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Dorsal-ventral (DV) polarity in the Drosophila embryo is defined by spatially 

regulated activation of the transmembrane receptor Toll, which is uniformly distributed 

throughout the early embryo's plasma membrane. Ventral activation of Toll is 

accomplished through the local production of its activating ligand, a processed C-

terminal fragment of the Spätzle protein, which is generated in the last step of a 

proteolytic cascade involving the sequentially-acting proteases Gastrulation Defective 

(GD), Snake and Easter. Pipe protein, a homologue of vertebrate glycosaminoglycan 

modifying enzymes, which is expressed during oogenesis in ventral follicle cells adjacent 

to the developing oocyte, is believed to control the ventrally restricted processing of 

Spätzle.  pipe expression and the sulfation of its enzymatic target in the ventral follicle 

cells leads to the formation of a stable ventral cue, embedded in the eggshell.  Recently 

the Pipe enzymatic target has been identified as several protein components of the 

vitelline membrane, the inner layer of the eggshell. Prior to this work, an important piece 
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of information missing from our understanding of Drosophila DV patterning was the 

identity of the initial step in the protease cascade that requires Pipe activity.  Here, I 

show that the processing of Snake is independent of Pipe activity, while the processing of 

Easter requires Pipe function, indicating that Easter processing by Snake is the key 

proteolytic step that is controlled by Pipe activity and presumably the first cleavage event 

that is spatially regulated. A second key gap in our understanding of Drosophila 

embryonic DV patterning concerned the role of GD in the protease cascade.  While GD 

is the protease that cleaves and activates Snake, the existence of two distinct classes of 

complementing gd alleles has suggested that GD provides another, distinct function.  

Investigations described here indicate that the second function of GD is to promote the 

ability of activated Snake to process Easter, independent of its Snake-processing 

function.  Finally, I provide evidence for the formation of protein complexes containing 

various components of the serine protease cascade, which suggest that conformational 

changes in the complexes, which act to promote productive interactions between the 

proteins, are an important aspect of their activation. 
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Chapter 1: General Introduction 

Dorsal-ventral (DV) patterning in the Drosophila embryo is accomplished by a 

spatially restricted serine protease cascade that acts within the perivitelline space lying 

between the embryonic membrane and the inner layer of eggshell (Hashimoto et al., 

1988). The final serine protease that is activated in this cascade cleaves and activates the 

ligand for the transmembrane receptor Toll, which is distributed uniformly throughout the 

embryonic membrane (Anderson et al., 1985b; Hashimoto et al., 1991). This spatially 

restricted cleavage and activation of the ligand results in the activation of Toll only on the 

ventral side, which results ultimately in the correct expression along the embryonic DV 

axis, of zygotic genes required for the formation of pattern and structure along the axis. 

One of the key questions regarding this mechanism has been "What is the nature of the 

signal that polarizes the DV axis?" Part of the answer to this question has come from our 

cloning and characterization of the maternal effect gene, pipe (Sen et al., 1998). 

Subsequent research has demonstrated that the spatially restricted activation of the 

perivitelline serine proteases depends on the spatially restricted expression of the gene 

pipe in a ventral subpopulation of cells within the epithelium of follicle cells that 

surrounds the developing oocyte during oogenesis. The pipe gene encodes multiple 

distinct protein isoforms, all of which exhibit amino acid sequence homology to 

vertebrate glycoaminoglycan-sulfating enzymes (Kobayashi et al., 1996; Kobayashi et 

al., 1997). The expression of one of these isoforms has been shown to be necessary and 

sufficient for the formation of ventral and lateral pattern elements along the embryonic 

DV axis. The ultimate goal of this study has been to elucidate how Pipe function in the 

follicle cell layer contributes to spatially-restricted activation of the serine protease 

cascade ventrally, within the perivitelline space in the egg. More specifically, this study 
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has: 1) Identified the step in the serine protease cascade that is regulated by Pipe function. 

2) Characterized the function of the novel serine protease Gastrulation Defective (GD) in 

the process. 3) Obtained data that suggests the specific mechanism through which Pipe 

exerts its effects on DV patterning namely by mediating conformational changes in a 

protein complex that includes the proteases Snake and Easter such a way that the 

conformational change facilitates cleavage of Easter by Snake.  

As an introduction to the works that I have carried out, I will begin as describing 

in general the mechanisms through which embryonic pattern is pre-determined during 

oogenesis, and how this pre-pattern is exerted upon embryonic development. First, I will 

introduce the process of Drosophila oogenesis and how polarity is generated in the egg 

chamber that develops the oocyte during oogenesis. Second, I will introduce how the 

anterior-posterior and DV axes are formed in the developing embryo. Finally, I will 

provide a detailed overview of our current understanding of the mechanisms that generate 

the Drosophila dorsal-ventral axis, focusing on the critical role of the Pipe protein in 

regulating serine protease cascade in the Drosophila embryo, and introducing my studies 

and their contribution to the understanding of this process. 

 

PATTERN FORMATION IN THE DROSOPHILA EMBRYO  

The generation of polarity and pattern in Drosophila embryos is dependent on the 

prior establishment of polarity and pattern in the ovarian egg chamber (or follicle cells) in 

which the oocyte develops and matures during oogenesis (Morisalo and Anderson, 1995). 

During oogenesis, localized determinants are deposited into the developing egg, either as 

protein, RNA, or other molecules (Morisalo and Anderson, 1995). These determinants 

will act later to specify cell fates during embryogenesis, by controlling the spatially-
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specific transcription of zygotic genes that will initiate their expression early in 

embryogenesis, during the syncytial blastoderm stage when the embryo consists of a 

single cell with many nuclei located all around the cortical periphery of the embryo. It is 

the spatially-restricted expression of these zygotic genes that will control the expression 

of other genes responsible for the generation of appropriate embryonic pattern and 

structure along the anterior-posterior (AP) and DV axes of the embryo, respectively (Ray 

and Schupbach, 1996).  

Evidence for the existence of these maternal determinants was first obtained from 

the genetic screens which identified mutations when homozygous (or heterozygous in the 

case of dominant alleles) in adult females led to the formation of progeny embryos 

exhibiting developmental perturbations (St Johnston and Nusslein-Volhard, 1992). For 

this reason, these genes are referred to as maternal effect genes. The spatial information 

provided by the products of these maternal effect loci comes in two general forms: 

intracellular cytoplasmic determinants as the forms of mRNAs that are localized at 

specific locations within the oocyte; and extracellular signals that are embedded within 

the eggshell, external to the oocyte (St Johnston and Nusslein-Volhard, 1992).  

Four maternal patterning systems controlling axis formation in the Drosophila 

embryos are classified, based on the identification of loss-of-function mutant females 

producing progeny that exhibit similar embryonic phenotypes (Nusslein-Volhard, 1991). 

The maternal-effect genes involved in patterning along the anterior-posterior axis fall into 

three distinct groups based on the phenotypes of embryos produced by loss-of-function 

mutant females: 1) mutations in the so-called anterior group genes lead to the formation 

of embryos lacking the head and thorax, 2) mutations in the posterior group genes cause 

loss of the abdomen (and some of the genes also cause the loss of the germ cell 

precursors, the pole cells). 3) Mutations in terminal group genes prevent the formation of 
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the structures at the termini of the embryo, the acron at the anterior and the telson at the 

posterior. Each of these systems is operated by locally depositing the product of one of 

the member genes within the laid egg (Nusslein-Volhard, 1991; Nusslein-Volhard et al., 

1987; Nusslein-Volhard and Roth, 1989). The anterior and posterior systems employ 

mRNAs that become spatially localized within the oocyte cytoplasm, bicoid at the 

anterior (Berleth et al., 1988) and oskar (Ephrussi et al., 1991; Kim-Ha et al., 1991) and 

later nanos (Gavis and Lehmann, 1992) at the posterior. Unlike the anterior and posterior 

systems, the terminal system operates through the localized activation of a receptor 

tyrosine kinase, Torso, at the two poles of the embryo (Casanova and Struhl, 1989; 

Casanova and Struhl, 1993). The spatial specificity of Torso activity is dependent on the 

prior localization, at the two poles of the eggshell, of the product of the torsolike gene 

(Stevens et al., 2003). How the localization of Torsolike protein is translated to activation 

of Torso remains mysterious. 

Unlike the AP axis, formation of the DV axis is established by a receptor 

activation mechanism. Similar to the terminal system, dorsal-ventral pattern formation is 

accomplished by the spatially restricted activation of a uniformly distributed receptor, 

Toll, which is distributed throughout the embryonic membrane. After its activation, Toll 

transmits this signal intracellularly, leading to spatially specific expression of zygotic 

target genes in restricted domains along the DV axis of the progeny embryos (Anderson 

et al., 1985a; Anderson et al., 1985b; Hashimoto et al., 1991). Females homozygous for 

loss-of-function alleles of any of the so-called dorsal group genes produce embryos that 

are dorsalized. Therefore, in DV patterning, a signal generated during oogenesis leads 

ultimately to activation of the Toll receptor only on the ventral side of the embryo 

(Hashimoto et al., 1991).  
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DROSOPHILA OOGENESIS   

The process of embryogenesis may be considered to commence following 

fertilization, but many of the molecular events critical for Drosophila embryogenesis 

actually occur much earlier, during oogenesis. Drosophila oogenesis occurs in one of the 

two ovaries of the female, each of which is composed of about 8-10 ovarioles. Each 

ovariole consists of a chain of egg chambers (or follicles) at successively more mature 

stages of development (Spradling, 1993). A single Drosophila egg develops within each 

egg chamber, a structure made up of cells with two distinct origins: the somatically 

derived follicle cells, and the germline-derived oocyte and nurse cells. The egg chambers 

are formed at the anterior tip of each ovariole in a region called the germarium (Figure 1-

1), which contains the germline stem cells. Germline stem cells divide asymmetrically to 

a new stem cell and another type of cell termed a cystoblast. Once formed, the cystoblast 

divides four times with incomplete cytokinesis, giving rise to 16 interconnected cells: 15 

nurse cells and a single oocyte. The 16 germline-derived cells remain interconnected by 

cytoplasmic bridges called ring canals. One of the two cells connected to four other cells 

differentiates into an oocyte, while the other 15 cells become polyploid nurse cells 

(Figure 1-1). At the next stage of oogenesis, 16 somatically derived follicle cells envelop 

these 16 germline-derived cells (also called the cystocyte complex) (Dobens and Raftery, 

2000; Spradling, 1993). After the oocyte has been specified, it moves to the posterior end 

of the cyst, a process that is mediated via hemophilic interactions between DE-Cadherin 

expressed in the oocyte and in a subpopulation of terminal follicle cells at the posterior of 

the egg chamber (Godt et al., 1993; Gonzalez-Reyes et al., 1995). The 15 nurse cells 

remain interconnected to the oocyte and to each other, with the nurse cells synthesizing 

most of the RNAs and proteins required for the oocyte development and maturation 

during the course of oogenesis. In addition, the nurse cells undergo several rounds of  
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Figure 1-1. Drosophila early oogenesis (Reproduced from Cell Research with 

permission from Nature) (Li et al.) Schematic representation of early oogenesis (A) and 

stage 9 egg chamber. (B) Egg chambers originate at the anterior tip of each ovariole (top 

image) in a region called the germarium. 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. 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.  
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DNA endoreplication to become polyploid, to support these high levels of metabolic  

activity. After the egg chamber buds off from the germarium, it moves posteriorly and 

undergoes maturation through 14 defined stages, which can be distinguished based on 

morphology. Thus, each ovariole contains a linear array of egg chambers at different 

stages of development. Each egg chamber is connected to the one ahead of it and the one 

behind it by a stack of five to eight specialized somatic follicle cells called stalk cells 

(Dobens and Raftery, 2000) (Figure 1-1). 

The follicle cells surrounding the developing oocyte are initially uniform with 

respect to cell fate.  However, the fates of the follicle cells become distinct under the 

control of two signals that originate with the oocyte nucleus. Interestingly, both of these 

signals involve the action of the same protein, Gurken. gurken encodes a TGF-α-

homologue that is apparently expressed in the nurse cells. gurken mRNA is transported 

from the nurse cells to the oocyte and becomes localized between nucleus and oocyte 

membrane, where it is translated to form Gurken protein (Caceres and Nilson, 2005). At 

the time that the oocyte moves to the posterior side of the egg chamber, the oocyte 

nucleus is near the posterior follicle cells. Gurken protein that is produced at this time is 

received by the nearby follicle cells through the Drosophila EGFR receptor homologue 

Torpedo, which is encoded by the torpedo gene. This Gurken signal induces these follicle 

cells to assume a posterior fate, and in this way the anterior-posterior (AP) polarity of the 

egg chamber is defined (Gonzalez-Reyes et al., 1995). Following posterior fate 

determination in these cells, they send signal back to the oocyte. This signal reorganizes 

the cytoskeleton of the oocyte, such that microtubules become oriented with their minus 

ends at the anterior of the oocyte and their plus ends at the posterior (Gonzalez-Reyes et 

al., 1995; Roth et al., 1995). As oogenesis progresses, the volume of the oocyte increases, 

owing to the movements of cytoplasmic components from the nurse cells. Among these 
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components, there are many messenger RNAs including the ones that encode Bicoid, 

Oskar and Nanos proteins (Berleth et al., 1988; Ephrussi et al., 1991; Kim-Ha et al., 

1991). After the posterior follicle cells induce the rearrangement of the oocyte 

cytoskeleton, the bicoid and oskar mRNAs are transported by processes involving minus-

end and plus-end-directed microtubule dependent motor proteins, respectively 

(Nashchekin and St Johnston, 2009; Pokrywka and Stephenson, 1991; Stephenson and 

Pokrywka, 1992). Later during oogenesis, when cytoplasmic streaming occurs in the 

oocyte, a proportion of the nanos mRNA will become localized to the posterior end of the 

oocyte, via a mechanism that appears to involve binding and anchoring of the mRNA to a 

protein complex that has been nucleated at the posterior end of the oocyte under the 

control of Oskar (Wang and Lehmann, 1991). The protein products encoded by bicoid 

and oskar are critical for establishment of anterior-posterior polarity in the developing 

embryo. The role of these RNAs and proteins in embryonic patterning will be discussed 

below. 

At about mid-oogenesis, the oocyte nucleus moves along the cortex of the oocyte 

to an anterior position near the nurse cells where a second major signal event involving 

Gurken takes place. Here the gurken message expressed in the nurse cells and transported 

to the oocyte becomes localized to a position between the oocyte nucleus and the oocyte 

cell membrane (MacDougall et al., 2003) that will be defined as the anterior, dorsal 

corner of the oocyte. At stage 10 of oogenesis, gurken mRNA accumulated in this region 

will facilitate the localized expression of Gurken protein (Roth et al., 1995). As Gurken is 

a membrane bound ligand, it can diffuse only a short distance. Thus, only follicle cells 

near the nucleus will encounter Gurken protein. Torpedo expressed in those follicle cells 

will be activated, conferring upon them a dorsal fate. This second dorsalizing Gurken 

signal regulates the expression of genes in the follicle cells that are required for dorsal-
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ventral patterning in both the embryo and the eggshell (Gonzalez-Reyes et al., 1995; 

James et al., 2002; Peri et al., 2002; Sen et al., 1998).  

It is important to note that, in addition to their involvement in AP and DV 

patterning of the oocyte/embryo, the follicle cells also provide a number of other 

functions during oogenesis (Dobens and Raftery, 2000), being responsible for the 

secretion of the components of the various layers of the eggshell as well as for the 

provision of yolk proteins to the oocyte. 

