid sequence similarity among Pipe, HS2ST and
D/CS2ST, Zhu et al. (Zhu et al., 2005) showed that genes required for biosynthesis of
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both heparan sulfate and dermatan/chondriotin sulfate are not required for the
establishment of the embryonic DV polarity, thus ruling out the possibility that these
molecules represent essential carbohydrate substrates of Pipe action. Among the genes
shown by Zhu et al., 2005, to be dispensible for DV patterning was sgl, which encodes
the fly orthologue of UDP-Glucose Dehydrogenase, an enzyme necessary for the
production of UDP-Glucuronic Acid, the precursor for uronic acid residues present in
heparan sulfate, dermatan sulfate and chondroitin sulfate.

Thus, this result also excludes

other complex carbohydrates containing Glucuronic Acid residues from being targets of
Pipe action.
In an effort to obtain information about the nature of the predicted carbohydrate
target of Pipe, I examined the involvement of two groups of genes that encode proteins
that participate in the glycosylation of various glycoproteins, glycolipids and free
polymeric carbohydrates. One of the groups of genes that I examined is the nucleotide
sugar-transporters (NSTs).

Nucleotide-coupled sugars are the substrates for all

glycosylation reactions occuring in the Golgi. They are synthesized in the cytosol and
the NSTs are substrate-specific energy-consuming antiporters required for the
transportation of these molecules into the lumen of the Golgi or the Endoplasmic
Reticulum (ER) (Hirschberg et al., 1998).

In collaboration with X. Zhu in the lab, I

investigated the function of all eight NST genes that have been identified in the fly
genome by virtue of their amino acid similarities to previously identified NSTs from
other species (Martinez-Duncker et al., 2003). The second class of genes whose effects
on

DV

patterning

were

examined

are

the

UDP-GalNac:polypeptide

N-

acetylgalactosaminyltransferases or polypeptide GalNac transferases (PGANTs), a large,
evolutionarily conserved family of enzymes, that are responsible for the first
glycosylation step of mucins (Ten Hagen et al., 2003), another class of carbohydrate
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coupled glycoproteins in which the carbohydrate side chains are known to undergo
extensive sulfation. Here we tested a role for two members of the gene family pgant5
and pgant6, which we showed to be expressed in both follicle cells and embryonic
salivary glands, the two tissues in which the pipe gene is expessed (Ten Hagen et al.,
2003).
In the case of genes for which loss-of-function alleles are available, we used FRTFLP mediated site-specific recombination to test whether perturbation of the function of
these genes in the follicle cell layer led to the formation of dorsalized embryos.

For

genes in which mutant alleles have not been identified we used follicle cell-specific Gal4
enhancer traps to direct transgenic RNA interference (RNAi) (Zhu and Stein, 2004) to
perturb gene function in follicle cells.

We were not able to establish an involvement in

DV patterning for any of the genes tested in these studies although we cannot definitively
rule out such roles.

First, as both sets of genes are members of gene families, it is

possible that the genes tested act redundantly with other members of their class.
Moreover, in the case of the pgants, we may not have tested the correct genes since
recently, additional members of the class have been shown to be expressed in follicle
cells.

Finally, as demonstrated by Zhu and Stein, 2004, transgenic RNAi in the follicle

cell layer is inefficient, and we cannot be certain that in our studies, the inhibition of
protein expression achieved was sufficiently effective to generate detectable phenotypes,
even if their function in follicle cells is required for embryonic DV patterning.

Thus the

question of which carbohydrates, in any, represent the direct target(s) of Pipe remains an
open one.
If the target of Pipe is a carbohydrate borne by a particular glycoprotein, then
expression of the gene encoding the carrier protein should be required in the follicle cells,
in particular in the ventral follicle cells in which pipe is expressed, in order for sulfation
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of the carbohydrate carried by that protein to occur in the Golgi of those cells. In
addition to pipe, the expression of two other members of the dorsal group of genes, nudel
and windbeutel, is required in follicle cells (Stein et al., 1989). windbeutel encodes a
putative chaperone required for correct folding and Golgi localization of Pipe (Barnewitz
et al., 2004; Konsolaki and Schupbach, 1998; Ma et al., 2003; Sen et al., 2000) and is
therefore unlikely to correspond to the target of Pipe.

nudel (ndl) (Hong and

Hashimoto, 1995), the other follicle-cell dorsal group gene required for DV patterning,
has structural features that suggested that it could represent the protein carrying
carbohydrate moieties modified by Pipe.

ndl encodes a large protein of 2,616 amino

acids with a centrally-located serine protease domain, 23 potential sites for N-linked
glycosylation, 2 serine/threonine rich regions for potential O-linked glycosylation and 3
predicted GAG addition sites (Hong and Hashimoto, 1995).

It also carries 11 copies of

a motif, which has been implicated in the binding of serine proteases, known as the Low
Density Lipoprotein (LDL) Receptor Type A Repeat.

Computational modeling predicts

that Nudel can bind and activate GD directly (Rose et al., 2003); however, it has been
shown that when co-expressed with Snake protein in cell culture, GD can be processed in
the absence of Nudel (Dissing et al., 2001). Thus, whether or not Nudel acts to directly
process Gd in Drosophila embryos, and the role of Nudel in DV patterning, remains
unknown.
There exist two phenotypic classes of nudel alleles (Hong and Hashimoto, 1996).
When homozygous, or in trans to a deficiency, Class I mutations result in the formation
of soft or collapsed eggs and of early arrest of embryonic development, prior to the time
at which DV polarity is established.

These alleles appear to perturb the production,

secretion, stability or processing of Nudel protein.
specifically compromise the protease function of Nudel.
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In contrast, class II mutations
As homozygotes, or in trans to

a deficiency or a Class I allele, the Class II alleles lead to the formation of dorsalized
progeny embryos (Hong and Hashimoto, 1996; LeMosy et al., 2000).

These

observations suggests that the Nudel protein provides two functions, one associated with
the protease domain and required specifically for DV patterning and the other associated
with other regions of the molecule and required for eggshell integrity and early
embryonic development.
Nudel is produced in the same place and at the same time as Pipe is expressed.
However, studies carried out by Nilson et al. (Nilson and Schupbach, 1998) appeared to
rule out the possibility that Nudel corresponds to the target of Pipe.

They generated

genetically mosaic mutant female flies carrying patches of nudel mutant cells in their
follicle layer and showed that Nudel need not be expressed in ventral Pipe-expressing
follicle cells in order to fulfill its function in DV patterning, a result which appeared to be
inconsistent with Nudel being the target of Pipe.

However, the nudel allele used in

those studies, nudel111, is a Class II allele that maps to the protease domain of the protein.
Subsequent to these studies, the Nudel protein was shown to undergo complex
processing, producing at least 7 different peptide fragments during oogenesis and
embryogenesis, including an active Nudel protease fragment that is generated during
early embryogenesis, apparently via autoproteolytic cleavage.

This serine protease

activity is required for DV patterning: mutations affecting a predicted catalytic serine
residue or the predicted zymogen cleavage site produce proteins that cannot support DV
patterning (LeMosy et al., 1998).

While specific roles for the additional proteolytic

fragments have not been determined, some of the Class I alleles display alterations in the
patterns of protein processing, suggesting that some of the Nudel fragments are necessary
for egg integrity and for early embryonic development.
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The mosaic analysis of Nilson et al. (Nilson and Schupbach, 1998) suggests that
the Nudel protease domain is free to diffuse throughout the perivitelline space such that
Nudel protein expressed in dorsal follicle cells can provide the Nudel protease activity
required for DV patterning. It is possible that another function influencing embryonic
DV polarity is encoded within the Nudel protein, associated with one of the other
cleavage products.

An intriguing possibility is that one cleaved fragment corresponds to

the carrier of the carbohydrate modified by Pipe.

The carbohydrate moiety would be

sulfated in ventral follicle cells as a result of Pipe’s activity, and the protein fragment
containing it would be expected to remain associated with the vitelline membrane or the
oocyte membrane nearby its site of synthesis/modification in the follicle cell layer. In
one scenario, sulfation of the Nudel associated carbohydrate would influence the ability
of LDL type A repeats to interact with one or more of the dorsal group serine proteases.
The Nudel fragment carrying the Pipe-modified carbohydrate would be required cell
autonomously in ventral follicle cells, in contrast to the Nudel protease domain which
could be provided cell autonomously, by other cells in the follicular epithelium.