 

THE FORMATION OF THE ANTERIOR-POSTERIOR AXIS IN THE EMBRYO     

As described above, three classes of maternal effect genes, the anterior, posterior 

and terminal groups, are responsible for the establishment of the anterior-posterior axis, 

(St Johnston and Nusslein-Volhard, 1992). Mother flies carrying loss-of-function 

mutations in genes of each of the three classes lead to similar progeny embryo 

phenotypes: mutations in the anterior class genes lead to loss of head and thorax 

structures (Berleth et al., 1988; Frohnhoefer and Nusslein-Volhard, 1986; Frohnhofer et 

al., 1986); mutations in the posterior group genes lead to loss of the abdominal structures 

and, for some posterior group genes, loss of pole cells (Lehmann and Nusslein-Volhard, 

1986; Lehmann and Nusslein-Volhard, 1991; Lie and Macdonald, 1999b; Manseau and 

Schupbach, 1989; Schupbach and Wieschaus, 1986; Schupbach and Wieschaus, 1989); 

terminal class mutations show loss of the unsegmented acron and telson at the anterior 

and posterior ends of the embryo, respectively (Klingler et al., 1988). The spatial 

information provided by these three classes of maternal effect genes leads to the correct 

expression of zygotic target genes along the AP axis of the early embryos. These zygotic 

target genes are responsible for the formation of segmentation along the body axis and for 

the elaboration of the specific identities of the segments that are formed, as outlined 
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below. 

The spatial information provided by the actions of the products of the anterior, 

posterior and terminal class genes is transformed into the correct pattern of transcription 

along the embryonic AP axis of the zygotic segmentation genes. The expression of these 

genes divides the early embryo into a repeating series of segments along the anterior-

posterior axis. These genes were initially identified in systematic screens for loss-of-

function mutations in genes which, when homozygous in embryos, led to disruptions in 

the body plan (Nusslein-Volhard and Wieschaus, 1980). Based on similarities in their 

phenotypes, the segmentation genes can be divided into three groups: gap genes, pair-rule 

genes and segment polarity genes. These three groups of genes will be described in 

greater detail below.  

In Drosophila and most other insects, embryos undergo superficial cleavage 

following fertilization, leading to the formation of a syncytium. A large mass of centrally 

located yolk confines nuclear mitotic cleavage to the cytoplasm lying directly beneath the 

embryonic outer membrane. In Drosophila, following fertilization the zygotic nucleus 

undergoes 13 rounds of mitotic divisions without cytokinesis (Foe and Alberts, 1983). 

Each of the first eight rounds of division takes eight minutes to complete. Following 

these eight mitotic cycles, the nuclei move to the surface of the egg and undergo further 

divisions at a slightly slower rate than the prior eight divisions (Foe and Alberts, 1983). 

During the ninth nuclear division cycle, about five nuclei at posterior pole of the embryo 

become enclosed by cell membrane and generate the pole cells that will give rise to the 

gametes of the adult fly (Okada, 1998). Up until the thirteenth nuclear division, there is 

no cytokinesis, so that all of the nuclei (but not those of the pole cells) share a common 

cytoplasm. At this stage, the embryo is called a syncytial blastoderm. During this 

syncytial blastoderm stage, proteins and other macromolecules such as mRNAs and 
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transcription factors can diffuse within the cytoplasm of the developing embryo. 

Following division cycle 13, the plasma membrane of the embryo folds inward between 

and around the nuclei, which eventually partition off each somatic nucleus into single 

cell. This process creates the cellular blastoderm. The members of the gap and pair rule 

classes of zygotic segmentation genes are transcribed in the syncytial blastoderm, while 

the genes of the segment polarity class are expressed in the cellular blastoderm (Scott and 

Carroll, 1987). 

Gap genes are the first zygotic genes expressed along the anterior-posterior axis 

under the control of the maternal effect patterning genes (Knipple et al., 1985; Nusslein-

Volhard and Wieschaus, 1980; Wieschaus et al., 1984). All of the gap gene products are 

transcription factors and their specific expression domains are controlled by the products 

of the anterior, posterior and terminal classes of genes (Bronner and Jackle, 1991; 

Finkelstein and Perrimon, 1990; Knipple et al., 1985; Preiss et al., 1985; Rosenberg et al., 

1985; Tautz, 1987). Loss-of-function mutations in the gap genes lead to the formation of 

embryos lacking large contiguous regions of the body (Nusslein-Volhard and Wieschaus, 

1980). Embryos mutant for loss of function alleles of hunchback lack head and thoracic 

segments (Lehmann and Nusslein-Volhard, 1987) while embryos homozygous for loss-

of-function mutations in the krűppel gene lack parasegments 4-6 (Knipple et al., 1985). 

Each parasegment is a combination of the posterior compartment of one segment with the 

anterior compartment of the next segment. In molecular terms, the parasegment, not the 

segment, is the fundamental unit of segmentation.  

In wild-type embryos, gap genes are transcribed in regions that give rise to the 

portions of the embryos that are missing from their respective mutant embryos.  

hunchback is expressed zygotically over a broad region encompassing the anterior half of 

the syncytial blastoderm embryo, the anlagen of the head and thorax (Tautz, 1988; Tautz, 
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1987) while krűppel is transcribed in a broad central domain of the embryo (Gaul et al., 

1987; Knipple et al., 1985).  

The second class of segmentation genes expressed during embryogenesis is the 

pair-rule gene. Like the gap genes, all of the pair-rule genes encode transcription factors. 

Each of the pair-rule genes is expressed in a pattern of seven stripes along the AP axis of 

the embryo. Each of the seven stripes of expression includes several adjacent nuclei and 

corresponds to a unit that is two parasegments in length, totaling 14 parasegments being 

formed following pair-rule gene expression. Thus, loss-of-function mutations in the pair-

rule genes lead to embryos lacking portions of every other segment (Nibu et al., 1998). 

The patterns of expression and the phenotypes produced by mutations affecting pair rule 

genes indicate that prior to the formation of individual segments (parasegments); the 

embryo is arranged in a pattern of 7 bisegmental units. 

The pair-rule genes are themselves divided into two classes, the primary pair-rule 

genes and the secondary pair-rule genes (Ingham, 1998; Ingham et al., 1988). The 

position of each of the individual stripes of expression of the three primary pair-rule 

genes even-skipped, hairy and runt along the anterior-posterior axis is controlled by a 

combination of maternal gene products and gap gene products (Pankratz and Jackle, 

1990). These genes carry complex stripe-specific control regions, each of which contains 

binding sites for various transcription factors (Goto et al., 1989; Howard and Struhl, 

1990; Pankratz and Jackle, 1990; Stanojevic et al., 1989). The secondary pair-rule genes 

are not directly controlled by maternal proteins or gap gene products; instead, their 

expression domains are defined by combinations of pair-rule proteins, serially repeated 7 

times along the embryonic AP axis, bound to a single enhancer element in the secondary 

pair-rule gene promoters (Carroll and Scott, 1986; Carroll and Vavra, 1989; Ellison and 

Howard, 1981; Frasch and Levine, 1987; Howard and Ingham, 1986).  For example, the 
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fushi tarazu gene promoter contains an enhancer termed the zebra element that can direct 

the expression of seven stripes of ftz mRNA. The main regulator of the ftz zebra stripe 

element is the Hairy protein, which acts as a repressor of the zebra element (Howard and 

Ingham, 1986; Howard et al., 1988).  

The pair-rule genes in turn control the expression of the third class of 

segmentation genes, the segment polarity genes, which include the genes engrailed, 

wingless and hedgehog, which are each transcribed in a pattern of 14 stripes along the 

anterior-posterior axis of the embryo (DiNardo and O'Farrell, 1987; Ingham, 1998). The 

onset of segment polarity gene expression coincides with the time during which the 

syncytial blastoderm undergoes cellularization. Many of the segment polarity genes 

encode intercellular signaling proteins, rather than transcription factors like the gap and 

pair-rule gene products. These signaling molecules enable the newly formed cells to 

communicate with one another, in order to organize and maintain the relative positions of 

the cells within each segment. At the time of cellularization, a single segment is 

approximately 4 cells in length (Ingham, 1991). The segment polarity gene products 

distinguish these cells from one another, giving them different identities and different 

fates. Loss-of-function mutations in the segment polarity genes do not alter the number or 

size of segments, instead, a particular portion of each segment is missing, and the 

remaining part of the segment is duplicated, with inverted polarity. Mutations in segment 

polarity genes lead to disruption in the normal polarity of cells within all segments 

(DiNardo and O'Farrell, 1987). The products of the segment polarity genes are 

components of two signal transduction pathways, the Hedgehog and Wingless pathways. 

The segment polarity proteins activate the expression of Engrailed encoding a 

transcription factor in the fourth cell of each segment and of wingless in the third cell of 

each segment. Engrailed then activates the expression of hedgehog in cell four. Once 
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wingless and hedgehog expression has been initiated, a positive feedback loop is initiated 

in which the Hedgehog signal from cell four maintains the expression of wingless in cell 

three and the Wingless signal from cell three maintains the expression of engrailed (and 

hedgehog) in cell four (Ingham, 1991). In this way segmental/parasegmental periodicity 

and polarity are maintained through subsequent embryogenesis. Later on in 

embryogenesis, at a time when the segments contain more cells, Wingless and Hedgehog 

proteins act as morphogens whose concentrations define the specific fates of the cells in 

the epidermis; the epidermal cells secrete the cuticle of the larvae and its structural 

features, such as the denticles that facilitate larval locomotion (Alexandre et al., 1999).  

As outlined above, the data generated to date indicates a hierarchical flow of 

positional information in which broad distributions of positional information are 

sequentially divided into smaller units of organization. Maternally deposited information 

is converted to a pattern of expression of gap gene products. The gap proteins, in turn, 

control the expression of the primary pair rule genes, the products of which regulate the 

expression of the secondary pair rule genes. Finally, the pair rule proteins regulate the 

expression of the segment polarity genes which establish and maintain polarity and 

periodicity of cells within each of the 14 segments of the AP axis (Kornberg and Tabata, 

1993). 

The products of the segmentation genes described above, acting on their own, 

would lead to the formation of 14 identical segments along the AP axis of the embryos.  

The specific identities of each of the 14 segments, for example the types of appendages 

produced by each of the segments, is specified by the homeotic selector genes (or hox 

genes) (Celniker and Lewis, 1987) the products of which act like switches that can 

"select" between alternate fates that can be realized by cells. In Drosophila, the homeotic 

selector genes are linked to one another within two gene complexes on the third 
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chromosome: the Antennapedia complex contains homeotic genes that specify the 

identities of the head and thoracic segments, and the Bithorax complexes contains the 

genes that are responsible for the segmental identities of the abdominal segments 

(Lawrence and Morata, 1994). As for the seven stripes of expression of the primary pair 

rule genes, the maternally-deposited information of the anterior, posterior and terminal 

classes, as well as the gap gene products initiate the expression of the homeotic genes at 

specific locations along the AP axis of the embryo (Casares et al., 1996; Celniker and 

Lewis, 1987; Georgias et al., 1997; Lawrence and Morata, 1994; Wu et al., 2001). 

Available evidences indicate that the homeotic selector gene products control programs 

of gene expression that specify the unique properties and structure of each segment. 

Mutations in the hox genes lead to variety of homeotic transformations in which 

segments generate inappropriate structural elements for their position (Kiger, 1973; 

Lewis et al., 2000; Postlethwait and Schneiderman, 1971). For example, the mutations in 

the bithorax genes lead to partial transformation of the haltere into part of a wing 

(Morata, 1993). 

 

THE ANTERIOR CLASS MATERNAL EFFECT GENES 

In this and the next two sections, I will outline the current views of how positional 

information provided by the maternal anterior, posterior and terminal classes of genes is 

thought to become localized and to control the expression of the gap genes regulated by 

the respective maternal effect classes.  

The conceptually simplest class of maternal effect genes is the anterior class.  

The key member of this class is bicoid (bcd), which encodes a transcription factor that is 

required for formation of the head and thorax in the embryo (Driever and Nusslein-

Volhard, 1988; Frohnhofer et al., 1986). Females with loss of function mutation of bicoid 
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gene lay eggs whose embryos lack the head and thorax structures; instead the body 

pattern is comprised of telson-abdomen-telson (Frohnhoefer and Nusslein-Volhard, 1986; 

Frohnhofer et al., 1986). After the bcd gene is transcribed in the nurse cells, the bicoid 

mRNA is transported into the oocyte through cytoplasmic bridge and becomes localized 

at the anterior margin of the oocyte (St Johnston et al., 1989). The localization of the bcd 

mRNA during oogenesis is a stepwise process and mutations in other members of the 

anterior class, such as exuperantia (exu) (Macdonald et al., 1991; Schüpbach and 

Wieschaus, 1986) swallow (swa) (Chao et al., 1991; Stephenson and Mahowald, 1987) 

and staufen (stau) (Schupbach and Wieschaus, 1986; St Johnston et al., 1991), that are 

considered to affect different points in the process of bcd mRNA localization: exu acts 

earliest, swa acts later in oogenesis and finally, stau seems to act latest (Chao et al., 1991; 

Macdonald et al., 1991; St Johnston et al., 1989). Consistent with this, females mutant for 

exu, swa or stau produce embryos that are not quite as strongly affected as those 

produced by bcd mutant mothers, and exu mutants have stronger phenotypic effects than 

swa mutants that, in turn, have stronger effects than stau mutants. 

This localization of bcd mRNA to the anterior of the oocyte depends on the 

cytoskeleton and in particular, on microtubules; chemicals that perturb the microtubule 

cytoskeleton affect the establishment and maintenance of bcd mRNA localization 

(Berleth et al., 1988; Pokrywka and Stephenson, 1995; St Johnston and Nusslein-

Volhard, 1992). The determinant of bicoid RNA localization is contained within the 3‟ 

untranslated region (3‟UTR) of the mRNA (Macdonald and Struhl, 1988). A protein 

complex is proposed to bind to a specific sequence in the 3‟UTR of the bicoid mRNA 

and to Dynein, suggesting the existence of this complex that can transport bcd mRNA 

along microtubules to their minus ends at the anterior of the oocyte (Chao et al., 1991; 

Ferrandon et al., 1997; Schnorrer et al., 2000). Even following the completion of 
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oogenesis, the bicoid message remains untranslated.  The freshly laid Drosophila egg 

contains a tightly localized cap of bicoid mRNA present at the anterior cortex. During 

early embryonic development, the bcd mRNA is translated into Bicoid (Bcd) protein. 

Once translated, the Bcd protein has been believed to be able to diffuse, producing a 

concentration gradient with the highest concentrations at the anterior pole and dropping 

off towards the posterior of the embryo (Driever and Nusslein-Volhard, 1988). Bicoid is 

a homeodomain-containing transcription factor. When nuclei migrate out to the periphery 

at the syncytial blastoderm stage, Bcd enters those nuclei and functions as a transcription 

factor (Berleth et al., 1988; Driever and Nusslein-Volhard, 1989; Frohnhoefer and 

Nusslein-Volhard, 1986; Struhl, 1989b; Struhl et al., 1989). Within the nucleus, Bcd 

activates the transcription of zygotic gap genes and primary pair-rule gene stripes 

required for the formation and differentiation of the head and thoracic segments (Driever 

and Nusslein-Volhard, 1988; Gao and Finkelstein, 1998; Hoch et al., 1991; Hulskamp et 

al., 1990; Rivera-Pomar et al., 1995).  For example, Bicoid (Bcd) is responsible for 

activation of hunchback gene expression in the anterior half of the embryo (Driever and 

Nusslein-Volhard, 1989; Struhl, 1989b). In the progeny of bcd mutant mothers, 

hunchback is not expressed. Moreover, Bicoid is known to bind to elements within the 

hunchback transcriptional control elements (Driever and Nusslein-Volhard, 1989). 

 

THE POSTERIOR CLASS MATERNAL EFFECT GENES 

 All of posterior group genes are required for the formation of the abdominal 

structures of the embryo. With the exception of the two genes nanos and pumilio, the 

posterior group genes are also required for the formation of the pole plasm that are 

responsible for the formation of the poles cells, the primordial germ cells in Drosophila 

(Lehmann and Nusslein-Volhard, 1986). Among the several posterior group genes, nanos 
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encodes the localized determinant that is required for abdomen formation in the embryo 

(Lehmann and Nusslein-Volhard, 1991; Wang and Lehmann, 1991). Following the 

cloning of the nanos gene, the nanos mRNA, and later the protein were shown to be 

tightly localized to the posterior of freshly laid eggs (Gavis and Lehmann, 1992; Wharton 

and Struhl, 1991). Moreover, in vitro synthesized nanos mRNA was shown to be able to 

rescue the abdominal defects of embryos from mutant female for any of the posterior 

class genes, following injection into the posterior end of the embryos (Wang and 

Lehmann, 1991).  

The product of the nanos gene represents the key regulator of expression of the 

gap genes that are required for the formation of abdominal segments, specifically knirps 

and giant. Consistent with this, embryos homozygous for loss-of-function mutations in 

knirps or giant exhibit a loss of abdominal segments similar to what is seen in the 

embryonic progeny of females mutant for posterior group genes (Pankratz et al., 1992; 

Pankratz and Jackle, 1990). The nanos gene is first transcribed in the nurse cells, and at a 

late stage in oogenesis, a proportion of the nanos mRNA is localized to the posterior pole 

of the oocyte under the control of RNA sequence determinants present in the 3' UTR. As 

is the case for the bicoid mRNA, a stepwise process being operated during oogenesis 

mediates the posterior localization of nanos mRNA. The localization of nanos mRNA 

requires the prior localization of the mRNA and protein products of the oskar gene 

(Gavis and Lehmann, 1992; Wang and Lehmann, 1991). The oskar mRNA is also 

synthesized in the nurse cells during oogenesis and at early stages accumulates within the 

oocyte. As oogenesis progresses, the oskar mRNA accumulates specifically at the 

posterior pole of the developing oocyte, again depending on sequence elements present in 

the 3' UTR of the message (Ephrussi et al., 1991; Kim-Ha et al., 1991; Smith et al., 

1992b). As for Bcd, this localization requires microtubules, suggesting that the oskar 
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mRNA localization depends on plus end-directed, microtubule-associated motor proteins 

for its correct localization (Pokrywka and Stephenson, 1995).  

The posterior localization of Oskar protein is not only accomplished via mRNA 

localization (Figure 1-2), but also relies upon position-dependent translational regulation. 

Translation of the oskar mRNA that is not localized to the posterior pole of the oocyte is 

repressed by Bruno and Cup (Kim-Ha et al., 1995; Lie and Macdonald, 1999a; Lie and 

Macdonald, 1999b; Nakamura et al., 2004; Webster et al., 1997).  

The posterior-localized Oskar protein is thought to assemble a complex, one of 

the functions of which is to trap and anchor some of the nanos mRNA at the posterior 

pole of the oocyte. This complex also recruits determinants of pole cell formation, which 

are distinct from the nanos mRNA or protein (Lasko and Ashburner, 1990; Lehmann and 

Nusslein-Volhard, 1986). Only about 5% of the nanos mRNA present in the egg is 

localized to the posterior pole of the oocyte. Nevertheless, it is essential that Nanos 

protein be restricted to the posterior pole of the oocyte for normal abdominal 

segmentations to occur (Bergsten and Gavis, 1999). This is achieved by translational 

repression of the 95% of nanos mRNA present in the egg that is not posteriorly localized. 

This translational repression is accomplished by a cis-acting Translational Control 

Element (TCE) located in the 3'UTR of nanos mRNA and the trans-acting Smaug (Smg) 

protein that binds to TCE sequence (Dahanukar et al., 1999; Dahanukar and Wharton, 

1996; Gavis et al., 1996; Smibert et al., 1999; Smibert et al., 1996). The translation of 

posteriorly localized nanos mRNA is activated by germ plasm components that bind to a 

distinct sequence within the nanos mRNA 3' UTR which overlaps the TCE motif 

(Bergsten and Gavis, 1999; Crucs et al., 2000). 

Unlike Bicoid, Nanos does not function directly as a transcription factor that 

activates transcription of posterior gap genes. It influences gap gene expression 
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Figure 1-2. Three maternally encoded systems interact to establish the anterior 

posterior axis of the Drosophila embryo. The determinants of polarity of the anterior, 

posterior and terminal classes present in the stage 10 egg chamber (top), in the mature 

laid egg (middle), and in the syncytial blastoderm embryo (bottom) are shown. In the egg 

chambers and syncytial blastoderms, the localized determinants are shown in red. In the 

egg, determinants are shown as indicated at left. NC, nurse cells. FC, follicle cells.         

Blue circles, nuclei. 
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indirectly, by suppressing translation of maternally expressed hunchback mRNA that is 

transcribed in nurse cells and transported to the oocyte prior to embryogenesis, even 

though there is another zygotic activation of hunchback transcription by Bicoid (Irish et 

al., 1989; Struhl, 1989a). Two promoters facilitate transcription of the hunchback gene: 

one is the zygotic promoter that is expressed in the embryo under the control of the 

Bicoid protein; the other is a maternal promoter that is expressed in the nurse cells of the 

egg chamber. This maternal promoter leads to a low level of accumulation of hunchback 

mRNA in the oocyte which initially becomes distributed uniformly throughout the 

embryo. Prior to the time that Bicoid activates the zygotic hunchback promoter in the 

syncytial blastoderm, hunchback mRNA is translated, but only in the anterior half of the 

embryo (Tautz, 1988; Tautz and Pfeifle, 1989). In the progeny of the posterior group 

mutant females, the maternal hunchback transcript is translated throughout the early 

embryo. This has led to a model suggesting that the sole role of the posterior group gene 

products in abdomen formation is to inhibit the translation of the maternal hunchback 

message in the posterior of the embryo (Irish et al., 1989; Struhl, 1989a; Tautz, 1988). 

Failure to do this would lead to the presence of Hunchback protein at posterior half of the 

embryo, which would act to inhibit the expression of the gap genes required for abdomen 

formation. Consistent with this uniform transgenic expression of hunchback throughout 

the early embryo results in a failure of abdomen formation (Lehmann and Nusslein-

Volhard, 1987). This model has been also confirmed by the observations that either 

nanos or vasa mutant females who are unable to produce the maternal hunchback mRNA, 

produce wild type embryos with completely normal abdomens. Thus, the sole purpose of 

the posterior class proteins, with respect to abdomen formation, is to inhibit hunchback 

expression, which would inhibit the expression of posterior gap genes (Irish et al., 1989; 

Lehmann and Nusslein-Volhard, 1987; Struhl, 1989a; Tautz, 1987).   
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The protein Nanos does not bind to the hunchback mRNA directly. Instead, 

Pumilio, a partner protein of Nanos, binds to the Nanos Response Elements (NRE) 

located in the 3'UTR of the hunchback mRNA. They form complex that leads to 

deadenylation of the hunchback mRNA (Murata and Wharton, 1995; Wreden et al., 

1997). It has been suggested that Pumilio can also bind to an NRE sequence present in 

the bicoid mRNA, and temporarily inhibit its translation, also by inducing deadenylation 

(Sonoda and Wharton, 1999).  

 

THE TERMINAL CLASS MATERNAL EFFECT GENES 

The third group of maternal-effect genes that control anterior-posterior patterning 

is the terminal class, which is required to specify the structures at each tip of the 

developing embryo. As noted above, the anterior and posterior groups of maternal effect 

genes both rely upon the localized deposition of mRNA encoding a key member of the 

class at a particular position within the developing oocyte in order to regulate gap gene 

expression. In contrast, the development of patterning at the two ends of the Drosophila 

embryo depends upon an extracellular signal deposited into the developing egg during the 

course of oogenesis. Females with loss-of-function mutation of the terminal class genes 

produce embryos missing the acron, telson, and the most posterior abdominal segment, 

A8 (Klingler et al., 1988). After fertilization, the signal that is localized at the ends of the 

egg leads to the spatially-restricted activation of the receptor tyrosine kinase, Torso 

(Sprenger et al., 1989). Because the signal is generated during oogenesis and received 

much later, during embryogenesis, this mechanism has been termed “delayed induction”.  

As is the case for the other maternal effect genes that have been discussed so far, 

the torso gene is transcribed in the nurse cells of the egg chamber, and the mRNA is 

transported into the oocyte through the cytoplasmic bridges. The torso mRNA is 
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translated in the fertilized embryo and the Torso protein becomes localized throughout 

the entire cell membrane as not exhibiting a spatially restricted distribution along the AP 

axis (Casanova and Struhl, 1989). Female carrying dominant gain-of-function allele of 

torso produces embryos that lack segmentation, but instead, consist entirely of terminal 

pattern elements with acron and telson structures. The dominant alleles of torso encode 

constitutively active form of the receptor, bearing mutations in the extracellular domain 

of the protein (Furriols et al., 1998). The phenotype produced by dominant alleles of 

torso indicates that in wild-type embryos, the activation of Torso is normally restricted to 

the ends of the embryo. This localized activation of Torso at both ends of the embryos 

(Figure 1-2) depends upon the other terminal group genes, whose products contribute to 

the formation of a spatially restricted activating ligand. By combining dominant 

"terminalizing" alleles of torso with loss-of-function alleles of other terminal class genes, 

it has been possible to show that the four terminal group genes trunk (Casali and 

Casanova, 2001; Casanova et al., 1995; Stein and Stevens, 2001), torsolike (Stevens et 

al., 1990), fs(1)Nasrat, and fs(1)polehole (Degelmann et al., 1990; Degelmann et al., 

1986; Perrimon and Mahowald, 1986) act upstream of Torso. Among them, trunk is 

believed to encode the Torso ligand (Casanova et al., 1995; Stein and Stevens, 2001).  

The trunk mRNA is expressed by the nurse cells and deposited in the developing 

oocyte. During early embryogenesis the trunk mRNA is translated, generating Trunk 

protein, which is secreted into the perivitelline space between the embryonic membrane 

and the inner layer of the eggshell. In order to explain the activation of Torso by Trunk, it 

has been suggested that Trunk is secreted into the perivitelline space as an inactive 

precursor that is then proteolytically processed into an active form only at the terminal 

ends of the embryo, where Torso is activated (Casali and Casanova, 2001; Casanova et 

al., 1995; Stein and Stevens, 2001). This model is supported by the presence of several 
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putative sites for proteolytic cleavage within the N-terminal half of the Trunk protein and 

by the demonstration that a transgenic version of Trunk in which the putative cleaved 

Torso-binding region is fused directly to a signal peptide leads to the formation of 

terminal pattern elements even in the absence of the other terminal class genes that act 

upstream of Torso (Casanova et al., 1995). However, since no mutations in genes 

encoding proteases have been shown to produce terminal class phenotypes and 

processing of the Trunk protein has not been observed directly, this model remains 

speculative and other potential mechanisms could explain the localized activation of 

Torso (Stein and Stevens, 2001).   

The spatially restricted activation of Torso requires the activity of the terminal 

class gene torsolike. The gene torsolike encodes a protein that is not Torso's ligand but 

that is required in some as yet unknown way for Trunk to activate Torso only at the poles 

of the embryo (Savant-Bhonsale and Montell, 1993; Stevens et al., 1990). Null mutations 

of torsolike prevent the formation of the terminal domains. Unlike the other maternal 

effect genes discussed so far, torsolike is not expressed in the germ line/nurse cells.  

Rather, it is expressed in two patches of the follicle cells located at the anterior and 

posterior poles of the maturing oocyte. Torso-like protein is embedded in the vitelline 

membrane layer of the eggshell adjacent to the two poles of the embryo. In this position 

Torso-like protein may function to recruit or activate a protease that processes Trunk into 

the active Torso ligand, thus restricting Torso activation to the anterior and posterior ends 

of the embryo (Stein and Stevens, 2001; Stevens et al., 2003; Stevens et al., 1990).  

After receptor activation, the Torso transmits a "terminalizing" signal to the ends of the 

embryo via the canonical receptor tyrosine kinase (RTK) signal transduction pathway. 

This leads to the transcription of two terminal gap genes, tailless (tll) and huckebein 

(hkb), at the two ends of the syncytial blastoderm embryo. At least two repressors of tll 
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and hkb are present throughout the embryo: Groucho (Gro) and Capicua (Cic) (Cinnamon 

et al., 2008; Duffy and Perrimon, 1994; Jimenez et al., 2000; Paroush et al., 1997). 

Terminal activation of Torso ultimately leads to the phosphorylation of Cic and Gro 

resulting in an inhibition of the abilities of the two proteins to act as transcriptional 

repressors. The phosphorylation of Cic leads this transcriptional repressor to be degraded 

(Jimenez et al., 2000), while the phosphorylation of Gro reduces its ability to repress by 

an unknown mechanism (Cinnamon et al., 2008). Thus, ligand mediated activation of 

Torso receptor ultimately leads to the derepression of tll and hkb transcription at the ends 

of the embryo.  

 

ESTABLISHMENT OF DORSAL-VENTRAL POLARITY (DV) IN THE 

DEVELOPING EMBRYO 

In contrast to the embryonic anterior-posterior axis (AP), which is generated by 

three distinct groups of the maternal effect genes, dorsal-ventral (DV) polarity is 

generated by single integrated pathway. Like the embryonic termini, establishment of the 

dorsal-ventral axis depends on the spatially restricted activation of a transmembrane 

receptor that is uniformly distributed throughout the embryonic membrane. 18 genes have 

been identified whose maternal expression is required for the establishment of DV 

polarity in progeny embryos (Table 1-1). These include the 11 founding members of the 

"dorsal group" and cactus, which were identified as strict maternal effect mutants that 

alter embryonic DV polarity. Females homozygous for loss-of-function alleles of any of 

the dorsal group genes produce dorsalized embryos that differentiate into tubes of 

epidermis that produce dorsal cuticle all around their DV circumference (Figure 1-3, 

Figure 1-4) (Anderson and Nusslein-Volhard, 1984; Morisato and Anderson, 1995). In 

contrast, females carrying loss of function alleles of cactus produce embryos that are 
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ventralized. The protein products of the dorsal group genes and cactus are members of an 

elaborate signal transduction pathway in which a localized extracellular signal originated 

in the follicle cell layer during oogenesis and transmitted to the embryo during 

embryogenesis, which results in spatially restricted expression of zygotic target genes 

along the DV circumference of the embryo.  

A central component of the dorsal group pathway is the product of the Toll gene, 

a transmembrane receptor with some similarity to the mammalian Il-1 receptor (Gay and 

Keith, 1991), that is distributed throughout the embryonic membrane. The extracellular  

 

 

 

 

 

Table 1-1. Genes involved in embryonic dorsal-ventral pattern formation. 
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Figure 1-3. Dorsalized embryos produced by pipe mutant females. Gastrulation 

pattern of a wild-type embryo (top left) shows asymmetric dorsal fold and ventral furrow. 

The pipe mutant-derived embryo (bottom left) exhibits a symmetric pattern of 

gastrulation movements. A wild type embryonic cuticle (top right) bears denticle bands 

on the ventral side and hairs on dorsal side. In contrast, the cuticle produced by a pipe 

mutant-derived embryo (bottom right) is a tube bearing dorsal hairs all around the 

circumference. 
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Figure 1-4. The signal transduction pathway that determines dorsal-ventral polarity 

in the Drosophila embryo. (modified from Jason Goltz, unpublished). At left is shown a 

schematic of a cross sectional view through a syncytial blastoderm stage embryo. At right 

is shown the maternally expressed genes that participate in embryonic DV patterning and 

their hierarchical relationship to one another. pipe, wind, nudel, papss and sll are 

expressed in the follicle cells during oogenesis. gastrulation defective, snake, easter, and  

spätzle are expressed in the nurse cells, translated in the embryo and secreted into, and 

function in, the perivitelline space of the egg. Toll is distributed throughout the 

embryonic plasma membrane. Weckle, Myd88, Tube, Pelle, Cactus, Dorsal and Seele 

operate within the embryo. 
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putative ligand-binding domain of Toll receptor extends out into the perivitelline space 

lying between the embryonic membrane and the vitelline membrane layer of the eggshell 

(Hashimoto et al., 1991). As was the case for torso, there also exist dominant gain-of-

function alleles of Toll bearing mutant lesions in the extracellular domain, which result in 

constitutive activation of the receptor and in the generation of ventralized progeny 

embryos. This observation has led to the conclusion that the Toll receptor is only 

activated on the ventral side of wild-type embryos (Anderson et al., 1985a; Anderson et 

al., 1985b). Following its ventral activation, the Toll receptor transmits the ventralizing 

signal into the cytoplasm of the embryo.  This ultimately leads to the formation of a 

nuclear gradient of Dorsal protein (Roth et al., 1989; Rushlow et al., 1989; Steward, 

1989) with highest levels of Dorsal protein in the nuclei on the most ventral side of the 

syncytial blastoderm embryo and gradually declining levels in the nuclei of ventral-

lateral, dorsal-lateral and dorsal nuclei.   