As

such, only follicle cell clones mutant for null alleles of nudel or alleles perturbing this
proposed Pipe-dependent function would enable the detection of a requirement for the
expression of Nudel in the ventral Pipe-expressing follicle cells.
Recently, our lab has extended the mosaic analysis of Nilson and Schüpbach,
1998, using additional Class I nudel alleles which perturb the expression, stability,
processing or secretion of the entire protein (Stein et al., submitted). As reported by
Nilson and Schupbach, 1998, ventral follicle cell clones homozygous for these mutations
did not lead to a perturbation of embryonic DV patterning, supporting the conclusion that
Nudel does not represent the target of Pipe or carry carbohydrate residues that are
sulfated by Pipe.
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Prior to my work, despite more than two decades of research and multiple genetic
screens for mutants affecting embryonic DV patterning, no genes encoding proteins
involved in the synthesis of the enzymatic substrate of Pipe had been identified.
number of factors could account for this failure.
screens are unlikely to have been saturating.

A

First conventional maternal effect

Conventional screens for maternal effect

mutations require an addition generation over that required for the isolation of
zygotically-acting genes involved in development.

Because of the increased workload

inherent in this additional generation, a much smaller number of mutants have
collectively been screened for maternal effect mutations than for zygotic mutations.
Some genes involved in DV patterning, particularly small ones, may simply have been
missed so far.

Second, some genes involved in DV patterning may also be essential for

other, earlier processes in development.

As such, mutants homozygous for loss-of-

function alleles in these genes might not survive to adulthood, precluding the detection of
their maternal effect phenotypes. slalom and papss are two examples of essential genes
that participate in the maternal control of embryonic DV patterning.

Observation of the

maternal effects of genes essential for viability can only be accomplished through tissuespecific site-directed recombination for the production of homozygous mutant cells in the
germline or the follicle cell layer, or through tissue-specific RNAi targeting candidate
genes.

While FLP/FRT-mediated screens for mutations in genes affecting DV

patterning have been carried out (Pai et al., 2000) (L. Stevens and D. Stein, unpublished),
they are far from saturating and indeed, not all chromosome arms have been screened this
way so far.

With respect to RNAi, no systematic screen for genes involved in DV

patterning, or more broadly for maternal patterning genes, has been carried out and it is
not clear whether RNAi is sufficiently effective (or even works at all in the germline) to
make such a systematic screen feasible.
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Finally, it is possible that there exist

redundantly acting proteins that participate in the maternal control of DV patterning that
have so far escaped detection.

The identification of such genes via their phenotypic

effects would require simultaneous perturbation of the function of all redundantly acting
genes that can support a particular process, a situation that is unlikely to occur in random
screens for maternal effect mutations.
In this chapter, I will describe studies in which I have developed a biochemical
method for radioactive labeling of molecule that undergo Pipe-dependent sulfation in in
vivo in Drosophila ovaries and used this technique to detect and identify a putative target
of Pipe-ST2-mediation sulfation.

In initial studies of this species, I used a well-

characterized Class I allele of ndl to demonstrat that this Pipe-dependent sulfated
molecule does not correspond to Nudel or to any of the fragments generated via the
processing of Nudel, thus confirming that Nudel is not the target of Pipe.
In an effort to obtain insights about the nature of this molecule, I analyzed several
of its biochemical properties which enabled me to partially purify it.

Mass

Spectrometry of the partially purified material allowed it to be identified as vitelline
membrane-like protein (VML) (Alatortsev, 2006), a putative component of the vitelline
membrane layer of the eggshell. I was able to confirm that VML was the bona fide
substrate of Pipe by demonstrating its disappearance in ovaries homozygous for a mutant
allele of vml.

We were also able to show that the vml mutation enhances the

dorsalization associated with a hypomorphic allele of pipe, thus demonstrating an
influence of vml on DV patterning.

Female homozygous for vml do not produce

dorsalized embryos so vml is not absolutely essential for DV patterning. This led me to
re-examine extracts from females subjected to in vivo labeling.

In this way I was able to

identify additional vitelline membrane protein components that exhibit Pipe-ST2dependent sulfation.

Taken together, my data strongly suggest that VML and other
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vitelline membrane components represent redundantly-acting substrates of Pipe-ST2mediated sulfation that link the spatially-restricted expression of Pipe with the ventral
activation of the Toll receptor and subsequent generation of embryonic DV polarity.

RESULTS
A glycoprotein with an apparent molecular weight of approximately 150 kDa
represents a putative sulfation target of Pipe-ST2
Pinto et al. (Pinto et al., 2004) have reported a simple methodology for
radioactively labeling of sulfated HS and D/CS in adult flies by feeding them with
radioactive Na235SO4 for a period of 72 hours.

The radioactive sulfate group is believed

to be taken up into the cells by sulfate transporters and processed through a conserved
sulfate assimilation pathway (Masselot and Surdin-Kerjan, 1977; Thomas et al., 1990).
In this process, ATP is first sulfated to form adenosine 5’-phosphosulfate (APS), which is
then phosphorylated to become PAPS.

These two steps are catalyzed by the

bifunctional enzyme PAPS sythetase, which carries both ATP sulfurylase and APS kinase
activities.

Recall that PAPS acts as a sulfate group donor for all sulfotransferase

reactions in higher organisms.

Sulfate from PAPS will be incorperated not only into HS

and D/CS, but also into all other sulfated polysaccharides (and other sulfated molecules),
including the molecules that are sulfated by Pipe.

By subjecting an ovarian extract from

wild-type females that were fed with Na235SO4 for 40 hours to SDS-PAGE (Sodium
Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis), I was able to detect multiple
radioactive bands following autoradiography of the dried gel (Figure 3-1 lane 2).
Among these radiolabeled molecules, the strongest autoradiographic signal came from
the yolk proteins, which are directly sulfated on tyrosine residues (Baeuerle and Huttner,
1985).

In addition, many of the other radioactively-labeled bands were observed by
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autoradiography.

We suspect that these radioactively-labeled bands result not from

direct enzymatic sulfation but rather from the incorporation of radioactive methionines
and cysteines that are also products of sulfate assimilation.

Figure 3-1. Autoradiography of radiolabeled ovarian proteins. A 150 kDa band
(black arrow) that represents the putative target of Pipe was observed in
ovarian samples from females of Cy2-Gal4/UAS-pipe-ST2 (pip o.e., lane 3),
but not in those of pipe3/Df(3L)pipeA13 (pip-, lane 1) and wild-type (w.t.,
lane 2). The very strong radiolabeled bands around 55 kDa that exist in all
three ovarian extracts were the yolk proteins.
To determine whether any of the labeled bands observed in the extracts from
wild-type ovaries exhibited Pipe-dependent sulfation, I compared the profile of labeled
bands from wild-type ovaries to a labeled extract from pipe3/Df(3L)pipeA13 mutant
females (Figure 3-1 lane 1&2), which presumably lack the activity of Pipe isoforms, with
the expectation an in vivo substrate of Pipe should exhibit reduced labeling, or a total lack
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of labeling, in ovaries from females lacking Pipe activity.

However, I did not detect any

significant differences between the profiles of 35S-labeled bands from these two samples.
One explanation for my incapability to identify bands exhibing differences in 35S
incorporation in extracts from wild-type versus pipe mutant ovaries is a situation in
which the in vivo target(s) of Pipe undergoes a relatively low level of sulfation, making it
difficult to detect over the background of labeled carbohydrates associated with other
glycoproteins or with proteins that had incorporated radiactive methionines and cysteines.
Therefore, in order to increase the autoradiographic intensity of Pipe’s substrate(s), I
ectopically expressed a pipe transgene (Sen et al., 1998) under the control of the CY2Gal4 enhancer trap which directs strong transgenic expression in all follicle cells
(Queenan et al., 1997) and generated labeled ovarian extracts from these females.

This

treatment would be expected to increase the proportion of follicle cells expressing PipeST2 by about three fold, from about one third of the cells to the entire follicle cell layer,
and potentially increasing the level of Pipe activity in all follicle cells, compared to the
amount of activity normally present in the ventral follicle cells of wild-type egg
chambers.

Following autoradiography of extracts from the Pipe-overexpressing

females, a very conspicuous radiolabeled band of an apparent molecular weight of
approximately 150 kDa was observed that was not present in either the wild-type or pipe
mutant extracts (Figure 3-1).

While this molecule may represent the bona fide essential

substrate of Pipe which influences the embryonic DV patterning, it may also corespond to
an artifact corresponding to a molecule that is aberrantly sulfated due the the high levels
of Pipe-ST2 present. In the first instance, the identification of this molecule is likely to
provide a key to understanding how the dorsal group proteolytic cascade is controlled.
However, even if the observed sulfated species is not a bona fide target of Pipe, its
identity nevetheless provide information about the class of molecule that is normally
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sulfated by Pipe.

From here on, I will refer this Pipe-dependent sulfated molecule as the

"putative target of Pipe".

The putative target of Pipe-ST2 is not a proteolytic fragment of Nudel
As noted previously, Nudel has been proposed as a potential target of Pipemediated sulfation.

As described above, the labeled putative target of Pipe described

above has an apparent molecular weight of about 150 kDa, which is close in size to one
of several proteolytic fragments of Nudel normally produced during oogenesis. If the
radiolabeled band that I have observed corresponds to a proteolytic fragment of Nudel,
then I would expect the radioactive band to be absent from labeled extracts from females
lacking Nudel expression. To test this hypothesis, we generated ndl10/Df(3L)ndl03844
flies which completely lack Nudel protein (LeMosy et al., 2000), in which Pipe-ST2 is
expressed under the control of the CY2-Gal4 driver. These females were fed on yeast
containing radioactive sodium sulfate, and their ovaries were dissected, homogenized and
subjected to SDS-PAGE. Autoradiography of the dried gel showed that the labeled
band corresponding to the putative sulfation target of Pipe is still present in the absence
of Nudel (Figure 3-2 A).

As a control, the same ovarian extract was subjected to

Western Blot analysis using an antibody directed against an N-terminal region of the
Nudel protein.

This analysis confirmed that no Nudel protein was produced in the Cy2-

Gal4/UAS-pipe-ST2; ndl10/Df(3L)ndl03844 females (Figure 3-2.B). These studies indicate
that the putative target of Pipe-mediated sulfation that we observe in the metabolic
labeling assay does not correspond to Nudel, or to a product of Nudel processing.
As noted in Chapter 1, Nilson and Schüpbach (Nilson and Schupbach, 1998)
tested whether follicles containing ventral follicle cell clones mutant for ndl would
produce embryos with DV defects and showed that egg chambers containing large,
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Figure 3-2. The radiolabeled putative target of Pipe is present in ovaries that lack
of Nudel protein. Autoradiography (A) and Western analysis using an
antibody against the N-terminal Nudel polypeptides (B) were performed on
duplicate gels with the following radiolabeled ovarian extracts loaded: (1)
wild-type; (2) Cy2-Gal4/UAS-pipe-ST2; ndl10/Df(3L)ndl03844; (3) Cy2Gal4/UAS-pipe-ST2;
ndl10/+
and
(4)
Cy2-Gal4/UAS-pipe-ST2;
03844
/+. The 150 kDa putative target of Pipe is still present in
Df(3L)ndl
ovaries that are completely devoid of Nudel protein (2). To confirm that
no Nudel protein is produce in these ndl mutant ovaries, Western analyis
were performed to detect two cleaved fragments of Nudel, one of 210 kDa,
the other of 170 kDa, both of which are present in wild-type (1) and pipeoverexpressing (3-4) ovaries, but not in ovaries lacking Nudel (2). In this
analysis, the putative target of Pipe appears to run as a doublet, possible due
to different sugar compositions or processing.
Because of the
improvement of my experimental technique in preparing ovarian extracts
from labeled ovaries, I was able to reduce the amount of background
labeling of proteins that was observed in Figure 3-1.
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ventrally-located clones homozygous for ndl3 produce embryos with normal DV polarity.
This result was interpreted to mean that Nudel does not serve as the target of Pipe.
However, ndl3 is a Class II allele and carries a missense mutation in the protease domain
of the protein that does not affect the expression or secretion of the Nudel protein
(LeMosy et al., 2000). As noted previously, in addition to the protease domain, a
number of other structural motifs are present in Nudel protein (Hong and Hashimoto,
1995).

The modular structure of Nudel and the existence of Class I and Class II alleles

exhibiting different phenotypes raised the possibility that a functional domain distinct
from the protease domain might be acting as the substrate for Pipe.

Members of our lab

recently extended the studies of Nilson and Schüpbach, 1998, and carried out a mosaic
analysis of the requirement for Nudel in follicle cells using several Class I mutations that
affect amount, secretion or processing of Nudel.

Confirming the conclusions of Nilson

and Schüpbach, 1998, these studies showed that Nudel protein need not be expressed in
ventral Pipe-expressing cells in order for progeny embryos with normal DV polarity to be
produced.
In conclusion, my analysis of in vivo
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S labeling in a ndl mutant background,

together with the mosaic clone analyses of ndl mutants that have been carried out, lead
me to conclude that Nudel is not the target of Pipe-ST2-mediated sulfation and that its
expression in ventral Pipe-expressing follicle cells is not required for DV patterning.
Thus, I conclude that Nudel is not the critical target of Pipe.

Vitelline Membrane-Like (VML) protein is sulfated in a Pipe-dependent manner
Despite the strong Pipe-dependent radiolabeled signal, I was initially unable to
identify a corresponding protein band following Coomassie Brilliant Blue R-250 staining
of the same gel, suggesting either that the labeled molecule corresponds to a protein of
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very low abundance or that it is not a protein and therefore not subject to staining with
Coomassie.

In order to distinguish these two possibilities, I treated the ovarian extract

with protease K and observed the loss of the radiolabeled band following proteolysis
(data not shown), a result that strongly suggested that the 150 kDa radiolabeled band is a
modified protein.
In order to isolate this glycoprotein for identification, the radiolabeled extract of
Pipe-overexpressed ovaries was initially sent to the Kendrick Laboratories, Inc. for twodimensional (2-D) gel electrophoresis with the hope that a sufficiently compact Pipedependent labeled spot could be obtained following isoelectric focusing and SDS-PAGE,
thus enabling in-gel trypsin digestion followed by MALDI (Matrix-assisted laser
desorption/ionization)-TOF/TOF (Time of Flight) MS analysis for the identification of
the protein.

Unfortunately, the high concentrations of yolk proteins present in the

sample precluded effective isoelectric focusing and made the 2-D gel electrophoresis
ineffective for purification of the putative Pipe’s target. To overcome this problem, I
examined several biochemical properties of the radiolabeled material in order to develop
a protocol for partial purification of this molecule from other ovarian proteins, focusing
especially on separating it from the vitellogenins.

First, I found that the labeled protein

is very insoluble in homogenization buffer containing mild detergent such as 1% Triton
X-100, 1% Tween-20, 1% NP-40, or 0.1% SDS (data not shown). Partial solubilization
was observed in 0.5% SDS or 1M Urea, but concentrations as high as 2% SDS or 3M
Urea were necessarily to achieve full solubility. I also observed that the molecule
exhibited elution over a wide range of salt concentration during DEAE Ion-Exchange
column chromatography, a property that may be due to a high level of charge
heterogeneity attributable to the differential modifications of the material.

Although

most of the labeled 150 kDa species was eluted by 0.25M NaCl along with yolk and other
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ovarian proteins, a small fraction of it was eluted by buffer containing 0 M NaCl prior to
the elution of most of the other ovarian proteins. Additionally, a proportion of the
material remained on the column following elution at 0.25 M NaCl, after most ovarian
proteins had eluted, and this material could then be eluted with 0.5M NaCl.

Although

the amounts of radiolabeled protein that eluted at low salt and high salt concentrations
were low, this material was relatively free of the majority of other ovarian proteins.
Based on these studies, a protocol that combined extensive washes of insoluble material
from ovarian extract with 1% NP-40 followed by solubilization in 3M Urea buffer and
DEAE Ion-Exchange column was developed to enrich the putative substrate of Pipe in
order to enable detection and isolation of a Coomassie-stained band that corresponds in
size to the Pipe-dependent radiolabeled band following SDS-PAGE. MALDI-TOF/TOF
MS analysis of the isolated material carried out in the Mass Spectrometry Facility of the
University of Texas at Austin enabled it to be identified as Vitelline Membrane-Like
protein (VML) (Alatortsev, 2006).
Four protein components of the vitelline membrane, VM26Aa, VM26Ab, VM32E
and VM34Ca, have been characterized in Drosophila. These proteins were initially
identified because of their high-level expression during the vitelline membrane deposition
stages of oogenesis (Burke et al., 1987; Gigliotti et al., 1989; Higgins et al., 1984;
Mindrinos et al., 1985). All four proteins share a highly conserved hydrophobic domain
of 38 amino acids located near their Carboxy termini that has been termed the vitelline
membrane domain (VM domain) (Scherer et al., 1988) (Figure 3-3).

Similarly, the three

vitelline envelope proteins from the mosquito Aedes aegypti carry a 46 amino acid
conserved region that overlaps with a stretch of 25 amino acids contained within the VM
domain in Drosophila (Edwards et al., 1998; Lin et al., 1993). This highly conserved
motif with the consensus sequence SIPAPPCPKNYLFSCQPNLAPVPCS in Drosophila
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has also been termed the VM domain (Alatortsev, 2006). To distinguish these two
definitions, I will hereafter use the name “core VM domain” to represent the shorter
consensus sequence, and “Drosophila VM domain” to refer to the longer form of vitelline
membrane domain shared by the four major Drosophila VM proteins only.