 How does Toll activation lead to the formation of a nuclear gradient of Dorsal? 

Upon activation, the Toll receptor recruits a heterodimeric complex consisting of two 

adaptor proteins, Myd88 and Tube (Towb et al., 1998). Recruitment of this heterodimeric 

complex requires another membrane-associated protein, Weckle, which carries domains 

that bind to Toll and to Myd88, enabling Weckle to associate the Myd88-Tube complex 

with Toll. The newly assembled Toll-Weckle-Myd88-Tube complex finally recruits the 

protein kinase Pelle (Chen et al., 2006; Hu et al., 2004), resulting in Pelle 

autophosphorylation. Pelle then phosphorylates Cactus (Norris and Manley, 1996; Reach 

et al., 1996; Sun et al., 2004; Towb et al., 2001), a Drosophila homologous of vertebrate 

IBs (Nicolas et al., 1998). Dorsal protein is a homologue of the p50 and p65 subunits of 

NFB, a vertebrate transcription factor that is regulated at the level of nuclear 

localization. In its unphosphorylated state, Cactus binds to Dorsal and inhibits its nuclear 
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localization (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989). The ubiquitin-

mediated degradation of Cactus following its phosphorylation that occurs only on the 

ventral side cytoplasm leads to the release of Dorsal transcription factor, thus enabling it 

to translocate into the nucleus (Belvin et al., 1995; Bergmann et al., 1996; Reach et al., 

1996). In the absence of any of the dorsal group proteins, Dorsal remains stably bound to 

Cactus in the cytoplasm. In contrast, females carrying loss-of-function alleles of cactus 

produce ventralized embryos in which ectopic high levels of Dorsal enter the nuclei of 

the syncytial blastoderm all around the DV circumference (Figure 1-4). 

Dorsal protein is a transcription factor that functions as an activator for some 

zygotic genes and as a repressor for others. The ability of Dorsal protein to regulate the 

transcription of its target genes, at particular locations along the DV axis of the syncytial 

blastoderm, depends upon the nuclear concentration of Dorsal as well as the affinity of 

the target genes regulatory sequences against Dorsal protein. Based on those parameters, 

differential regulations of Dorsal on zygotic target genes along the DV axis results in the 

subdivision of the syncytial blastoderm embryo into specific domains of zygotic gene 

transcription along the DV axis (Jiang et al., 1991; Jiang and Levine, 1993; Kirov et al., 

1993; Morisato and Anderson, 1995; St Johnston and Gelbart, 1987). Examining the fate 

of cells along the DV circumference of the embryo, the ventral most nuclei 

(approximately 16 nuclei) containing high concentration of Dorsal, are the ones that will 

eventually generate the mesoderm. The next, more dorsal nuclei will produce glial and 

neuronal cells, and the next produce ventral epidermis. The dorsal-most nuclei, which 

contain no Dorsal protein at all, will generate dorsal epidermis as well as the 

amnioserosa, an extraembryonic membrane that covers the dorsal side of the embryo 

during part of the embryogenesis (Ferguson and Anderson, 1991). These various fates 

depend, in part, upon particular nuclear levels of Dorsal protein and on the particular 
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genes induced or repressed by Dorsal.  The cells whose nuclei accumulate highest 

concentration of Dorsal transcribe a number of genes including twist and snail (Jiang et 

al., 1991; Pan et al., 1991; Thisse et al., 1988). The Twist protein is itself a transcription 

factor that activates genes required for the formation of mesoderm, while Snail is a 

repressor that acts to prevent some genes that are activated by high and intermediate 

levels of Dorsal from being expressed in the mesoderm. Among the genes that are 

repressed by Snail are rhomboid and Fgf8 (Morisato and Anderson, 1995). In the absence 

of Snail, these two genes would be expressed in a broad ventral domain that includes the 

mesodermal anlagen and extend beyond the mesoderm to more lateral regions. Due to the 

presence of Snail, these two genes are expressed in two lateral stripes along the AP axis 

that flank the mesoderm. Short gastrulation (Sog) is another Dorsal target gene that is 

expressed in two lateral stripes flanking the ventral twist expression domain. Sog protein 

is required for differentiation of neuroectodermal cells into neurons (Francois et al., 1994; 

Srinivasan et al., 2002). The Dorsal protein functions not only as a transcriptional 

activator but also as a repressor of genes that are required for dorsal fate. The zerknüllt 

(zen) and decapentaplegic (dpp) genes are examples of such genes. They are expressed 

(de-repressed) in the dorsal-most nuclei of the syncytial blastoderm, which contain no 

Dorsal protein. In embryos produced by dorsal group mutant females the dpp and zen 

genes are expressed in nuclei all around the DV circumference of the syncytial 

blastoderm embryo (Irish and Gelbart, 1987; Rushlow et al., 1987).  

As noted above, the spatially restricted activation of the Toll receptor is a major 

polarizing event in the establishment of embryonic dorsal-ventral polarity. The 

cytoplasmic region of the Toll receptor exhibits some structural similarity to the 

intracellular domain of the mammalian Interleukin-1 (IL-1) receptor, which is involved in 

the inflammatory response (Akira and Takeda, 2004; Dunne et al., 2003; Dunne and 
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O'Neill, 2003; Gay and Keith, 1991; Schneider and Schweiger, 1991). Like Torso, there 

exist dominant, constitutively active alleles of Toll that carry lesions affecting the 

extracellular putative ligand-binding domain of the protein. Female heterozygous for 

these alleles produce ventralized embryos in which ectopic, high levels of Dorsal enter 

the nuclei all around the circumference of the blastoderm embryo. Epistasis tests in which 

gain-of-function ventralizing alleles of Toll gene have been combined with loss-of-

function alleles of the other dorsal group genes have demonstrated that seven of the other 

dorsal group genes act upstream of Toll (Anderson et al., 1985a; Anderson et al., 1985b; 

Morisato and Anderson, 1995), presumably in the spatially-specific formation of the Toll 

ligand. These seven genes are pipe (pip) (Sen et al., 1998; Stein et al., 1991), nudel (ndl) 

(Hong and Hashimoto, 1995), gastrulation defective (gd) (Konrad et al., 1998), snake 

(snk) (DeLotto and Spierer, 1986), easter (ea) (Chasan and Anderson, 1989), spätzle 

(spz) (Morisato and Anderson, 1994; Schneider et al., 1994) and windbeutel (wind) 

(Konsolaki and Schupbach, 1998; Nilson and Schupbach, 1998; Sen et al., 2000). 

gastrulation defective (gd), snake (snk), easter (ea), and spätzle (spz) are transcribed in 

the nurse cells, translated in the embryo and secreted into the extracellular perivitelline 

space, while pipe, nudel and windbeutel are expressed during oogenesis in the somatic 

follicle cells that surround the developing oocyte. The spz gene encodes a precursor form 

of the ligand for Toll receptor. gastrulation defective, snake and easter all encode serine 

proteases bearing signal peptides, consistent with their secretion into the extracellular 

perivitelline space. Like Spätzle, Gastrulation Defective, Snake and Easter are all 

secreted into the perivitelline space as inactive precursors that require proteolytic 

processing for activation. Moreover, these four proteins comprise a protease cascade in 

which GD cleaves and activates Snake, Snake cleaves and activates Easter, which then 

cleaves and activates Spätzle (Chasan et al., 1992; Han et al., 2000; Jin and Anderson, 
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1990; Smith et al., 1994; Smith and DeLotto, 1994). Presumably, one or more of these 

steps is restricted to the ventral side of the embryo (Morisato and Anderson, 1994; 

Schneider et al., 1994; Stein and Nusslein-Volhard, 1992; Stein et al., 1991). An 

important component of this work has been to identify the spatially restricted step(s).  

Interestingly, in addition to being required for DV patterning, some members of 

the dorsal group signal transduction pathway are also required for the innate immune 

response to infection by fungal or gram-positive bacteria. Spätzle, Toll, Tube, Pelle and 

Cactus are all involved in innate immunity (Levashina et al., 1999; Weber et al., 2003). 

Instead of Dorsal, Dorsal-related immunity factor (Dif), another protein that shares amino 

acid sequence similarity to the subunits of NFkB that also functions as the transcription 

factor downstream of Toll in innate immunity (Ip et al., 1993). As in the DV pattern 

formation, cleavage of Spätzle is also required for the activation of Toll in the innate 

immune response. However, GD, Snake and Easter are not required in this process 

(Lemaitre et al., 1996). Instead, a separate group of proteases forms a cascade that leads 

to Spätzle processing upon fungal or bacterial infection (Jang et al., 2006; Mulinari et al., 

2006). Instead of Easter, Spätzle-Processing Enzyme (SPE) processes Spätzle during the 

innate immune response. In fact, an activated version of SPE can also direct the 

formation of lateral and ventral pattern elements after introduction into embryos from 

easter mutant mothers (Jang et al., 2006).  

Following microbial infection, Toll receptor activation also leads to degradation 

of Cactus (Nicolas et al., 1998) and to the translocation of Dif into the nucleus of various 

tissues (Belvin and Anderson, 1996; Imler and Hoffmann, 2002; Lemaitre et al., 1996). 

This in turn leads to the transcriptional activation of a variety of antimicrobial peptides. 

For example, the cecropins are antifungal agents that are activated by Dif upon infection 

(Stein et al., 1998). Finally, studies in both Drosophila and in mammals have identified a 
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variety of other Toll-like receptors, or TLRs, all of which carry extracellular leucine-rich 

repeat motifs within their extracellular domains and an intracellular region with structural 

similarity to the Interleukin-1 receptor (ILR). While the roles for these TLRs in 

Drosophila remain unknown, it is clear that the mammalian TLRs play important roles in 

innate immunity (Jang et al., 2006). 

 

THE POLARITY OF THE EMBRYONI DORSAL-VENTRAL AXIS IS DEFINED 

BY THE EXPRESSION OF THE PIPE GENE IN THE EGG CHAMBER 

Formation of the embryonic DV axis relies upon ventral activation of the Toll 

receptor within the syncytial blastoderm, and Toll activation is mediated through the 

proteolytic generation of its ligand on the ventral side. How is the serine proteolytic event 

that processes Spätzle spatially restricted? Similar to what has been observed for the 

terminal class genes that contribute to the formation of the AP axis, the answer comes 

from the spatially-regulated expression of a gene in the follicle cell layer that surround 

the developing oocyte during oogenesis. 

As described previously, the signaling between the TGF-alpha ligand Gurken and 

the EGF Receptor orthologue Torpedo occurs twice in the establishment of the egg 

chamber polarity during oogenesis. First, it defines the anterior-posterior (AP) polarity by 

determining the identity of the posterior, terminal cells of the egg chamber. Later during 

oogenesis, it confers dorsal identity upon the follicle cells that lie nearby the position of 

the oocyte nucleus. Activation of Torpedo in the dorsal follicle cells controls the 

expression of genes that are required for dorsal-ventral pattern formation in both the 

embryo and the eggshell (Gonzalez-Reyes et al., 1995; James et al., 2002; Peri et al., 

2002; Sen et al., 1998). Three of the dorsal group genes, pipe, windbeutel and nudel, are 

required to be expressed in the somatic follicle cell layer in order to exert their effects 
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upon the embryonic DV axis (Konsolaki and Schupbach, 1998; Nilson and Schupbach, 

1998; Sen et al., 2000; Stein et al., 1991). Among these three genes, expression of pipe is 

controlled by signaling between Gurken and Torpedo, The pipe mRNA is expressed in 

the ventral follicle cells during stage 10 of oogenesis (Sen et al., 1998). This is the 

asymmetry that can be detected in the dorsal group signal transduction pathway. In the 

ventralized egg chambers from females homozygous for loss-of-function alleles of 

gurken, pipe mRNA is detected all around the DV circumference of the follicle cell layer. 

Additionally, a pipe-lacZ reporter gene which carries the E.coli LacZ gene under the 

control of the transcriptional regulatory sequences of pipe is expressed in ventral follicle 

cells of wild-type egg chambers; in gurken mutant egg chambers, it is expressed 

uniformly throughout the follicle cell layer (Sen et al., 1998). These data indicate that the 

activation of Torpedo in dorsal follicle cells leads to the repression of pipe expression in 

those cells, and that this repression occurs at the level of transcription. This control of 

pipe expression relies on the canonical Ras/Raf/Map Kinase cassette operating 

downstream of receptor tyrosine kinases (Peri et al., 2002). In follicle cell clones 

homozygous for ras or raf loss-of-function mutations, the expression of pipe is de-

repressed in the mutant cells, even in the dorsal and the lateral regions of the follicular 

epithelium (James et al., 2002; Peri et al., 2002). Interestingly, Gurken protein is only 

detectable on the dorsal side of the oocyte, even though expression of pipe is also 

repressed in lateral follicle cells. This suggests that the Gurken protein might form a 

concentration gradient along the DV axis diffusing within the oocyte membrane from its 

dorsal source to more lateral regions (Figure 1-5). Presumably, Gurken is still capable of 

activating EGFR at concentration, those are too low to be detected by antibodies (Amiri 

and Stein, 2002; Neuman-Silberberg and Schupbach, 1996; Peri et al., 1999; Serano et 

al., 1995).  
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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 dorsal-ventral 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) 

 

pipe expression in the ventral follicle cells is the primary cue that controls the 

spatially restricted activation of the dorsal group signaling in the developing embryo 

(Amiri and Stein, 2002; Sen et al., 1998). The pipe gene encodes 10 protein isoforms 

arising through alternate splicing of the primary transcript (Sergeev et al., 2001). The 

ectopic expression of one of the pipe gene products, Pipe-ST2, throughout the follicle cell 

layer of either wild-type or pipe mutant egg chambers results in the formation of 

ventralized embryos. Recent data has shown that this isoform is uniquely required for the 

ovary-specific function of the pipe gene leading to correct embryonic DV polarity (Zhang 

et al., 2009b). In addition, ectopic expression of Pipe-ST2 in the dorsal follicle cells of 

otherwise pipe mutant egg chambers (i.e. no pipe expressed in ventral follicle cells) 

results in the formation of embryos whose dorsal-ventral axis is inverted with respect to 

the intrinsic DV polarity of the eggshell (Sen et al., 1998). This indicates that it is the 

position at which pipe is expressed in the follicle cell layer that defines the ventral-most 

point in the resultant embryo. Furthermore, it indicates that the position at which pipe is 

expressed in the egg chamber determines the position in the egg at which processing of 

Spätzle occurs.   
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How does Pipe activity in the follicle cell layer contribute to the regulation of 

serine proteolytic activity in the perivitelline space of the egg? One question that had 

remained unanswered when this study began was "Which step or steps in the proteolytic 

cascade depend upon Pipe activity?" This is one of the questions that I have addressed in 

my works, especially in Chapter 2. The pipe gene is capable of directing the formation of 

10 distinct proteins, all of which share substantial amino acid sequence similarity with 

two vertebrate glycosaminoglycan (GAG)-modifying enzymes, heparan sulfate-2-O-

sulfotransferase (HS2ST) and dermatan/chondroitin sulfate-2-O-sulfotransferase 

(D/CS2ST) (Kobayashi et al., 1997; Kobayashi et al., 1999; Sen et al., 1998). These are 

Golgi resident enzymes that mediate the transfer of sulfate groups to the 

glycosaminoglycan (GAG) side chains of proteoglycans; specifically, these two proteins 

transfer a sulfate group to the 2-O position of hexuronic (iduronic or glucuronic) acid 

residues of heparan sulfate and dermatan/chondroitin sulfate, respectively. GAGs are a 

class of unbranched polysaccharides composed of repeats of particular disaccharide 

moieties. Four different kinds of GAGs are defined, based on the particular 

monosaccharide units that make up the disaccharide units, and on the structure of the 

bonds linking the disaccharide units. Among the GAG classes, HS is composed of repeats 

of glucuronic acid or iduronic acid linked to N-acetylglucosamine, while CS and DS are 

composed of glucuronic or iduronic acid residues linked to N-acetylgalactosamine. HS, 

CS and DS are most often associated with various core proteins, forming glycoproteins 

termed proteoglycans (Figure 1-6). The monosaccharide moieties of HS, CS, and DS can 

undergo epimerization as well as modification by acetylation or sulfation at various 

positions, leading to a huge amount of structural variability and to profound differences 

in their biological activities. The distinction between CS and DS is based mainly on the 

level of sulfation, with DS being much more highly sulfated.  
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The structural similarity between the Pipe protein isoforms and these vertebrate 

GAG-modifying enzymes suggested a role during oogenesis for the Pipe-ST2 isoform in  

the modification of heparan sulfate (HS), dermatan sulfate (DS), chondroitin sulfate (CS) 

or a related carbohydrate molecule produced in the follicle cell layer. Identification of 

Pipe as a putative GAG modifying enzyme was an intriguing finding as a number of  

 

 

 

 

 

 

 

Figure 1-6. Basic structure of proteoglycans. Proteoglycans have one or more          

glycosaminoglycan (GAG) chains attached to common tetrasacharide attached to a serine 

residue on a protein core (Top). GAGs are unbranched polysaccharides composed with 

specific disaccharide repeats. Four different kinds of GAGs are distinguished by the 

particular monosaccharide constituents present (as indicated in the table at bottom).   
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serine protease cascades, notably the one mediating blood coagulation, have been shown 

to be regulated by sulfated glycosaminoglycans. In the case of blood coagulation, 

antithrombin, the inhibitor of thrombin activity binds to a specific sulfated 

pentasaccharide sequence on heparin, a structural variant of HS. 3-O-sulfation of an 

internal glucosamine unit in the pentasaccharide sequence is critical for this binding to 

occur (Lindahl et al., 1998; Petitou, 2003). The binding between antithrombin and 

heparin induces a conformational change in antithrombin that results in higher binding 

affinity to thrombin (Furie and Furie, 1988).  