The core

VM domain contains three cysteine residues that are perfectly conserved between D.
melanogaster and A. aegypti, suggesting their role in the formation of disulfate bonds.
Evidence for the existence of cysteine bridges between the VM proteins was provided by
Petri el al. (Margaritis et al., 1979), who showed that the major VM proteins could be
solubilized by adding 2-mercaptoethanol to a homogenization buffer containing 2% SDS.
Consistent with a role for this domain in protein-protein interactions, the Drosophila VM
domain of VM32E was shown to be necessary for its incorporation into the vitelline
membrane (Andrenacci et al., 2001).

In addition, sequences contained within the

Drosophila VM domain of sV23 (VM26Ab) are important for its extracellular
accumulation (Manogaran and Waring, 2004).
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Figure 3-3: Sequence alignment of Drosophila vitelline membrane proteins
generated using MAFFT v6.531b (Katoh et al., 2005). The vitelline
membrane domain in each protein is boxed, and the conserved amino acids
are shaded. The serine and threonine residues that are predicted by the
NetOGlyc3.1 program to undergo mucin-type O-linked glycosylation are
underlined.
The existence of VML, as well as another VM protein, VM26Ac, was proposed
by Alatortsev (Alatortsev, 2006) who searched the Drosophila genome for genomic
sequences predicted to encode amino acid sequences with similarity to the core VM
domain.

In addition to the core VM domain nearby the C terminus, all six proteins

proteins carry an N-terminal signal peptide.

The amino acid sequences positioned

between the core VM domain and the signal peptide have been termed as the L region
(Alatortsev, 2006).

The L regions of these proteins are rich in serine, proline, alanine

and tyrosine residue, except in the case of VM26Ac, where this region is rich in glycine,
proline and phenylalanine residues.

With the exception of VML, these proteins are

small, ranging in length from 116 to 181 amino acids. VML is 578 amino acids in
length with a predicted molecular weight of 56 kDa.

The most striking feature of VML

is a stretch of more than 400 amino acids located within the L region, which contains 28
perfect and many additional imperfect copies of the amino acid repeat, PAAPSYSA.
Biophysically, VML is a weak basic protein (pI 8.04), similar to sV17, sV23, VM34C
and VM26Ac (pIs 7.81 to 8.66) but distinct from VM32E (pI 5.45), which is an acidic
extracellular matrix protein existing in both the vitelline membrane and endochorion.
SDS-PAGE analysis coupled with mass spectrometry demonstrated that VML comigrates with the radiolabeled putative target of Pipe, but did not prove that they are the
same molecule.

Conceivably, a protein that is present at much lower levels and co-

migrates with VML corresponds to the bona fide target of Pipe.

In order to

definitively demonstrate that VML the molecule that undergoes Pipe-dependent sulfation,
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I took advantage of a P-element insertion mutation located within open reading frame of
the vml locus, P(EPgy2)CG2879EY21650 (which we also refer to as vmlp) (Bellen et al.,
2004).

Based on its insertion site, this mutation is expected to produce a severely

truncated protein of the first 110 amino acids from VML with 3 extra amino acid residues
MML from the insertion of the P-element.

I again overexpressed Pipe-ST2, this time in

the ovaries of females that are homozygous for this allele, and subjected these females to
in vivo labeling with radioactive sodium sulfate.

Autoradiography of the gel carrying

the ovarian extract from the radiolabeled Pipe-ST2-overexpressing, vmlp mutant females
showed the disappearance of the 150 kDa labeled band (Figure 3-4), conclusively
demonstrating that the labeled band corresponds to VML.
to the putative sulfation target of Pipe.
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Therefore, VML corresponds

Figure 3-4. The radiolabeled putative substrate of Pipe is absent from vml mutant
ovaries. The 150 kDa band (black arrow) that represents the putative
target of Pipe is present in ovarian extract obtained from Cy2-Gal4/UASpipe-ST2 (pip o.e., lane 1), but not in ovarian extracts from vmlp/vmlp;Cy2Gal4/UAS-pipe-ST2 females (pip o.e.; vml-, lane 2). In addition, a weaker
radiolabeled band (black arrow head) of 17 kDa was also observed in both
samples.

VML influences embryonic DV pattern formation
The data outlined above demonstrate that VML can be sulfated in a Pipedependent manner when Pipe-ST2 is overexpressed. However, they do not demonstrate
that the sulfation of VML is essential for DV pattern formation during embryogenesis.
If the sulfation of VML by Pipe-ST2 was absolutely required for the activation of the
dorsal group serine protease cascade, then females lacking VML would be expected to
produce dorsalized progenies.

In contast to this expectation, females homozygous for

vmlp or carrying one copy of vmlp in trans to a deficiency produce normal eggs that hatch
to form normal larvae. There are three possible explanations for this observation: First,
that the sulfation of VML in a Pipe overexpression background is an artifact of high
levels of Pipe expression, and VML does not play a role in DV patterning.

Second, that

a truncated version of VML produced by the P-element mutation, vmlp, produces
sufficent levels of function to direct the formation of normally patterned embryos.

As

seen in figure 3-4, no truncated radiolabeled band is observed in extracts from vmlp
mutant females in which Pipe-ST2 has been overexpressed, so this situation is unlikely to
be occuring.

Third, VML is not the only sulfation target of Pipe but rather acts

redundantly with other targets of Pipe-mediated sulfation to facilitate the formation of
embryos with DV polarity.

In fact, as my technique in preparing ovarian extracts from

labeled ovaries has improved, leading to a reduction in the amount of background
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labeling of proteins, I have been able to detect a small molecular weight band following
autoradiography on SDS-PAGE gel that, like VML, appears in ovaries in which Pipe-ST2
has been overexpressed (Figures 3-4 and Figure 3-5). The identification of additional
proteins that exhibit Pipe-dependent sulfation will be discussed later.

Figure 3-5. Autoradiography of radiolabeled ovarian proteins with improved
techniques. Both a 150 kDa band (black arrow) and a 17 kDa band (black
arrow head) that represent the putative target of Pipe was observed in
ovarian samples from females of Cy2-Gal4/UAS-pipe-ST2 (pip o.e, lane 3),
but not in those of pipe1/pipe2 (pip-, lane 1) and wild-type (w.t., lane 2).
In previous work from the lab, the hypomorphic pipe7 allele was shown to carry a
substitution of an isoleucine residue for the valine 123 present within the predicted
binding site for PAPS (Zhu et al., 2005). It was also shown that reduction in the amount
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of PAPS, one of the substrates of the enzymatic reaction catalyzed by Pipe, through
sodium chlorate inhibition of PAPS synthetase activity led to an increase in the severity
of dorsalization of the progeny of pipe7 mutant females.

We reasoned that if VML

represents a portion of the Pipe target, then reduction of the amount of VML would
similarly lead to an increase in the severity of dorsalization of the progeny of pipe7
mutant females. Thus, we generated stocks that were homozygous for vmlp and also
carried pipe7 in trans to pipe2, an allele which eliminates Pipe-ST2 activity.

We found

that 89.5% of progeny cuticles (n=554) produced by pipe7/pipe2 females that were
additionally homozygous for the vmlp mutation exhibited a completely dorsalized D0
phenotype (Roth et al., 1991) (Table 3-1, Figure 3-5) lacking any lateral or ventral pattern
elements.

Only a small proportion of these embryos were either strongly (D1, 10.3%)

or moderately (D2, 0.2%) dorsalized, according to the classification scheme of Roth et al.
(Roth et al., 1991).

In contrast, the completely dorsalized D0 phenotype was exhibited

by only 15.7% (n=1681) of the progeny of pipe7/pipe2 females and 40.7% of the cuticles
produced by these females were classified as strongly (D1), 31.5% as moderately (D2),
and 12.1% weakly (D3) dorsalized phenotypes (Table 3-1, Figure 3-6). Consistent with

Table 3-1. Cuticular phenotypes of embryos derived from pipe7/pipe2 females with
additional mutations for vitelline membrane proteins.
+/+

;
p

+/+ ; pip7/pip2 (n=1681)
7

2

(n= 327)
+/+
; Df(2L)Exel7024/+ ; pip /pip (n= 662)
p
vml /+ ; Df(2L)Exel7024/+ ; pip7/pip2 (n= 600)
vmlp/vmlp ;
+/+ ; pip7/pip2 (n= 554)
vml /+

;

+/+ ; pip /pip
7

2

15.7%

40.7%

31.5%

12.1%

48.0%

39.1%

11.6%

1.2%

52.1%

36.9%

11.0%

0.0%

69.5%

25.7%

4.8%

0.0%

89.5%

10.3%

0.2%

0.0%

Embryonic phenotypes are scored according to Roth et al. (Roth et al., 1991).
D0, completely dorsalized; D1, Filzkörper but no ventral denticles; D2, Filzkörper
and ventral denticle bands of narrow width; D3, twisted or tail-up phenotype.
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VML and other vitelline membrane components
influence DV pattern formation
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;

+/+

; pip7/pip2
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+/+

; pip7/pip2

D3

; Df(2L)Exel7024/+ ; pip7/pip2
; Df(2L)Exel7024/+ ; pip7/pip2

vmlp/vmlp ;

+/+

; pip7/pip2

Figure 3-6. Cuticular phenotypes of embryos derived from pipe7/pipe2 females also
carrying various combinations of mutations affecting vml and/or
vitelline membrane protein genes in the 26A chromosomal interval.
Each bar represents the percentage of a dorsalization phenotype of embryos
from females of a corresponding genotype (data shown in Table 3-1). The
standard error of each bar is less than 3% (data not shown).
their hypomorphic phenotypes, the progeny of pipe7/pipe2 typically exhibited polarized
gastrulation movements (data not shown).