 Despite the structural similarity between the Pipe protein isoforms, heparin-

sulfate-2-O-sulfotransferase (HS2ST) and dermatan/chondroitin-sulfate-2-O-

sulfotransferase (D/CS2ST), neither HS nor D/CS represent the enzymatic substrate of 

Pipe. First, expression of cDNAs encoding mammalian HS2ST and D/CS2ST in the 

follicle cell layer of pipe mutant females does not rescue the formation of lateral and 

ventral pattern elements of their progeny (Z. Zhang and D. Stein, unpublished). Second, 

Pipe-ST2 expressed in and purified from tissue culture cells does not exhibit HS2ST or 

D/C2ST activity on purified GAGs (A. Amiri and D. Stein, unpublished; (Xu et al., 

2007). The most compelling evidence indicating that Pipe-ST2 does not act to sulfate HS 

and D/CS in the process of embryonic DV patterning, is the observation that several 

genes encoding proteins that are critical for the biosynthesis of HS and D/CS are not 

needed to be expressed in the egg chamber follicle cell layer in order for normal 

embryonic DV patterning to occur (Zhu et al., 2005; Zhu et al., 2007). sugarless (sgl) 

encodes the Drosophila orthologue of UDP-glucose-6 dehydrogenase which is essential 

for the biosynthesis of the uronic acid residues incorporated into both HS and D/CS 

(Binari et al., 1997; Hacker et al., 1997; Haerry et al., 1997).  sulfateless (sfl) encodes 

the heparan sulfate N-deacetylase/N-sulfotransferases (NDSTs), an enzyme that adds 
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sulfate residues to GlcNac during the synthesis of heparan sulfate (Lin et al., 1999). 

fringe connection (frc) encodes a Golgi transporter of nucleotide-sugars required for HS 

biosynthesis (Goto et al., 2001; Selva et al., 2001). Were Pipe-ST2 mediated sulfation of 

HS or D/CS in the follicle cell layer required for the formation of embryos with normal 

DV polarity then females bearing clones of cell homozygous for loss-of-function alleles 

in any of these genes in the ventral Pipe-expressing region of the follicle would produce 

embryos with disruptions in their DV axis. However, females carrying ventral follicle cell 

clones mutant for these produce normal, hatching embryos lacking any DV defects (Zhu 

et al., 2005).  

Expression of the pipe gene in the embryonic salivary gland provides additional 

evidence that Pipe does not transfer sulfate to HS, CS or DS GAGs. Expression of all 

Pipe isoforms in the embryonic salivary glands is associated with the presence of material 

in the salivary gland lumen that binds Alcian Blue, a histochemical stain that interacts 

with highly sulfated molecules (Scott and Dorling, 1965; Sen et al., 1998; Zhu et al., 

2005). Furthermore, embryos homozygous for a pipe allele that disrupts all Pipe isoforms 

lack the Alcian Blue staining, exhibit reduced viability, and the flies that survive to 

adulthood are small. This indicates that the sulfation of the luminal Alcian Blue material 

by Pipe proteins is required for normal salivary gland function during the life of the fly.  

When embryos were generated that lacked both maternal and zygotic expression of sgl, 

sfl or frc, they nevertheless stained with Alcian Blue in their salivary glands. Since UDP-

glucuronic acid is absolutely essential for the synthesis of HS, CS and DS, and these 

mutant embryos fail to make any UDP-glucose-6 dehydrogenase, the material modified 

by Pipe in the salivary glands cannot correspond to HS, CS or DS. Moreover, this 

material cannot correspond to any of the other carbohydrate species that contain 

glucuronic acid residues. Though the material sulfated by the Pipe isoforms in the 



 42 

salivary gland is unlikely to be the same as the target of Pipe in the follicle cell layer, we 

consider it likely that the class of carbohydrate side chain modified by Pipe in these two 

contexts is likely to be similar. 

Despite the uncertainty about the type of carbohydrate on which Pipe acts, or 

indeed whether Pipe acts directly upon a carbohydrate, there are strong evidences that 

Pipe acts as a sulfotransferase. First, Alcian Blue staining in the embryonic salivary 

glands requires both PAPS sythetase (Zhu et al., 2005), the enzyme responsible for the 

production of PAPS, the small molecule high energy sulfate donor used in all biological 

sulfation reactions, as well as slalom (Zhu et al., 2005) which encodes the transporter 

responsible for uptake of PAPS into the Golgi apparatus (Luders et al. 2005) where 

sulfation of secreted glycoproteins occurs. This indicates that the Alcian Blue staining 

material is a sulfated species. Whatever the molecular nature of the Alcian Blue staining 

material, the requirement for the Pipe isoforms to be present in order for the material to 

be detected, provides suggestive evidence that one or more of the Pipe isoforms is 

responsible for its sulfation. Second, although enzymes required for GAGs synthesis 

were not required to be expressed in the follicle cell layer, we have demonstrated that the 

expression of slalom in the follicle cell layer during oogenesis is required for the 

establishment of dorsal-ventral axis in the developing embryo (Luders et al., 2003). 

Females whose follicle cell clones homozygous for of loss-of-function alleles for sll 

generated embryos that exhibit disruptions in their DV axis, some of the embryos being 

completely dorsalized. In addition, it has also been shown that PAPS synthesis in the egg 

chamber is required for the production of embryos with correct DV polarity (Zhu et al., 

2007). In order to demonstrate this, it was necessary to generate egg chambers in which 

clone of ventral follicle cells, as well as the germline, were mutant for PAPS synthetase. 

Presumably, the requirement for both the germline and follicle cells to be mutant for 
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papss in order to detect dorsalized progeny arises from the fact that PAPS is a small 

molecule and capable of moving from the germline into the follicle cells via gap 

junctions that are known to couple the oocyte and the follicle cells (Zhu et al., 2007). As 

such, PAPS produced in the oocyte would be capable of rescuing papss mutant follicle 

cells. To generate follicle cells lacking PAPS, it was necessary to inhibit its synthesis in 

both the oocyte and the follicle cells (Zhu et al., 2007). 

Another critical piece of evidence indicating that Pipe function as a 

sulfotransferase came from experiments analyzing pipe mutant alleles. Among the EMS-

generated pipe alleles, both pipe
1
 and pipe

7
 alleles are mutated at valine 123. pipe

1
 carries 

a non-conservative substitution of an aspartic acid residue and produces what is probably 

a completely non-functional protein. Embryos from females carrying the pipe
1
 mutation 

are completely dorsalized. In contrast, pipe
7
 carries an isoleucine residue at position 123, 

a relatively conservative change that results in a hypomorphic allele. Females carrying 

the pipe
7
 allele produce moderately dorsalized embryos. A stretch of amino acids 

including valine123, PKVGSQTF, is predicted to lie within a binding site for PAPS (Sen 

et al., 1998; Zhu et al., 2005). This led to the hypothesis that the mutations at position 123 

resulted in reduction of the affinity of the Pipe-ST2 protein for PAPS and treatments that 

would further reduce the availability of PAPS to the hypomorphic Pipe-7 protein would 

result in an increase in the severity of dorsalization of progeny embryos. Sodium chlorate 

is known to inhibit the activity of PAPS synthetase (Baeuerle and Huttner, 1985; Lansdon 

et al., 2004). When females carrying pipe
7
 mutation were fed on medium containing 

sodium chlorate, there was a dramatic increase in the severity of dorsalization of the 

embryos produced by these females (Zhu et al., 2005). Taken together, the accumulated 

data strongly suggest that Pipe acts as a sulfotransferase and support a model in which 

Pipe-mediated sulfation of a specific target molecule in ventral follicle cells is required 
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for the establishment of the dorsal-ventral axis in the developing progeny embryo. 

Despite many years of study and performance of many genetic screens designed 

to identify maternal effect loci required for early embryonic development, no genes 

encoding proteins likely to be involved in the synthesis of the putative enzymatic target 

of Pipe have been isolated. To overcome this gap, we utilized a method for radioactively 

labeling glycosaminoglycans (GAGs) in adult Drosophila melanogaster in order to 

identify molecules that undergo Pipe-dependent sulfation. This method involved feeding 

adult females on yeast containing Na2
35

SO4 (Pinto et al., 2004). In this way, we were able 

to identify a protein of about 120 kDa present in the ovarian extracts, that exhibited a 

dramatic increase in radioactive labeling in females expressing ectopically high levels of 

Pipe-ST2 throughout the follicle cell layers of their egg chambers (Zhang et al., 2009a). 

Following partial purification and mass spectrometric analysis, this protein was identified 

as VML encoded by Vml; a previously identified gene encoding a protein of 578 amino 

acids in length which carries a hydrophobic N-terminal signal peptide, suggesting that the 

protein is secreted. VML (Vitelline membrane like protein) also carries a 25 amino acid 

stretch that exhibits substantial similarity to the „„VM domain‟‟, present in several 

previously characterized components of the vitelline membrane layer of the eggshell, in 

the C-terminal region of the protein (Scherer et al., 1988). Another striking structural 

feature of the protein is the presence of a central region of the protein containing 30 

perfect (and additional imperfect) repeats of the amino acid sequence SYSAPAAP. The 

central repeat region contains 127 serine residues and 4 threonine residues that are all 

predicted to undergo mucin-type, O-linked glycosylation. Extensive glycosylation could 

provide an explanation for the discrepancy between the predicted MW of 56.1 kDa, based 

on the primary amino acid sequence of VML, and the observed apparent MW of 

approximately 120 kDa observed by SDS-PAGE (Zhang et al., 2009a). Confirming that 
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the 120 kDa band corresponds to VML, a mutation containing a P-element insertion in 

the VML open reading frame PCG2879
EY21650

 resulted in the loss of the radio-labeled 120 

kDa band from ovarian extracts of [
35

S]Na2SO4-fed females that over-express Pipe. Vml 

mRNA is expressed uniformly throughout the follicle cell layer of stage 10 egg chamber 

and its protein product is secreted into the perivitelline space becoming stably integrated 

into the vitelline membrane nearby its site of synthesis in the follicle cell layer (Zhang et 

al., 2009a). This stable incorporation of VML in the eggshell, nearby its site of synthesis 

provides a means of stably maintaining positional information, in the form of ventrally 

sulfated VML, through subsequent oogenesis and early embryogenesis, until such time 

that the positional signal is required to influence the dorsal group serine protease cascade. 

As described for sodium chlorate, the severity of the phenotype of females carrying the 

hypomorphic pipe
7
 allele is sensitive to the dosage of Vml. Loss of Vml leads to a 

dramatic increase in the dorsalization of the embryo derived from pipe
7
/pipe

2
 mutant 

mother. Interestingly, females homozygous for loss of function of Vml produce hatching 

embryos (Zhang et al., 2009a), suggesting that other eggshell proteins might act together 

with VML serving as enzymatic substrates of Pipe and acting redundantly in the control 

of embryonic DV polarity. Subsequent experiments show that other vitelline membrane 

component proteins are subject to Pipe-mediated sulfation and moreover, that the 

reduction in the gene dosage of some of those proteins can also increase the severity of 

dorsalization of the progeny of pipe
7
mutant females. 

A key gap remaining in our understanding of the maternal control of Drosophila 

embryonic DV polarity concerns the control of the events occurring in the perivitelline 

space of the egg. The observations described above indicate that pipe expression in the 

ventral follicle cells leads to the formation of a stable ventral cue, embedded during 

oogenesis in the vitelline membrane of the eggshell as the form of sulfated versions of 
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vitelline membrane constitute proteins. How do the sulfated targets of Pipe, embedded 

ventrally in the vitelline membrane layer of the eggshell, facilitate the spatially restricted 

processing of Spätzle into the active Toll ligand? Prior to my work, one of the important 

pieces of information that had been missing was the identification of the particular step or 

steps in the protease cascade that is regulated by Pipe action and therefore restricted to 

the ventral side of the egg. In Chapter 2 I will describe experiments demonstrating that 

while the processing of Snake protein is not dependent upon Pipe activity, but the 

processing of Easter is, thus demonstrating that the processing of Easter by Snake is the 

key proteolytic event that is controlled by Pipe and presumably the first step that is 

spatially restricted. A second key question concerns the role of Gastrulation defective 

protein in the process. GD is the protease that cleaves and activates Snake. However, the 

existence of two distinct classes of gd alleles capable of complementing one another 

(Ponomareff et al., 2001) indicates that in addition to processing Snake, GD protein 

provides another function. In chapter 3, I will present evidence showing that the second 

function of GD acts to promote the ability of activated Snake to process Easter. 

Consistent with that, I have found that GD protein is present in a complex that includes 

Easter, as well as Spätzle. This suggests a model in which GD promotes a conformational 

change in Easter that enables processing of Easter by Snake. This complex may also 

promote the cleavage of Spätzle by Easter. In Chapter 4, I will discuss the implications of 

my findings in the context of other mechanisms involving the spatial regulation of the 

activity of protease cascades.    
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Chapter 2: The Proteolytic processing of Easter by Snake is controlled by Pipe activity 

 

 

INTRODUCTION 

As discussed in the previous chapter, the establishment of the dorsal-ventral 

polarity in the Drosophila embryo depends upon the prior establishment of the dorsal-

ventral polarity in the follicle cell layer that envelops the developing oocyte during 

oogenesis. The DV polarity of the egg chamber depends on signaling between the TGF-

alpha ligand, expressed in association with the oocyte nucleus and Torpedo, expressed in 

all follicle cells around the DV circumference (Gonzalez-Reyes et al., 1995; James et al., 

2002; Peri et al., 2002; Sen et al., 1998). After the onset of embryonic development, a key 

event in dorsal-ventral axis establishment is the spatially restricted activation of the 

transmembrane receptor Toll (Tl) on the ventral side of perivitelline space in the 

developing embryo (Hashimoto et al., 1991; Hashimoto et al., 1988). This ventrally 

restricted activation of Toll depends on its ligand, which corresponds to a proteolytic 

cleavage product of the Spätzle (Spz) protein (Morisato and Anderson, 1994; Schneider 

et al., 1994). Epistasis test with females carrying a dominant-ventralizing gain-of-

function allele of Toll together with loss-of-function alleles of the other dorsal group 

genes, enabled the demonstration that seven of the dorsal group genes act upstream of 

Toll, presumably in the spatially-specific formation of the Toll ligand. Four of these 

genes: nudel (ndl) (Hong and Hashimoto, 1995), gastrulation defective (gd) (Konrad et 

al., 1998), snake (snk) (DeLotto and Spierer, 1986), and easter (ea) (Chasan and 

Anderson, 1989) encode secreted serine proteases.  nudel is expressed in the follicle cell 

layer during oogenesis, while the other three genes are transcribed in the nurse cells 

during oogenesis followed by transport of mRNAs into the developing oocyte, and 
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translation and secretion of the proteins occurring during early stages of embryogenesis. 

As described in Chapter 1, the ventral expression of the pipe gene, its product in a ventral 

subpopulation of ventral follicle cells and the local deposition of sulfated Pipe targets into 

the vitelline membrane, ultimately control the ventral processing of the Toll ligand. One 

or more of the proteolytic steps mediated by the perivitelline proteases is assumed to be 

controlled by the sulfated target(s) of Pipe.  

Gastrulation Defective (GD), Snake (Snk) and Easter (Ea) are members of the 

proteolytic cascade in DV patterning: GD cleaves and activates Snake; Snake cleaves and 

activates Easter; Easter cleaves Spätzle into the Toll ligand (Chasan et al., 1992; Han et 

al., 2000; Jin and Anderson, 1990; Morisato and Anderson, 1994; Schneider et al., 1994; 

Smith et al., 1994; Smith and DeLotto, 1994; Stein and Nusslein-Volhard, 1992; Stein et 

al., 1991). In vitro observation of the cleavage of the zymogen forms of these proteins by 

one another is consistent with this order of action as the results of epistasis tests, in which 

"pre-cleaved, activated" forms of Snake and Easter have been expressed in the genetic 

background of females carrying loss-of-function alleles of other dorsal group genes 

(Chasan et al., 1992; Morisato and Anderson, 1994; Smith and DeLotto, 1994). snk and 

easter encode trypsin-like serine proteases with signal peptides at their amino termini. 

They are expressed as inactive zymogens that are activated by the cleavage of an N-

terminal segment of the protein, termed the “pro-domain”, from the active catalytic 

region, located C-terminal of the protein. In Easter and Snake, a disulfide bond links the 

pro-domain and catalytic C-terminal fragment so that the two fragments of the proteins 

remain tethered to one another after cleavage. In addition, the pro-domains of both 

proteins have 6 cysteine residues that generate a structure known as the “Clip domain”, 

formed through the formation of three inter-chain disulfide bonds (Jiang and Kanost, 

2000; Muta et al., 1990; Smith et al., 1992a). The Clip domain motif was originally 
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identified in the proclotting enzyme from the horseshoe crab Tachypleus tridentus (Muta 

et al., 1990), and has been proposed to function as a recognition site for activators or 

other regulatory components of the clotting system in the horseshoe crab (Muta et al., 

1990; Smith et al., 1992a).  

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). Whether or not Nudel (Ndl) 

protein is a component of the perivitelline space-located protease cascade remains 

unclear. Ndl may represent the protease that acts directly to process GD. Supporting this 

hypothesis is the observation that GD is not processed in embryos produced by females 

carrying ndl mutations with lesions in the protease domain, which indicates that in vivo, 

Nudel protease activity is required for GD proteolysis. Moreover, Ndl has been predicted 

to bind and activate GD directly based on structural considerations (Rose et al., 2003), 

and indeed GD undergoes processing when expressed together with a secreted version of 

the Ndl protease domain (LeMosy et al., 2001). However, GD is also processed in the 

absence of Ndl when expressed together with the Snake zymogen in tissue culture cells, 

apparently with no requirement for Ndl (Dissing et al., 2001; LeMosy et al., 2001). 

Moreover, Ndl is processed when co-expressed with the pre-cleaved "activated" versions 

of GD, Snake or Easter (LeMosy et al., 2001). The wide spectrum of proteases that are 

capable of processing GD makes it difficult to conclude definitively that Ndl is the 

protease that process GD. The existence of a class of ndl alleles that result in the 

formation of eggs with collapsed eggshells has led to a potential mechanism in which the 

effect of Nudel on the perivitelline protease cascade may be indirect, with the Ndl 

protease activity being necessary for the formation or structural integrity of the eggshell. 

According to this model, some aspects of the eggshell structure would be critical for the 



 50 

activity of one or more of the components of the protease cascade. 

Based on its structural similarity to extracellular matrix proteins and on the 

presence of multiple potential sites for glycosylation and for GAG addition, it has been 

hypothesized that Ndl might represent the target of Pipe-mediated sulfation. A mosaic 

analysis was carried out in which female flies were generated which carrying clones of 

ndl mutant follicle cells bearing lesions in the Nudel protease domain. Embryos derived 

from egg chambers bearing a ventrally-localized mutant clone failed to show defects in 

DV patterning, demonstrating that a wild-type copy of the protease domain does not need 

to be expressed in ventral pipe-expressing cells, in order for normal DV polarity to be 

generated in progeny embryos (Nilson and Schupbach, 1998). However, this analysis did 

not rule out a mechanism in which an alternate region of the Nudel protein needed to be 

modified by Pipe in ventral follicle cells in order to facilitate DV patterning. A 

subsequent analysis, in which mutant follicle cell clones were generated using several ndl 

alleles that alter the expression of the protein as a whole, again failed to demonstrate 

embryonic DV defects associated with the formation of ventral clones in the follicle cell 

layer and ruled out the possibility that Nudel is a target of Pipe-mediated sulfation (Stein 

et al 2008).  

How does the spatially restricted expression of pipe during oogenesis lead to the 

ventral activation of the serine protease cascade? A part of the answer to this question 

will come from the continued characterization of the group of vitelline membrane 

component proteins that have recently been shown to undergo Pipe-dependent sulfation 

(Zhang et al., 2009a). These proteins are expressed throughout the follicle cell layer and 

either the proteins themselves or carbohydrate side chains associated with the proteins are 

sulfated in ventral follicle cells. Following secretion and formation of the vitelline 

membrane, the sulfated versions of the proteins remain stably anchored within the  
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Figure 2-1. Proposed model for the contribution of Pipe activity to the regulation of  

the serine proteases that mediate Drosophila embryo DV polarity. (modified from 

Jason Goltz and Zhenyu Zhang, unpublished). In ventral follicle cells of the egg chamber, 

the Pipe-ST2 protein isoform transfers sulfate residues (tiny yellow ovals) to Glycan-X, 

which includes VML and other proteins (blue ovals) carrying attached carbohydrate 

chains (small red ovals). Following secretion and formation of the vitelline membrane, 

these sulfated targets of Pipe enzymatic activity remain stably anchored within the 

eggshell on the ventral side of the embryo. The sulfated Pipe target might mediate the 

enrichment or stable localization of one or more of the proteases ventrally, or might 

mediate the activation of one or more of the serine proteases, perhaps by facilitating a 

conformational change. Alternatively, they might act to sequester an inhibitor of one or 

more of the serine proteases thus enabling proteolytic activity to ensue. 
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eggshell on the ventral side of the embryo. How these sulfated targets of Pipe regulate the 

activity(ies) of the dorsal group serine proteases remains a key unanswered question and 

an important part of this dissertation (Figure 2-1). 

As noted in Chapter 1, vitelline membrane like protein (VML) was the first 

protein shown to exhibit Pipe-dependent sulfation. Subsequently, however, additional 

previously characterized vitelline membrane proteins were also identified as targets of 

Pipe-mediated sulfation. For the purposes of this discussion, because of the collective 

nature of the Pipe substrate, I will refer to the sulfated target(s) of Pipe collectively as 

Glycan-X, the name that we used for this species prior to our identification of its 

molecular nature. In one scenario Glycan-X might mediate the enrichment or stable 

localization of one or more of the proteases ventrally within the perivitelline space in 

association with the ventral surface of the vitelline membrane. Alternatively, Glycan-X 

might mediate the activation of one or more of the serine proteases, specifically on the 

ventral side of the egg, perhaps by facilitating a conformational change in one or more of 

the proteases. Finally, Glycan-X might act to sequester the inhibitor(s) of one or more of 

the serine proteases thus enabling proteolytic activity in the ventral region. It is well 

established that serine protease cascades can be negatively regulated by serpins bound to 

heparan sulfate proteoglycans (HSPGs) (Neurath, 1989). As noted in Chapter 1, in blood 

coagulation, a process mediated by a localized serine protease cascade with similarities to 

the dorsal-ventral patterning mechanism, a key regulatory molecule is a serpin bound to a 

specifically sulfated structure in heparin. One might imagine the existence of a freely 

diffusible active serpin present within the perivitelline fluid of the egg, targeting either 

GD, Snake or Easter, which could be titrated out or inhibited by sulfated Glycan-X. 

Although heparan sulfate proteoglycans appear not to be the target of Pipe (Zhu et al., 

2005), Glycan-X associated sulfated carbohydrates of an alternative class could act in this 
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manner.  

Interestingly, a serpin that acts as a regulator of one of the components of the 

dorsal group serine protease cascade has been identified. Serpin 27A (Spn27A) binds to 

and inhibits activated Easter (Hashimoto et al., 2003; Ligoxygakis et al., 2003). Spn27A 

protein is uniformly distributed throughout the perivitelline space of the egg, and females 

carrying loss-of-function alleles of Spn27A produce the completely ventralized embryos. 

In order to determine whether the role of Pipe and its sulfated target(s) are to overcome 

the Spn27-mediated inhibition of Easter on the ventral side of the embryo, double mutant 

females were constructed in which loss-of-function ventralizing alleles of Spn27A were 

combined with loss-of-function dorsalizing alleles of pipe. If the role of Pipe were to 

inhibit the action of Spn27A, then the double mutant phenotype would be same as the 

Spn27A phenotype, ventralized. In other words, if the role of Pipe is to inhibit Spn27A, 

then when there is no Spn27A, Pipe is not needed (Ligoxygakis et al., 2003). However, 

female mutants for both Spn27A and pipe produce dorsalized embryos. This observation 

indicates that Pipe (and its enzymatic targets) functions independently of Spn27A in 

regulating dorsal group serine protease activity. In addition, females that were double 

mutant for Spn27A and snk, as well as for Spn27A and ea, produce dorsalized progeny 

(Ligoxygakis et al., 2003). These observations demonstrate that in the absence of either 

Snake or Easter, no ventralizing signal is produced, regardless of the presence or absence 

of Spn27A. Strikingly, however, females carrying mutation for both Spn27A and gd 

produced embryos that are lateralized and apolar (Ligoxygakis et al., 2003), a phenotype 

indicating that even in the absence of GD protease, the combined functions of Pipe, 

Snake and Easter can generate some processed Spätzle which, in the absence of Spn27A, 

becomes distributed all around the circumference of the embryo. This GD-independent 

activity is at such a low level that it cannot be detected in the embryos from female 
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mutant for gd; the activity is unveiled in the absence of Spn27A. However, as shown by 

the dorsalized phenotype of Spn27A; pipe progeny, the activation of Toll that occurs in 

the absence of GD nevertheless requires Pipe activity. Thus, the effects of Pipe activity 

on dorsal-ventral patterning appear to be exerted at a step downstream of GD activity.  

The identification of which step is influenced by Pipe, and how this influence is exerted, 

is an important focus of this dissertation.   

 

 

 

RESULTS 

 

The processing of Easter and Spätzle depends on Pipe activity 

As outlined above, the demonstration of Ligoxygakis et al, 2003 that females 

doubly mutant for Spn27A and pipe, produce dorsalized embryos, while Spn27A;gd 

mutant females produce lateralized embryos indicates that even in the absence of gd, 

some Toll ligand can be formed, but that the formation of this ligand depends absolutely 

on the presence of Pipe. This indicates that the influence of Pipe on DV patterning is 

exerted at a step downstream of GD, either to enhance the cleavage of Snake by GD, the 

cleavage of Easter by Snake or the processing of Spätzle by Easter.  

Because the ventral restriction of a proteolytic step is likely to result in a similar 

spatial restriction in all subsequent steps, it was important to identify the first step in the 

dorsal group serine protease cascade that exhibited a dependence upon Pipe activity.  In 

order to do this, we first generated transgenic fly lines carrying modified but functional 

versions of GD, Snake, Easter and Spätzle, tagged at their carboxyl termini with either 

the enhanced M6 version of GFP (Schuldt et al., 1998) or with a peptide tag consisting of 

three tandem copies of the HA epitope derived from Influenza Hemagglutinin (Wilson et 
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al., 1984). Each of these constructs was introduced into flies via the P-element based 

vector pUASp (Rorth, 1998) such that the cloned insert was located downstream of 

transcriptional elements recognized by the yeast Gal4 transcriptional activator (Brand and 

Perrimon, 1993). The germline-specific Gal4 driver, nos-Gal4:VP16 (Rorth, 1998) was 

used to express each of the tagged dorsal group proteins in the female germline, resulting 

in accumulation of mRNAs encoding those proteins in the developing oocytes.  

The validity of using these transgenic fusion proteins for the study of regulation 

of the dorsal group proteins is supported by a number of observations.  First, when 

expressed in the germline of females homozygous for their corresponding dorsal group 

mutations, each of the tagged proteins was capable of restoring lateral and/or ventral 

pattern elements to progeny embryos that would otherwise have been completely 

dorsalized (data not shown). Second, the transgenic proteins appeared to be subject to the 

same regulatory controls as the endogenous proteins. For example, expression of the 

transgenes in the germline of females carrying mutations in genes shown by epistatic 

analysis to act upstream of the transgene-specific dorsal group gene resulted in the 

formation of dorsalized progeny embryos. The only exception to this rule was GD.  In 

the case of GD, high-level transgene expression was capable of suppressing the 

dorsalized phenotypes of pipe and ndl mutations. Nevertheless, these data suggest that, 

for the most part, the GFP- and HA-tagged transgenes were enzymatically active, 

function and are regulated like their corresponding endogenous dorsal group proteins.  

In order to determine which dorsal group genes (and especially pipe) were 

required for the processing of the perivitelline proteins, each of the tagged dorsal group 

proteins was expressed in females carrying loss-of-function mutant alleles of other 

members of the dorsal group. Extracts prepared from blastoderm stage progeny embryos 

were subsequently subjected to SDS-PAGE followed by Western blot analysis using 
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antibodies specific for GFP in order to examine the extent to which the tagged proteins 

had undergone processing.    

Western blot analysis of embryonic extracts derived from wild-type females 

expressing gd-GFP demonstrated the presence of an unprocessed zymogen form of the 

transgenic protein of 91 kDa, as well as a 74 kDa species corresponding to a processed 

form of the protein (Figure 2-2 A). The processed form of GD-GFP was present in 

females carrying loss-of-function alleles of pipe, gastrulation defective (gd), snake (snk), 

easter (ea) and spätzle (spz). However, no processed GD-GFP was observed in progeny 

produced by female lacking nudel (ndl) function. This indicates that Nudel protease 

function is required for the processing of GD, while neither pipe nor any of the other 

dorsal group genes are required. 

GD has also been observed to undergo a Snake-dependent cleavage event in tissue 

culture cells, which may represent the consequence of GD-mediated autocleavage or of 

cleavage of GD by Snake (Dissing et al., 2001; LeMosy et al., 2001). However, the snk 

alleles that I used in this analysis carry stop codons near the N-terminus of the Snake 

open reading frame. As such, this data demonstrate that Snake is neither required for GD 

processing nor to facilitate autoprocessing of GD. 

Western blot analysis of embryonic extracts derived from wild-type females 

expressing easter-GFP (ea-GFP) demonstrated the presence of an unprocessed zymogen 

form of the transgenic protein of 78 kDa, as well as a 63 kDa species corresponding to 

the cleaved, activated form of the protein (Figure 2-2 B). Confirmation that this is the 

correctly processed form of the protein came from the demonstration that it co-migrates 

on SDS-PAGE gels with a band that corresponds to a transgenic protein representing the 

cleaved, catalytic regions of Easter, fused to GFP [Easter∆N-GFP (Ea∆N-GFP), data not 

shown]. The ability to detect a lower molecular weight cleaved version of Ea-GFP  
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Figure 2-2. Processing of Easter and Spätzle, but not of Gastrulation Defective and          

Snake, is dependent upon Pipe activity. Western blot analysis with anti-GFP antibody 

(A) Processing of GD-GFP in embryos from females expressing gd-GFP in various 

dorsal group mutant phenotypes. Maternal dorsal group phenotypes are shown at the top 

of each lane. The position of molecular weight markers (in kDa) is shown at left. In this 

and all subsequent panels showing the results of Western blot analysis, the arrow 

followed by "z" indicates the position of the unprocessed, zymogen form of the fusion 

protein while the arrowhead followed by "c" indicates the position of the cleaved form of 

the fusion protein. (B) Processing of Ea-GFP in embryos from females expressing ea-

GFP in various dorsal group mutant backgrounds (shown at top). Note the presence of 

bands representing the Ea-X and Ea-XX forms of the protein, corresponding to processed 

forms of the protein complexed with Spn27A (marked with apteryxes). (C) Processing of 

Spz-GFP in embryos from females expressing spz-GFP in wild-type, pipe, and ea mutant 

backgrounds. (D) Processing of Snk-GFP in embryos from females expressing snk-GFP 

in various genetic backgrounds (shown at top). 