We have also examined the cuticular

phenotypes of progeny (n=327) of pipe7/pipe2 females that were heterozygous for vmlp
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and found that 48.0% of the embryos were completely dorsalized (D0), 39.1% were
strongly dorsalized (D1), 11.6% were moderately dorsalized (D2) and 1.2% were weakly
dorsalized (D3) (Table 3-1, Figure 3-6).

As expected, these embryos were more

severely dorsalized than those from pipe7/pipe2 females, but the dorsalization phenotype
is not as severe as the cuticular phenotypes of progeny of pipe7/pipe2 females that were
homozygous for vmlp. Taken together, these results confirm that VML is involved in
the establishment of embryonic DV polarity.

VML is expressed in the somatic follicle cells during mid-oogenesis
As a substrate of Pipe, VML is expected to be expressed in the somatic follicle
cells during the same time period during which Pipe is expressed. In order to confirm
this, Stevens L. (unpublished) carried out whole mount in situ hybridization of wild-type
and vml mutant egg chambers using a digoxygenin-labeled probe generated from a fulllength vml cDNA probe.

vml mRNA is expressed specifically in the follicle cells

overlaying the oocyte during stages 9 to 10 of oogenesis (Figure 3-6).
expressed in the centripetal cells and border cells at the same time.

vml is also

In contrast, no

expression of vml was detected in egg chambers from homozygous vmlp females (Figure
3-7).

VML is likely to be a vitelline membrane protein
The existence of a signal peptide and a core VM domain in VML suggests that
this protein is secreted into the perivitelline space and become a vitelline membrane
component following its synthesis and modification in the follicle cells.

Though we

have shown that vml is expressed in follicle cells, antibodies specific for the protein have
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Figure 3-7. In situ hybridization of vml to wild-type and homozygous vmlp mutant
egg chambers. The expression of vml in wild-type eggchambers (w.t.,
upper panel) is detected in the follicle cells overlying the oocyte, as well as
the centripetal cells and border cells during stages 9 to 10 of oogenesis. In
contrast, no expression of vml is detected in egg chambers from
homozygous vmlp females (vml-, lower panel)
not yet been generated and no direct evidence currently exists which shows that VML is
localized to the vitelline membrane layer of the eggshell. Fakhouri et al. (Fakhouri et
al., 2006) have developed a protocol to purify eggshells and other extracellular matrix
components from whole ovaries which employs low-speed centrifugation and extensive
washes with high-salt buffer containing 2% Triton X-100.

Combining this method with

Mass Spectrometry, they were able to identify more than 40 protein components of the
eggshell and extracellular matrix, including known and predicted eggshell proteins.
They carried out in situ hybridization to RNA to examine the expression of 10 of their
newly identified genes which have features suggesting that they encode eggshell
components and were able to detect stage- or region-specific expression of all these genes
in follicle cells (Fakhouri et al., 2006).
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To obtain information about the distribution of VML protein, I used the protocol
of Fakhouri et al., 2006, to purify eggshell and other extracellular matrix components
from radiolabeled ovaries dissected from pipe mutant (pipe1/pipe2), wild-type and pipe
overexpressing (CY2-Gal4/UAS-pipe-ST2) females.

The eggshells were then

solubilized in sample buffer containing 2% SDS and 5% 2-mercaptoethanol, and
subjected to SDS-PAGE.

Multiple visible protein bands were detectable after

Coomassie Blue R-250 staining (data not shown).

Autoradiography of the same gel

allowed the detection of several bands exhibiting enhanced levels of radioactivity in the
pipe overexpression sample compared to samples from the wild-type and pipe mutant
samples (Figure 3-8). However, I was not able to detect any significant difference in the
radioactivity of these proteins in wild-type versus pipe mutant-derived extracts.

The

most conspicuously labeled band present in the Pipe-overexpression sample was one with
an apparent molecular weight of around 150 kDa. Isolation of this band from the gel,
followed by Mass Spectrometry confirmed the identity of this molecule to be VML.
Thus VML is enriched using a protocol that isolates eggshell components and other
extracellular matrix protein.

Based on this result and on the structure of the protein, the

most parsimonious explanation for these results is that VML is a component of the
vitelline membrane layer of the eggshell.
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Figure 3-8. Autoradiography of radiolabeled eggshell/extracellular matrix proteins.
Several vitelline membrane proteins separated by SDS-PAGE (14%
acrylamide) exhibit enhance radiolabeling in purified eggshells/matrix
preparations from females overexpressing Pipe-ST2 under the control of the
CY2-Gal4 enhancer trap (pip o.e, lane 3), when compared with preparations
from pipe1/pipe2 (pip-, lane 1) and wild-type (w.t., lane 2) ovaries.
Isolation and Mass Spectrometry of these bands allowed them to be
identified as VML, Palisade (CG9050), sV17 (VM26Aa) and VM32E,
respectively (black arrows). In addition, a radiolabeled smear of protein is
present in the region of of about 23 kDa (black arrow head). sV23
(VM26Ab) has been reported to exhibit such a smeared electrophoretic
migration pattern, so this radiolabeled smear may represent the processed
products of sV23. There is a radiolabeled band of around 82 kDa that
appears only in the wild-type sample (lane 2). This molecule may
represent VML at a different sulfation level that exists only in the ovaries of
wild-type females.
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Multiple vitelline membrane components are sulfated in a Pipe-dependent manner
As described above, eggshell/matrix preparations from Pipe-overexpressing
females contain several protein proteins in addition to VML that appear to be sulfated in
a Pipe-dependent manner (Figure 3-8).

To determine the identities of these proteins, gel

slices containing Commassie Blue R250-stained bands from the SDS-PAGE gel that had
been autoradiographed which co-migrated with the radiolabeled bands were isolated for
in-gel digestion followed by Mass Spectrometry.

In this way, I was able to identify

three additional radiolabeled protein species as sV17 (VM26Aa), VM32E and Palisade
(Fcp26Aa, CG9050) (Elalayli et al., 2008b), all of which are presumably sulfated by
Pipe-ST2.

Recall that sV17/VM26Aa and VM32E are two major vitelline membrane

components, while Palisade is a newly characterized protein required for both assembly
and function of the vitelline membrane (Elalayli et al., 2008b).

Consistent with the

stage-specific processing of sV17 that has previously been detected by Western blot
analysis (Pascucci et al., 1996), two radiolabeled bands, one of 15 kDa and the other of
17 kDa, were isolated, both of which were identified by Mass Spectrometry as sV17.

In

addition, a smear was observed near the 23 kDa region that also exhibited enhanced
labeling that was Pipe-dependent. The appearance and the range of sizes of species
within this smear resembles that of the VM protein sV23/VM26Ab, as detected by
Western analysis (Pascucci et al., 1996). However, the protein components of this
smear were not sufficiently concentrated to be visualized with Coomassie Blue staining,
and thus could not be accurately cut out for MS identification.

Furthermore, sV23 does

not contain trypsin digestion products in the size range that can be easily analyzed by
mass spectrometry (Fakhouri et al., 2006), so no attempt was made to determine whether
this labeled smear corresponds to VM26Ab.
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As Pipe is predicted to be a carbohydrate modifying enzyme, I was interested in
determining whether any of the vitelline membrane components shown to undergo Pipedependent labeling are glycoproteins.

This has not been demonstrated for any of the

previously characterized vitelline membrane proteins.

An eggshell/matrix preparation

from wild-type females was subjected to SDS-PAGE and stained with Pro-Q® Emerald
300 reagent (Invitrogen) which fluorescently labels glycoproteins.