 

 

contrasts with the situation reported for wild-type endogenous Easter protein in which all 

processed Easter is observed as a high molecular weight species of 80-85 kDa, which has 

been denoted Easter-X (Ea-X) (Misra et al., 1998). Ea-X corresponds to a covalently 

linked complex between activated Easter and Spn27A (Hashimoto et al., 2003; 

Ligoxygakis et al., 2003). In wild-type embryos, following its activation and the 

processing of Spätzle, Easter rapidly forms a covalent linkage with Spn27A, thus 

preventing the visualization of a band representing the 35 kDa processed form of Easter 

by Western blot analysis. In addition to the zymogen and processed lower molecular 

weight versions of Ea-GFP, Western blots of protein extracts of wild-type-derived 

embryos expressing ea-GFP showed the presence of two higher molecular weight species 

that contain Ea-GFP. One of these species has a mass consistent with it being Ea-X-GFP 

(marked as apteryx), while the other species has a molecular weight much larger than that 

expected for a simple heterodimer of Ea-GFP and Serpin27A. Additional Western blot 
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analysis of extracts from ea-GFP expressing wild-type embryos using an antibody 

directed against Spn27A demonstrated that both of these higher molecular weight species 

contained Spn27A (data not shown). Neither the processed form nor any of the Spn27A-

associated versions of the processed Ea-GFP was observed in embryos produced by 

female mutant for pipe, ndl, gd, or snk. In contrast, all three of these forms of processed 

Ea-GFP were present in the extracts of embryos from female mutant for ea and spz. This 

indicates that Easter cleavage is dependent on the products of the dorsal group genes, ndl, 

gd, and snk. Most importantly, cleavage of Ea-GFP depends on Pipe activity.  

As active processed Easter is required for the processing of Spätzle, these results 

also suggested that Spätzle, which is processed when expressed in embryos from wild-

type females, would fail to exhibit processing in embryos from females mutant for pipe. 

To confirm this idea, I examined the processing of spätzle-GFP (spz-GFP) in embryonic 

extracts derived from the female carrying pipe or easter mutation or from wild-type 

females. Western blot analysis of embryonic extracts derived from wild-type females 

expressing spz-GFP demonstrated the presence of an unprocessed form of the transgenic 

protein of 68 kDa, as well as a 40 kDa species corresponding to the cleaved form of the 

protein (Figure 2-2 C). The processing of Spz-GFP was never observed in the embryo 

extract from pipe or easter mutant females. Taken together, my results show that the 

processing of both Easter and Spätzle requires Pipe activity.  

 

Snake cleavage does not depend on Pipe activity 

The observations that the processing of both Ea-GFP and Spz-GFP are dependent 

on the presence of Pipe activity, whereas the processing of GD-GFP is not, led me to 

examine whether the processing and activation of Snake is a Pipe-dependent process. The 

result of this experiment would allow me to determine which step in the serine protease 
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cascade, the processing of Snake by Gastrulation Defective, or the processing of Easter 

by Snake, is the first one that requires the function of Pipe. To test this, I expressed 

snake-GFP (snk-GFP) in dorsal group mutant females and examined processing of the 

protein in extracts from progeny embryos, as I had previously done for GD-GFP, Ea-GFP 

and Spz-GFP. Both the 80 kDa Snk-GFP zymogen and the 58 kDa processed form of 

Snk-GFP were detected in all genetic backgrounds tested (Figure 2-2 D). Strikingly, the 

amounts of processed protein observed in extracts from embryos produced by pipe 

mutant females were indistinguishable from those produced by wild-type females, 

indicating that Snake cleavage is not dependent on Pipe activity. In contrast, the levels of 

processed Snk-GFP were significantly lower in embryos produced by females that are 

mutant for either gd or ndl. The decreased processing of Snk-GFP in ndl mutant 

background, is consistent with the demonstrated requirement for Nudel in the processing 

of GD. The decrease, rather than total elimination, of the processing of Snk-GFP in gd 

and ndl mutant backgrounds was completely reproducible, which suggests that even in 

the absence of the activated form of the protease that processes it, a small amount of 

Snake is processed at either its normal site or at a nearby site. However, the processing of 

Snk-GFP that occurs in the absence of gd or ndl does not result in the production of 

processed Easter, as these embryos are completely dorsalized. Either, the processing of 

Snk-GFP that occurs in the absence of gd or ndl occur at a site that results in a non-

functional protease, or processing of Snake, while essential, is not the only thing that has 

to happen to Snake in order to render it competent to process Easter. Nevertheless, the 

data presented indicate here that the first step in the dorsal group protease cascade that is 

dependent upon Pipe is the processing of Easter by Snake and that the sulfated target of 

Pipe acts ventrally to facilitate this processing event. 
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Pipe activity determines the level of Easter and Spätzle processing 

The results outlined above indicate that Pipe activity is required for the processing 

of Easter and consequently for the processing of Spätzle but is dispensable for the 

processing of Gastrulation Defective and Snake. Taken together, these data suggest that 

the Pipe-dependent, ventrally restricted step in the dorsal group serine protease cascade is 

the cleavage of Easter by Snake. Additional support for this model would be the 

demonstration that the processing of Easter and Spätzle, but not Gastrulation Defective or 

Snake, is enhanced by an increase in the level of Pipe activity. Our laboratory has 

previously described a transgenic line carrying the ovary-specific pipe-ST2 cDNA 

isoform (hsp70-pipe) inserted at a location on the third chromosome that resulted in 

constitutive expression of the pipe mRNA throughout the follicle cell layer and in the 

production of strongly ventralized embryos by transgenic females (Sen et al., 2000).  

In order to examine whether the processing of Snake, Easter or Spätzle is affected 

by increased Pipe activity, I used the germline-specific Gal4 driver, pCOG-Gal4:VP16 

(Rorth, 1998), to express HA-tagged versions of Snake, Easter and Spätzle in females 

together with hsp70-pipe or in its absence. Extracts prepared from blastoderm stage 

progeny embryos were subsequently subjected to SDS-PAGE followed by Western blot 

analysis using an antibody directed against the HA epitope.   

Importantly, embryos from females that expressed snake-HA (snk-HA), easter-HA 

(ea-HA), or spätzle-HA (spz-HA) together with hsp70-pipe exhibited an increase in their 

relative level of ventralization in comparison to the phenotypes of embryos from females 

expressing these transgenes in the absence of hsp70-pipe (Figure 2-3A). These hsp70-

pipe dependent shifts in DV phenotype indicated that the transgene-mediated increase in 

the expression of pipe led to an enhancement in the proteolytic step or steps that were 

dependent upon Pipe activity. Furthermore, this observation suggested that it would 
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possible to detect any changes in the processing of Snk-HA, Ea-HA and Spz-HA that 

would occur in response to an increased expression of pipe.   

Western blot analysis of embryonic extracts derived from females expressing spz-

HA together with hsp70-pipe exhibited an unprocessed form of the transgenic protein of 

42.3 kDa, as well as a 14.3 kDa species corresponding to the cleaved form, the active 

Toll ligand (Figure 2-3C). However, almost no processed form was detected in females  

expressing spz-HA in a wild-type background. At the lower levels of Spz-HA expressed 

under the control of pCOG-Gal4:VP16, the proportion of processed protein is 

presumably below the detection limit of the Western blots. Extracts of embryos from 

females expressing easter-HA (ea-HA) in a wild-type background or from females also 

expressing hsp70-pipe contained an unprocessed form of the transgenic protein of 52.3 

kDa. An hsp70-pipe-dependent increase in the processing of Ea-HA was detected as the 

form of an Spn27A-bound form of the activated protease. As had previously been 

observed for Ea-GFP, a number of bands corresponding to forms of Ea-HA that are 

higher in molecular weight than the Ea-HA zymogen were detectable in extracts from 

wild-type females and from females also expressing hsp70-pipe. The absence of these 

bands from extracts of embryos from pipe-mutant female suggests that these are species 

containing the activated version of Ea-HA. The enhancement in Ea-HA processing was 

detected in the form of increased levels of one of these higher molecular weight species 

(82.5 kDa), which likely corresponds to Ea-HA-X. Ea-HA expressed under the control of 

pCOG-Gal4:VP16 is present at much lower levels than one expressed under the control 

of nos-Gal4:VP16, whose levels presumably do not saturate the available Spn27A 

protein. For this reason, the increase in activated Ea-HA is detected mainly in the 

abundance of an Spn27A bound form.  
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Figure 2-3. Increased pipe expression leads to increase processing of Easter and 

spätzle, but not to increase processing of Snake. (A) Cuticle preparations of embryos 

from females expressing snk-HA (left column), ea-HA (middle column), and spz-HA 

(right column), in the absence (top row) or presence (bottom row) of hsp70-pipe.  Note 

that for each transgene, expression in females together with the hsp70-pipe transgene 

leads to the production of embryos with a more strongly ventralized phenotype. (B) 

Processing of Ea-HA in embryos from females expressing the fusion protein in a wild-

type background (lane 1 at left), in a wild-type background together with the hsp70-pipe 

transgene (lane 2) and in a pipe mutant background ( pipe
1
/pipe

3
). Note that the increase 

in Ea-HA processing observed in the presence of hsp70-pipe is detected as increased 

levels of Ea-HA-X (apteryx). No Ea-HA-X is detected in extracts of embryos from pipe 

mutant mothers. (C) Processing of Spz-HA in embryos from females expressing the 

fusion protein in the absence (left lane) or presence (right lane) of hsp70-pipe. (D) 

Processing of Snk-HA in embryos from females expressing the fusion protein in the 

absence (left lane) or presence (right lane) of hsp70-pipe. The positions of molecular 

weight markers (in kDa) are shown at left. The arrow followed by "z" indicates the 

position of the zymogen form of the protein, while the arrowhead followed by "c" 

indicates the position of the cleaved form of the protein. 
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In contrast to the situation for Ea-HA and Spz-HA, the levels of processed Snk-

HA showed no significant difference in extracts from the progeny of females also 

expressing hsp70-pipe compared with extracts from the progeny of females expressing 

snk-HA alone (Figure 2-3 D). Together, these results support our conclusion that the step 

in the dorsal group serine protease cascade that is regulated by Pipe activity, and 

therefore which is restricted to the ventral side of the perivitelline space, is the processing 

of Easter by Snake. 

 

Easter-HA and Snake-GFP are present in a complex 

The availability of tagged transgenic versions of Easter and Snake provided an 

opportunity to investigate whether the requirement for Pipe in the cleavage of Easter by 

Snake arises from an ability of Pipe's sulfated target to facilitate the formation of a 

complex between Snake and Easter. When ea-HA and snk-GFP were expressed together 

in wild-type females under the expression of the germline specific nos-Gal4:VP16 driver, 

and an anti-HA antibody was used to precipitate Ea-HA (Figure 2-4 A, lower panel), 

Snk-GFP was observed in co-immunoprecipitate with Ea-HA (Figure 2-4 A, upper 

panel). A similar co-immunoprecipitation was observed when snk-HA was expressed 

together with ea-GFP (data not shown). I then carried out similar investigations in which 

ea-HA and snk-GFP were expressed together in the germline of females that lacked Pipe 

activity and the two proteins still co-precipitated together with one another.  

Importantly, while co-expression of the two tagged proteins in wild-type females led to 

the formation of ventralized embryos, whereas expression of the two proteins in a pipe 

mutant background yielded dorsalized embryos (Figure 2-4 B). Thus, despite the fact that 

detectable proportions of Ea-HA and Snk-GFP contained in the embryos were present 

together in a complex in the pipe mutant background, Ea-HA was not being activated by  
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Figure 2-4. Co-precipitation of Snake and Easter is not dependent upon Pipe 

activity. (A) Extracts from embryos produced by females expressing snk-GFP either with 

(left and middle lanes) or in the absence of ea-HA (right lane) were subjected to immune 

precipitation with anti-HA. Extracts were divided into two portions and subjected to 

Western blot analysis with anti-HA (to detect the precipitated Ea-HA)(bottom panel) and 

with anti-GFP (to detect the co-precipitating Snk-GFP)(top panel). Note that Snk-GFP 

co- precipitated with Ea-HA from extracts of embryos from wild-type (left panel) or from 

pipe
1
/pipe

3
 females (middle panel). (B) Cuticle preparations of embryos from females 

expressing ea-HA together with snk-GFP in wild-type (top panel) or in pipe
1
/pipe

3
 

females (bottom panel). Note that despite the fact that Ea-HA and Snk-GFP co-
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precipitate in embryos from pipe mutant mothers (see Figure 3A), the embryos are 

nevertheless dorsalized. (C) Extracts of embryos from wild-type female expressing 

various fusion proteins (indicated by +'s at top) were subjected to immune precipitation 

using anti-HA. Immune precipitates were subjected to Western blot analysis using anti-

GFP to detect co-precipitating proteins. Note that co-precipitation of Snake by Easter 

required the presence of the Snake pro-domain (compare lanes 1 and 2) but not the pro-

domain of Easter (lane 3). 

 

 

 

Snk-GFP, even at the high levels of expression of the two proteins. These observations 

argue against a proposed model in which Pipe activity is necessary to facilitate the 

observed interaction between Snake and Easter.   

Finally, we carried out additional experiments to determine which segments of 

Easter and Snake were necessary for the two proteins to be present in a common 

complex. In all cases, initial precipitation was carried out by using anti-HA, while co- 

precipitation of the potentially interacting protein was determined by Western blot  

analysis using anti-GFP antibody. These experiments indicated that a version of Easter  

lacking its pro-domain (Ea∆N-GFP) was present in a complex with Snk-HA (Figure 2-4 

C, lane 3), while a version of Snake lacking its pro-domain (Snk∆N-GFP) was not 

present in a complex together with Ea-HA (Figure 2-4 C, lane 2). These results indicate 

that the catalytic domain of Easter is sufficient for this interaction, but the pro-domain 

region is dispensable. In contrast, the Snake pro-domain is essential for the formation of 

the complex containing Easter and Snake. At present, it is still unclear whether the 

catalytic domain of Snake is essential for the complex formation. 

 

 

 

 

 



 70 

DISCUSSION  

 

The processing of Easter by Snake depends on Pipe activity 

As outlined above, my analysis of GD-GFP expressed in females carrying loss-of-

function alleles of pipe, ndl, gastrulation defective (gd), snake (snk), easter (ea) or 

spätzle (spz) shows that the processed form of GD-GFP is present in female mutant for 

all of the tested genes, with the exception of ndl. The particular combination of ndl alleles 

used yielded females that produced full-length Nudel protein carrying lesions in the 

region of the protein corresponding to the serine protease domain. This indicates that the 

Nudel protease function is required for the processing of GD. Neither pipe nor any of the 

other dorsal group genes are required. These results are consistent with the observations 

of Lemosy et al., 2001 (LeMosy et al., 2001), who detected a 46 kDa species, presumably 

the processed form of the protein, in immunoprecipitates of an HA-tagged version of GD 

expressed in wild-type and pipe mutant females, but not in immunoprecipitates from gd-

HA-expressing ndl mutant females. It is important to note that it is unclear whether the 

Nudel protease acts directly to mediate the processing of GD. When the Nudel protease 

and GD are co-expressed in Drosophila S2 cells, GD undergoes proteolytic cleavage, 

suggesting that GD is a substrate of Nudel (LeMosy and Hashimoto, 2000). However, co-

expression of GD with Snake or Easter has also been shown to result in cleavage of GD 

(LeMosy et al., 2001), undermining the conclusion that cleavage of GD by Nudel is 

specific. The Nudel protease domain has also been shown to be required for modification 

and maturation of the eggshell (LeMosy and Hashimoto, 2000). This may lead to an 

environment in the perivitelline space that is permissive for GD proteolysis, which may 

represent an indirect avenue through which Nudel regulates the processing of GD.  