Using this approach,

I was able to detect multiple glycoproteins on the gel (Figure 3-9). Isolation followed
by Mass Spectrometry allowed one of the major flourescent bands to be identified as

Figure 3-9. Glycoproteins present in an eggshell/matrix preparation from wild-type
ovaries. Multiple eggshell/matrix components separated by SDS-PAGE
(14% acrylamide) were fluorescently stained with Pro-Q® Emerald 300
reagent. Among them, two nearby bands (black arrow head) with
molecular weight around 17 kDa were individually isolated and identified as
corresponding to sV17 by Mass Spectrometry.
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sV17/VM26Aa. However, I was not able to demonstrate that VML is glycosylated due
to the presence of many fluorescently-labeled glycoproteins in the molecular weight
range in which VML is contained.

A chromosomal deficiency that uncovers the 26A complex of vitelline membrane
protein genes affects embryonic DV pattern formation
The observation that multiple vitelline membrane components are sulfated in a
Pipe-dependent manner suggests that these proteins may act redundantly with VML in
regulating embryonic DV pattern formation.

However, because perturbation of the

expression of some of these proteins, such as sV23 and palisade, leads to the production
of fragile or completely collapsed eggs and to developmental arrest during early
embryogenesis (Elalayli et al., 2008b; Savant and Waring, 1989), it is not possible to
determine whether interference with the function of these proteins leads to specific DV
defects in embryonic pattern formation.

Nevertheless, if these vitelline membrane

proteins participate in DV pattern formation following modification by Pipe-ST2, we
might expect a reduction in their expression levels to have an effect on the pipe7 mutant
phenotype similar to the one that we observed when VML protein levels were reduced.
As an initial test of this hypothesis, we used a chromosomal deficiency, Df(2L)Exel7024,
which lacks genomic sequences between 26A1 and 26A8 of the second chromosome
(Parks et al., 2004).

This deficiency eliminates the 26A vitelline membrane gene

cluster, including the genes sv17, sv23, palisade, vm26Ac, and the putative eggshell
protein gene cg13992 (Fakhouri et al., 2006), as well as 12 other known or predicted
genes, none of which have been implicated in the formation of the embryonic DV axis.
We generated pipe7/pipe2 females that were also heterozygous for Df(2L)Exel7024 and
found that 52.1% of progeny cuticles (n=662) produced by these females were
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completely dorsalized (D0), 36.9% were strongly dorsalized (D1) and 11.0% were
moderately dorsalized (D2) (Table 3-1, Figure 3-6). Comparing these numbers to the
range of phenotypes exhibited by the progeny of pipe7/pipe2, or vml/vml; pipe7/pipe2
mutant females (Table 3-1, Figure 3-6), we find that heterozygosity for Df(2L)Exel7024
leads to an increase in the severity of dorsalization cause by pipe7, although this
enhancement is not as remarkable as that cause by elimination of VML.

We have also

examined the cuticular phenotypes of progeny (n=600) of pipe7/pipe2 females that were
also heterozygous for both vml and Df(2L)Exel7024 and found that

69.5% of the

embryos were completely dorsalized (D0), 25.7% were strongly dorsalized (D1) and
4.8% were moderately dorsalized (D2) (Table 3-1, Figure 3-6), suggesting that the effects
upon DV patterning of reducing the levels of VML and the proteins encoded within the
Df(2L)Exel7024 are additive.

Taken together, these results indicate that one or more of

the genes contained within the region deleted in Df(2L)Exel7024 participates in the
control of embryonic DV pattern formation.
sulfation by Pipe-ST2.

Like VML, it is likely to function after

Based on our observation of Pipe-ST2-dependent sulfation,

sV17 and/or Palisade are the best candidates to correspond to the predicted effector.
The additive effects of decreasing the dosage of this gene and decreasing the dosage of
vml upon the pipe7/pipe2 mutant phenotype suggests that the critical gene or genes present
in the 26A region acts redundantly with VML. This redundancy is likely to provide the
explanation for the observation that while VML influences DV patterning, it is not
absolutely essential for the process.
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DISCUSSION
Pipe’s sulfation target VML participates in the establishment of embryonic DV
polarity
Using a metabolic radiolabeling assay, I identified a molecule that is efficiently
sulfated when Pipe-ST2 was overexpressed. The protein component of this labeled
species was identified as Vitelline Membrane-Like protein by Mass Spectrometry and
this identification was confirmed through the loss of the radiolabeled species in a vml
mutant background.
VML is likely to be a component of the vitelline membrane layer of the eggshell
for a number of reasons.

First, in situ hybridization shows that VML is expressed in the

follicle cell layer overlaying the oocyte in wild-type egg chambers during stages 9 to 10
of oogenesis, the interval during which other VM proteins are known to be expressed.
Secondly, the presence of a signal peptide within VML is consistent with a situation in
which the protein is secreted into the egg chamber perivitelline space for incorporation
into the vitelline membrane.

Finally, VML protein is enriched in an extract obtained

using a protocol previously shown to isolate eggshell proteins as well as extracellular
matrix proteins.
We initially expected that loss-of-function mutations for genes involved in
biosynthesis of the Pipe substrate, including the one that encodes the core protein, would
produce dorsalized phenotypes, reasoning that in the absence of its substrate, Pipe-ST2
would not be able to transmit its effects to the downstream members of the DV pathway.
Surprisingly, females homozygous for vmlp did not produce dorsalized embryos and it
was only possible to demonstrate an influence of VML on DV patterning by examining
the effects of reducing/eliminating VML protein in a sensitized genetic background
associated with a hypomorphic allele of pipe. This result can probably be explained by
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a situation in which VML is one of several vitelline membrane glycoproteins whose
sulfation by Pipe-ST2 can facilitate transmission of the Pipe signal to the dorsal group
serine proteases in the perivitelline space of the egg.

This hypothesis derived strong

support from the observation that reduction in the dose of several genes in the 26A
vitelline membrane gene cluster also enhanced the pipe7/pipe2 hypomorphic phenotype.
The existence of redundantly-acting targets of Pipe sulfotransferase activity suggested by
these results may provide the explanation for the fact that multiple genetic screens for
maternal effect mutations affecting embryonic patterning failed to isolate any mutations
in genes involved in the synthesis of a putative target of Pipe.

VML exhibits properties of a mucin-like molecule
Although the estimated molecular weight of VML, based on its amino acid
sequence, is 56 kDa, it migrates on 10% SDS-PAGE with a much higher apparent
molecular weight of about 150 kDa, suggesting that it is extensively modified, perhaps by
glycosylation.

As noted previously the amino acid sequence of VML suggests that it

undergoes extensive O-linked glycosylation similar to what is seen in previously
characterized mucin molecules.

The basic structure of a mucin includes a protein

backbone, the “apomucin”, which carries numerous O-linked oligosaccharides as well as
a few N-linked glycans (Andrianifahanana et al., 2006). These sugar chains, which are
normally modified by sialylation or sulfation, constitute up to 80% of the total mass of
the mucin.

A hallmark of mucins is the presence of tandemly repeated amino acid

motifs located in the central region of the apomucin protein.

These tandem repeats are

normally rich in serine and threonine residuals, and provide sites for O-linked
glycosylation.

Due to the unequal crossing over between gene homologues, mucins

frequently exhibit a polymorphisms in the form of variable number of tandem repeats
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(VNTRs) (Gendler and Spicer, 1995; Griffiths et al., 1990; Moniaux et al., 2001). In
addition to the classical mucins, a group of smaller glycoproteins, termed mucin-like
molecules, fall within the broad definition of a mucin: a backbone protein carrying
extensive O-linked glycosylation which accounts for more than 50% of its mass
(Andrianifahanana et al., 2006).

These mucin-like molecules normally possess a

domain rich in serine, threonine and proline residues (PTS region), but do not posses a
VNTR (Andrianifahanana et al., 2006). Protein encoded by vml clearly exhibits all the
structural characteristics of an apomucin: it has a central PTS region of more than 400
amino acids with 28 exact repeats of PAAPSYSA, as well as additional repeats
representing some variation of that repeat structure. In fact, VML contains 26% serine
residues, 17% proline residues and 1.4% threonine residues, and of the 134 serine and
threonine residues in the PTS region stretching from amino acids 83 to 505, 130 are
predicted by the NetOGlyc 3.1 program (Julenius et al., 2005) to be mucin-type O-linked
glycosylated (Figure 3-3).

Consistent with the hypothesis that much of the central

region of VML is glycosylated, all tryptic peptides from VML that were identified by
Mass Spectrometry fall outside of the repeat region.
from the repeat region were identified.

No sequenced peptides derived

Taken together, the tandem repeat region of

PAAPSYSA in VML is likely to be O-linked glycosylated to form a mucin-like
molecule, which possesses multiple potential sites for Pipe-ST2-mediated sulfation.
The potential for VML to be extensively O-glycosylated, and for these sites of
glycosylation to represent sites for sulfation can provide a potential explanation for two
perplexing observations made in our studies of VML.

First, we have not been able to

detect any difference in the sulfation of VML in wild-type versus pipe mutant ovaries.
Second, despite the fact that under normal conditions pipe is expressed in about a third of
the follicle cells around the DV circumference of the egg chamber, overexpression of
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Pipe-ST2 throughout the follicle cell layer results in an increase in VML sulfation that is
far greater than the 3 fold difference that would be expected if misexpression of Pipe-ST2
resulted merely in the expression of Pipe-ST2 in lateral and dorsal follicle cells in which
it is normally not expressed. These observations are best explained by a situation in
which Pipe activity in the ventral follicle cells of wild-type cells is sufficient to lead to
the sulfation of only a few of the carbohydrate groups carried by VML. This low level
of Pipe-depedent sulfation, while sufficient for progeny embryo patterning, would be too
low to yield a significant signal above background.

When Pipe-ST2 is overexpressed

under the control of CY2-Gal4, the level of Pipe-ST2 activity present in all follicle cells
around the DV circumference of the egg chamber would be expected to be far higher than
the level in ventral follicle cells of the wild-type egg chambers.

For this reason, the

proportion of glycosyl groups undergoing sulfation on every individual VML protein
would be much higher than the number undergoing sulfation in the ventral follicle cells
of the wildtype egg chamber.

As such, we may have been extremely fortunate that

VML is extensively glycosylated at many serine and/or threonine residues as the ability
of each molecule to undergo a dramatic increase in sulfation above normal levels may
have been a crucial factor enabling its detection.
Consistent with the identification of Pipe’s substrate as a mucin-like molecule,
genes involved in biosynthesis of mucins are actively expressed in follicle cells at the
same time as pipe is expressed.

The first step of mucin biosynthesis is the addition of

GalNac on the serine or threonine residues of the apomucin to form the “Tn-antigen”.
This reaction is catalyzed by a large, evolutionarily conserved family of enzymes, known
as UDP-GalNac:polypeptide N-acetylgalactosaminyltransferases or polypeptide GalNac
transferases (PGANTs) (Ten Hagen et al., 2003). In collaboration with Dr. Kelly Ten
Hagen, I previously examined the expression in follicle cells and in embryonic salivary
125

glands of 10 cloned pgant genes from among the 15 pgants encoded by the Drosophila
genome, operating under the assumption that genes expressed in both of these tissues
would be good candidates to be involved in the glycosylation of Pipe’s target. Using in
situ hybridization with DNA probes, I detected the expression of two of these genes,
pgant5 (CG9152) and pgant6 (CG2103), in both the embryonic salivary glands and the
somatic follicle cells during mid-oogenesis (Ten Hagen et al., 2003). I also used FRTFLP mediated site directed recombination for the generation of mutant follicle cell clones
as well as RNA interference to analyze the loss-of-function phenotypes of these two
genes.

However, the results of these experiments were inconclusive because of the

possible redundant activity among PGANTs and the lack of well-characterized mutants.
In subsequent experiments, Dr. Ten Hagen and colleagues demonstrated that in addition
to pgant 5 and 6, pgant1, 7, 35A, and CG30463 were also expressed in the salivary glands
(Pratt et al., 2006).

As Pipe’s target in the follicle cells is now predicted to be a mucin-

like molecule, its glycosylation is likely to require one or more of the PGANTS
mentioned above which is (are) expressed in the follicle layer and/or in the embryonic
salivary glands.
How might sulfation on a mucin influence embryonic DV polarity? Pipedependent sulfation of VML and its redundantly acting effectors may be required in order
for it to bind and activate one or more of the dorsal group serine proteases, or to enable it
to recruit several of the proteases and facilitate their interaction. Alternatively, VML’s
effect on the serine protease cascade may be more indirect.

In such a scenario,

sulfation of VML may generate an epitope that specifically recruits a regulator of the
downstream protease cascade.

Sulfated VML could facilitate an interaction between

one or more of the dorsal group proteases and an activator. Alternatively, sulfate VML
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could sequester an inibitor of the serine protease cascade, thereby enabling proteolytic
activity on the ventral side of the embryo.
Recall that pipe is also expressed in the embryonic salivary glands where various
isoforms facilitate the formation of alcian blue staining material. pipe is required for
normal morphogenesis of the salivary glands, as the lumen of salivary glands from third
instar larvae homozygous for null alleles of pipe or windbeutel show morphological
defects (Stein D., unpublished). A required function for Pipe in embryonic salivary
glands may provide an explanation for the observation that these mutations also lead to
reduced viability and perturbation of growth of pipe and wind null mutant flies (Zhu et
al., 2005), presumably because an alteration in the development of the salivary gland
leads to a perturbation in the efficiency of feeding in these mutant flies. Based on the
identification of Pipe’s substrate in the follicle cells as a mucin-like molecule, its
substrate in the salivary glands is likely to be a mucin or mucin-like molecule as well.
One possible role for a sulfated mucin in the salivary gland lumen is to serve as a
protective barrier between the secretory cells and the enzyme-filled lumen.
Alternatively, Pipe’s sulfation of a cell-surface mucin may participate in cell adhesion or
other signaling events required for the correct formation of the salivary glands. An
example of such sulfation-mediated adhesion occurs during lymphocyte homing, when
the sulfation of several mucin-like ligands for leukocyte adhesion receptors of the Lselectin class, such as GLYCAM-1 (Glycosylation-dependent cell adhesion molecule 1)
and CD34 (Baumheter et al., 1993; Imai et al., 1993; Imai and Rosen, 1993), facilitates
lymphocyte attachment.

Finally, the observation that third instar larvae homozygous for

null alleles of pipe or wind have salivary glands that exhibit blockages and dilation of
their lumens suggests another relatively simple possible role for the sulfated target of
Pipe in the embryonic salivary glands.

This molecule may serve to prevent adhesion
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between the apical surfaces of cells lining the lumen of the embryonic salivary gland,
thus preserving a lumen structure during the course of the development of this organ.
In conclusion, while we cannot definitively rule out a role for the salivary gland target of
Pipe in the regulation of serine protease activity in that organ, it seems likely that the
function of Pipe in the embryonic salivary glands is quite different from its role in the
process of embryonic DV pattern formation.

Multiple vitelline membrane components are sulfated in a Pipe-dependent manner
and participate in the establishment of DV polarity
As mentioned above, serine residues within the PAAPSYSA tandem repeat region
in VML are predicted to undero mucin-type O-linked glycosylation which provide
multiple potential sites for Pipe sulfotransferase activity. Based on the assumption that
the primary sequence of a peptide is the major factor determining the substrate specificity
of PGANTs (Tarp and Clausen, 2008), other secreted proteins with peptide sequences
similar to PAAPSYSA expressed in follicle cells may also be glycosylated and represent
additional targets of sulfation by Pipe.

After being secreted into the perivitelline space,

these proteins may also influence the DV polarity, especially if they are also vitelline
membrane components that localize onto the eggshell.

Interestingly, amino acid

sequence motifs similar to the PAAPSYSA repeat are present in most VM proteins,
including sV17, sV23, VM32E and VM34Ca, as well as the newly characterized Palisade
protein.
The hypothesis that these vitelline membrane components can also be
glycosylated followed by Pipe-mediated sulfation derives support from my studies in
which metabolic labeling was followed by enrichment of eggshell/extracellular matrix
proteins, which demonstrated that sV17, VM32E, Palisade and possible sV23 are sulfated
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in a Pipe-dependent manner.

Interestingly, sV17, sV23, VM32E and Palisade all

migrate much slowly on SDS-PAGE gels than they would be expected to based on their
predicted molecular weights suggesting that they may undergo modification. Moreover,
the NetOGlyc 3.1 program predicts that sV17/VM26Aa, sV23/VM26Ab, VM32E,
VM34Ca and Palisade carry sites for mucin-type O-linked glycosylation (Figure 3-3,
Palisade not shown).

In the case of sV17, I have confirmed that the protein is

glycosylated using a glycoprotein specific stain.

One of the future directions of these

studies is to confirm the glycosylation of these proteins, and characterize the nature of the
carbohydrate attachments to VML and these proteins.
The observation that heterozygosity for a deletion that uncovers the 26A vitelline
membrane gene cluster enhanced the dorsalization phenotype of progeny embryos
produced by pipe7/pipe2 females indicates that one or more of the genes affected by this
chromosomal deletion participate in the regulation of DV pattern formation.

However,

because Df(2L)Exel7024 deletes 18 genes, we cannot be certian which of them is/are
involved in DV patterning.

Moreover, we have not yet been able to examine the

involvement of VM32E, which also exhibits Pipe-ST2-dependent sulfation, in the
establishment of DV polarity.

If VM32E is indeed a bona fide target of Pipe that

functions in the DV pathway, this may provide an explanation for the second source of
the polarizing information that exists in addition to the ventral transcription of Pipe-ST2
(see Chapter 2).

Like pipe, vm32e transciption is regulated by EGFR signaling and is

enriched in ventral cells of the follicular epithelium during stage 10 of oogenesis
(Bernardi et al., 2007).

When pipe-ST2 is transgenically expressed uniformly around

the DV axis of otherwise pipe mutant egg chambers, the presence of increased levels of
Pipe target on the ventral side of the follicle layer, in the form of the VM32E expression
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could lead to a relative increase in the activity of the dorsal group serine proteases
ventrally, thus contributing a polarizing influence to the developing embryos.
In conclusion, our data shows that VML is a bona fide substrate of Pipe that
participates in the establishment of DV polarity.

Our data also indicate that other

known components of the vitelline membrane components undergo Pipe-dependent
manner and and that one or more of them is likely to act redundantly with VML in the
formation of the embryonic DV axis.

Ongoing investigations are directed towards

providing direct evidence that VML is a component of the egg chamber via
immunohistochemistry, more precisely characterizing the targets of sulfation on VML
and the other vitelline membrane protein targets of Pipe, and examining interactions
between VML (and the VM proteins) and the members of the dorsal group pathway that
are required for the formation of the Toll ligand.

The results of these studies will

provide a much more complete understanding of the mechanism through which
expression of pipe in the follicle cell layer leads to spatially-regulated serine protease
activity in the perivitelline space of the egg and ultimately to the formation of a dorsalventral axis of polarity in the Drosophila embryo.

MATERIALS AND METHODS
Stocks, crosses and strain maintenance
All stocks were maintained employing standard conditions and procedures.

The

wild-type stock used was Oregon R. Mutant alleles of pipe have been described as
follows: pipe2 (formerly pipe664) (Anderson et al., 1985b); pipe7 and pipe3 (Zhu et al.,
2005); Df(3L)pipeA13 (Sen et al., 1998).

Df(2L)Exel7024 and vmlP (formerly

CG2879EY21650) are described in FlyBase (http://flybase.org/).
130

Other alleles of ndl have

been described as follows: Df(3L)ndl03844 (Hong and Hashimoto, 1995); ndl10 and ndl12
(Hong and Hashimoto, 1996); ndl169 (Tearle and Nusslein-Volhard, 1987).

The

transgenic strain carrying pUAST-pipe-ST2 insertion was previously described by Sen et
al. (Sen et al., 1998).

The Cy2-Gal4 enhancer trap line is from Queenan et al. (Queenan

et al., 1997).

Metabolic labeling of glycoproteins
In vivo labeling with 35S was carried out using a modification of the protocol for
labeling of glycosaminoglycans described by Pinto et al. (Pinto et al., 2004).

50 adult

males and 50 adult females were allowed to mate en masse for 24 hours. The females
were then transferred to a plastic tube containing 10 mls of fly medium supplemented
with a feeding mixture containing 200 µg yeast, 200 µl distilled water and 200 µCi
Na235SO4 placed on the wall of the tube.

Females were fed on the labeling mixture for

40 hours at 29°C which included one exchange of the feeding mixture after the first 20
hours of labeling. Following radioactive labeling, the females were anesthetized with
carbon dioxide and their ovaries were dissected in cold Ringer’s solution.

Western analysis
The antibody that was generated in rabbits against a segment of protein
corresponding to amino acid residues 548-657 of Nudel was a kind gift from Dr. Ellen
LeMosy (LeMosy et al., 2000).

Ovaries were dissected in cold Ringer’s buffer,

homogenized in 1x SDS sample buffer (2% SDS, 10% Glycerol, 62.5 mM Tris-HCl, pH
6.8) containing 5% 2-mercaptoethanol and subjected to 10% SDS-PAGE.

Protein

transfer to nitrocellulose and Western analysis were performed according a standard
131

protocol (Harlow and Lane, 1988). The primary antibody (1:2000) was detected by an
HRP-conjugated-secondary

antibody

(1:5000)

(Pierce

Biotechnology),

and

the

autoradiography signal was produced using ECL regent (Pierce Biotechnology).

DNA in situ hybridization assay
DNA in situ hybridization of ovaries was performed according to the protocol of
Hong and Hashimoto (Hong and Hashimoto, 1995). The digoxigenin-labeled DNA
probe was synthesized using a DNA fragment corresponding to the full-length vml cDNA
with the Hexanucleotide and DIG DNA labeling Mix from Roche. The hybridization of
the probe was detected using a biotinylated goat anti-rabbit secondary antibody (1:500
diluted, pre-absorbed against wild-type embryos) (Vector Laboratories) and visualized
with avidin/HRP complex (Vector Laboratories).

Protein purification
500 pairs of radiolabeled ovaries from adult females carrying the Gal4 driver Cy2Gal4 together with an insertion of pUAST-pipe-ST2 were homogenized in 1.5 ml of NP40 buffer (1% NP-40, 0.15M NaCl, 62.5 mM Tris-HCl, pH 7.0), and the pellet was
collected after centrifuging at 12,000 rpm for 5 mins.

After repeating the above washes

for 5 times, the pellet was dissolved in 0.5 ml 3M Urea to achieve full solubilization.
The solubilized material was then subjected to DEAE-sephacyl (GE Healthcare) ionexchange chromotography.

The material was loaded onto a column (8 cm in height. 0.8

cm in diameter) pre-equilibrated in the same 3M Urea.

After the sample was loaded

onto the column, it was eluted 3 successive volumes of 15 ml of 3M Urea containing 0M,
0.25M and 0.5 M NaCl respectively, collected in 1 ml column fractions.
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All collected

fractions were tested by SDS-PAGE followed by autoradiography, and the fractions that
contained an approximately 150 kDa radiolabeled molecule were combined and dialyzed
twice against 5 mM Tris-HCl (pH 6.8) buffer containing 0.1% SDS.

This final enriched

sample was then vacuum-dried to concentrate at least 40 times and subject to 10% SDSPAGE for separation.

Ovary/Eggshell matrix preparations
Ovarian extracellular matrix and eggshell proteins were isolated using the
protocol of Fakhouri et al. (Fakhouri et al., 2006) with slight modifications.

50 pairs of

freshly dissected ovaries were homogenized in 1ml of lysis buffer (50 mM NaPO4, pH
6.9, 2% Triton-X 100, 0.4 M NaCl containing a standard concentration of protease
inhibitor cocktail from Roche), pelleted at 6 g.

The pellet was retained and the

supernatant discarded. After resuspending the pellet in the buffer described above and
pelleting it at 6 g two additional times, the pellet was resuspended in 1ml lysis buffer
additionally containing 200 µg DNaseI, 200µg RNaseA and 10mM MgCl2.

After 30

minutes incubation at 37°C followed by centrifugation at 9,300 g, the sample was then
homogenized twice in low-salt wash buffer (10 mM NaPO4, pH 6.9, 50 mM NaCl), each
time pelleting at 9,300g.

The final pellet was dissolved in 1x sample buffer (2% SDS,

10% glycerol, 62.5 mM Tris-HCl, pH 6.8) with 5% 2-mercaptoethanol for further
analysis.

Mass Spectrometry Analysis
After the gel slice was picked, the sample was subjected to in-gel digestion with
trypsin in the ICMB (Institute for Cellular and Molecular Biology) Protein Analysis
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Facility of the University of Texas at Austin. Proteins were then identified using the
MALDI-TOF/TOF (ABI 4700 Proteomics Analyzer, Foster City, CA) (Shen et al., 2007)
at the ICMB Mass Spectrometry Facility.

The MS and MS/MS data were processed

using GPS Explorer v3.5. MASCOT V2.0 was used for the database search with the
Swiss-Prot, TrEMBL and NCBI non-redundant databases.

Proteins with significant

score, corresponding to p < 0.05 of a random match, were reported.

In-gel fluorescent staining of glycoproteins
The protein samples were subjected to SDS-PAGE and the resulting gels were
stained with Pro-Q® Emerald 300 reagent (Invitrogen) following the standard procedures
provided by the supplier.

The fluorescently labeled proteins were visualized under UV

light (290 nm), and some stained bands were cut out for further analysis.

Examination of gastrulation patterns and cuticular phenotypes
Embryos from 12 hour collections were covered in hydrocarbon 27 oil (Sigma)
and the gastrulation patterns examined directly under a dissecting microscope. Larval
cuticles prepared according to Van der Meer (van der Meer, 1977) for examination of
their DV phenotypes. The degree of dorsalization of cuticles was classified according to
Roth et al. (Roth et al., 1991).
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