The examination of the Ea-GFP processing in embryonic extracts derived from 

females carrying various dorsal group mutations showed that neither the processed form 
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nor the Spn27A-associated versions of active processed Ea-GFP were observed in 

embryos produced by female mutant for pipe, ndl, gd, or snk. In contrast, all three of 

these forms of processed Ea-GFP were present in the extracts of embryos from female 

mutant for ea and spz, as well as in extracts from embryos produced by wild-type female. 

This indicates that Easter cleavage is dependent on all of the other upstream dorsal group 

genes ndl, gd, and snk, and most importantly, on pipe. This is consistent with the recent 

observation of Lemosy (LeMosy, 2006) of a requirement for Pipe in the processing of 

endogenous Easter. Interestingly, there were two higher molecular weight species that 

contain Ea-GFP. One of these species has a mass consistent with it being Ea-GFP-X, 

while the other species has a molecular weight of approximately 180 kDa, much larger 

than that expected for a simple heterodimer of Ea-GFP and Serpin27A. This higher 

molecular weight form may represent a protein complex intermediate in the activation of 

Easter that can only be detected at the high levels of expression observed for nos-

Gal4:VP16-driven expression of Ea-GFP. Similarly, we suspect that the ability to detect 

cleaved Ea-GFP that is not complexed to Spn27A in these experiments arises from the 

extremely high levels of Ea-GFP expressed under the control of nos-Gal4:VP16, possibly 

exacerbated by an increased stability of GFP-tagged protein.  

As Easter is the protease that processes Spätzle, it was expected that Spz-GFP 

would fail to undergo processing in embryos from females mutant for either ea or pipe I 

observed that the processing of Spätzle eliminated completely in embryo extract from 

females carrying loss of function of pipe or ea). Moreover, this observation is consistent 

with the results of Morisato and Anderson (Morisato and Anderson, 1994) who showed 

that processed endogenous Spätzle protein is absent from embryos produced by pipe-

mutant mothers.   

In contrast to the situations observed for Easter and Spätzle, Western blot analysis 
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of Snk-GFP demonstrated that the levels of processed Snk-GFP present in embryos from 

female mutant for pipe were indistinguishable from the levels present in wild-type 

embryos. Thus, the function of Pipe and therefore the presence on the ventral side of the 

egg of the sulfated target(s) of Pipe, is not required for processing of Snake. These 

observations are consistent with the results of studies carried out in cell culture that 

showed that co-expression of Snake and GD resulted in processing of Snake (Dissing et 

al., 2001; LeMosy et al., 2001). However, those experiments could not rule out the 

possibility that the tissue culture cells with which the experiments were carried out 

expressed Pipe protein and its target. Based on the results of my experiments, we 

presume that Snk-GFP, as well as the endogenous Snake protein, undergoes uniform 

levels of processing all around the DV circumference of the perivitelline space. In 

contrast to the situation in embryos from pipe mutant mothers, the levels of processed 

Snk-GFP were detectably lower, in embryos produced by females that are mutant for 

either gd or ndl, although some processed Snk-GFP was nevertheless observed. We 

observed a similar low level of processing, in wild-type embryos, of a version of Snk-

GFP in which the amino acid sequence of the putative protease cleavage target site 

(serine-valine-proline-leucine) has been converted to a sequence (serine-valine-lysine-

lysine) that fails to undergo cleavage by GD when the two proteins are expressed together 

in Drosophila S2 tissue culture cells (LeMosy et al., 2001). The observation that a low 

level of Snake cleavage occurs in the absence of GD and Nudel suggests the existence of 

another protease present in embryos that is capable of processing Snake at a nearby site. 

This could provide an explanation for the observations of Ligoxygakis et al. (Ligoxygakis 

et al., 2003) made in studies of the function of Serpin 27A. Recall that female mutant for 

both Spn27A and ea or for both Spn27A and snk produce dorsalized embryos. Thus, 

Snake-mediated activation of Easter is necessary for the ventralization observed when 
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Spn27A-mediated inhibition of Easter is perturbed. Recall also that females mutant for 

both gd and Spn27A produce embryos that are uniformly lateralized, indicting the 

presence of a uniform, low level of Easter activity. This suggests either that the Snake 

zymogen exhibits a low level of Easter processing activity even when it has not been 

processed by GD, or that a protease other than GD is capable of processing and activating 

Snake to a degree that is not detectable except in the absence of Spn27A. 

 

The formation of a complex containing Easter and Snake is insufficient for the 

production of the Toll ligand.  

My experiments employing co-immunoprecipitation indicate that at least a 

portion of the Snake and Easter proteins contained within the embryo is present in a 

stable complex. Snake and Easter are also present together in a complex in the pipe 

mutant background.  However, under these conditions, Ea-HA is not being activated by 

Snk-GFP, despite the high levels of the two proteins present in these embryos. These 

observations indicate that the activity of Pipe is not likely to be required to simply bring 

Easter and Snake nearby one another, and moreover, that the presence of the two proteins 

in the same complex is insufficient to facilitate the processing of Easter by Snake.  

Prior to my studies there were three potential scenarios through which the sulfated 

target of Pipe might exert its effects, leading to the processing of Easter by Snake on the 

ventral side of the embryo. First, the sulfated Pipe target, embedded ventrally in the 

eggshell, could act as a localization signal, thus bringing Snake and Easter into 

juxtaposition, and facilitating their productive interaction. We consider this scenario 

unlikely as none of the GFP-tagged versions of Gastrulation Defective, Snake, Easter or 

Spätzle have been observed to exhibit ventral enrichment in the perivitelline space of 

embryos from females expressing these proteins. Each of the tagged proteins appeared to 
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exhibit a uniform distribution along the DV axis of the egg/embryo. However, there is a 

potential caveat to this conclusion; we cannot rule out a situation in which a very small, 

proportion of GFP-tagged protein is localized to the ventral side of the egg, with the 

majority of the protein exhibiting a uniform distribution and acting to obscure the 

detection of the localized population. 

A second possible mechanism controlling the processing of Easter by Snake 

would involve a serine protease inhibitor of Snake protein, present in the perivitelline 

fluid, whose effects would be inhibited on the ventral side of the embryo by the sulfated 

target of Pipe, for example by binding and sequestration. We consider this scenario to be 

unlikely for following reason. As noted above, Spn27A, an inhibitor of Easter activity has 

been identified (Hashimoto et al., 2003; Ligoxygakis et al., 2003). A series of dominant 

ventralizing alleles of ea have been identified which carry mutations nearby the active 

site of the catalytic region of the protein (Jin and Anderson, 1990). Available evidence 

indicates that the dominant ventralizing effects of these proteins result from perturbations 

in the mutant proteins' abilities to interact with Spn27A (Chang and Morisato, 2002). No 

similar dominant ventralizing mutant alleles of snake have been isolated, which suggests 

that no dedicated protease inhibitor exist whose interaction with Snake could be 

perturbed through mutational lesions in the Snake catalytic region.   

       Based on the results presented here, we favor a third scenario in which Snake 

and Easter (and perhaps other components of the dorsal group protease cascade) form a 

diffusible complex in the perivitelline space of the egg. We hypothesize that this complex 

is catalytically inactive until it comes into contact with the ventrally localized sulfated 

target of Pipe, at which time the complex undergoes a conformational change that 

facilitates the cleavage of Easter by Snake, perhaps by exposing the zymogen cleavage 

target site of Easter. Although the dependence of Spätzle cleavage upon Pipe may be 
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indirect and arise solely because the activation of its cognate protease Easter is Pipe 

dependent, we cannot rule out the possibility that Spätzle is also present in the complex 

containing Snake and Easter, with a Pipe dependent conformational change in the 

complex also acting directly to enhance Spätzle cleavage by Easter, perhaps by 

facilitating an interaction between the processed Easter and the precursor form of Spätzle. 

Ongoing experiments are directed towards determining the extent to which 

conformational changes in Easter (or Spätzle), brought about by Pipe action, lead to the 

processing of the two proteins and, in turn, to the formation of the Drosophila embryonic 

DV axis. 

 In conclusion, recent studies have demonstrated that a single protein isoform 

expressed from the pipe locus is essential for the formation of embryonic DV polarity 

(Zhang et al., 2009b) and that the expression of this isoform in ventral cells of the 

follicular epithelium surrounding the developing oocyte leads to the sulfation of eggshell 

components which become incorporated into the eggshell nearby their site of synthesis in 

the follicular epithelium (Zhang et al., 2009a). These sulfated species represent an 

effector that leads ultimately to the activation of the Toll receptor on the ventral side of 

the embryo and to the formation of correct DV polarity in progeny embryos. Taken 

together, my results indicate that it is the processing of Easter by Snake that is the step in 

the dorsal group signal transduction pathway regulated by this sulfated target of Pipe.  
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MATERIALS AND METHODS  

 

Drosophila strains and maintenance 

All stocks were maintained employing standard conditions and procedures.  The 

wild-type Drosophila melanogaster stock used was Oregon R carrying w/w. Mutants 

used in this study are described in Flybase and are as follows: ea
1
, ea

2
, gd

7
, gd

VM90
, ndl

2
 

(formerly ndl
093

), ndl
6
 (formerly ndl

260
), pipe

1
 (formerly pipe

386
), pipe

3
, snk

1 
(formerly 

snk
073

), snk
2 

(formerly snk
229

), spz
2
 (formerly spz

197
), spz

4
 (formerly spz

rm7
).  Strains 

carrying the Gal4 driver insertions nos-Gal4:VP16 and pCOG-Gal4:VP16 are described 

in Rorth, 1998 (Rorth, 1998).  The stock carrying the constitutively expressed insertion 

of hsp70-pipe is described in Sen et al., 2000 (Sen et al., 2000). 

 

Plasmid constructs 

Plasmid pUASp-GFP is a pUASp (Rorth, 1998)-based transformation vector 

which enables the construction of fusions proteins bearing proteins of interest that are 

fused in-frame to the N-terminus of GFP.  The two oligonucleotides: 

5'-GGGCCCGGGATCCACCGGTCGCCACCATGAGTAAAGGAGAAGAAC-3' and 

5'-CTCGAGTCTAGATTATTTGTATAGTTCATCCATG-3' were used for PCR-

mediated amplification of a DNA fragment encoding a Drosophila cordon optimized 

version of the mGFP6 enhanced mutant version of GFP (Schuldt et al., 1998) (a kind gift 

of Andrea Brand).  The amplification product was digested with BamHI and XbaI and 

ligated to similarly digested pUASp, yielding the plasmid pUASp-GFP. This plasmid 

enables simple construction of N-terminal fusions to GFP by subcloning DNA fragments 

into NotI/BamHI cut vector, such that the C-terminal sequences of the protein of interest 

are present in the context of a BamHI compatible restriction enzyme recognition site, 



 77 

with the reading frame of the DNA fragment encoding the protein being NNG-GAT-

CCN. 

      For the construction of pUASp-gd-GFP, the two oligonucleotides  

5'-ATCCCGGGCGGCCGCAGACACTAGCGATGAGGCTGC-3'  

and 5'-GATGTGAGATCTATTACAAAGGCCGTGATCCAG-3' were used for PCR 

mediated amplification of a DNA fragment carrying the gd cDNA.  The resultant PCR 

product was digested with NotI and BamHI and ligated to NotI/BamHI-digested pUASp-

GFP. 

      For the construction of pUASp-snk-GFP, the two oligonucleotides  

5'-CAGAACGCGGCCGCAAAATGATAATACTTTGGTC -3'  

and 5'-ATAAAAGGATCCCCGTGTTGCTTGAAGGCAATC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the snk cDNA. The resultant PCR 

product was digested with NotI and BamHI and ligated to similarly digested pUASp-

GFP. 

For the construction of pUASp-ea-GFP, the two oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3'  

and 5'-TTTTAGAGATCTGACTCAATAGTCTTTTGTAATCC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the ea cDNA.  The resultant PCR 

product was digested with NotI and BamHI and ligated to NotI/BamHI-digested pUASp-

GFP. 

For the construction of pUASp-spz-GFP, the two oligonucleotides  

5'-TAAGCCGCGGCCGCAAAATGATGACGCCCATGTGGATATCG-3'  

and 5'-TTCCAGGGATCCCCAGTCTTCAACGCGCAC-3' were used for PCR mediated 

amplification of a DNA fragment carrying a spz cDNA, corresponding to the originally 

identified Spätzle protein isoform.  The resultant PCR product was digested with NotI 
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and BamHI and ligated to similarly digested pUASp-GFP. 

      pUASp-ea∆N-GFP and pUASp-snk∆N-GFP encode the catalytic domains of 

Snake and Easter respectively fused to the signal peptide of Easter at their amino termini 

[denoted Easter∆N (Chasan et al., 1992) and Snk∆N (Smith and DeLotto, 1994)], and to 

mGFP6 at their carboxyl termini. For the construction of pUASp-ea∆N-GFP, the two 

oligonucleotides  

5'-CCGATTGCGGCCGCAAAATGCTAAAGCCATCGATTATCTG-3'  

and 5'-TTTTAGAGATCTGACTCAATAGTCTTTTGTAATCC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the ea∆N cDNA construct (LeMosy 

et al., 2001) (a gift of Ellen LeMosy).  The resultant PCR product was digested with 

NotI and XbaI and legated to NotI/XbaI-digested pUASp-GFP.   

For the construction of pUASp-snk∆N-GFP, the two oligonucleotides  

5'-CCGATTGCGGCCGCAAAATGCTAAAGCCATCGATTATCTG-3'  

and 5'-ATAAAAGGATCCCCGTGTTGCTTGAAGGCAATC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the snk∆N cDNA construct (LeMosy 

et al., 2001) (a gift of Ellen LeMosy).  The resultant PCR product was digested with 

NotI and BamHI and ligated to similarly digested pUASp-GFP. 

Plasmid pUASp-HA is a pUASp derivative that was generated by inserting three 

tandemly arranged copies of the HA epitope of Influenza Hemagglutinin into the XbaI 

site of pUASp, using a strategy that left the XbaI site located at the 5' side of the inserted 

fragment intact. This plasmid enables simple construction of N-terminal fusions to 3xHA 

by amplifying the corresponding cDNA with appropriate oligonucleotide primers, 

digesting the amplification products with NotI and XbaI and subcloning the DNA 

fragments into NotI/BamHI cut pUASp-HA, such that the C-terminal sequences of the 

protein of interest are present in the context of an BamHI compatible restriction enzyme 
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recognition site, with the reading frame of the DNA fragment encoding the protein being 

TCT-AGA. 

For the construction of pUASp-snk-HA, the two oligonucleotides  

5'-CAGAACGCGGCCGCAAAATGATAATACTTTGGTC-3'  

and 5'-TCGATCTCTAGAGTGTTGCTTGAAGGCAATCTTCTC-3' were used to 

generate the cDNA subclone.  

     For the construction of pUASp-ea-HA, the two oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3'  

and 5'-TCGATCTCTAGAGGACTCAATAGTGTTTTGTATCC-3' were used to 

generate the cDNA subclone. 

For the construction of pUASp-spz-HA, the two oligonucleotides  

5'-TAAGCCGCGGCCGCAAAATGATGACGCCCATGTGGATATCG-3'  

and 5'-TCGATCTCTAGACCCAGTCTTCAACGCGCACTTGC-3' were used to 

generate the cDNA subclone. 

Transgenic fly lines carrying insertions of the various fusion constructs were 

generated by conventional P-element mediated transformation. In some cases, 

microinjections were performed at GenetiVision, Inc. (Houston, Texas).  

 

Western blotting and co-immunoprecipitation studies 

For western blot analysis of fusion proteins, eggs laid by mutant females 

expressing the various GFP- and HA-tagged constructs were collected on yeasted apple 

juice/agar plates. Preliminary experiments indicated that for fusion proteins containing 

GD, Easter and Spätzle, protein concentrations were relatively constant in embryos 

collected in the intervals 2-4, and 4-6 hours after egg deposition. For that reason, 

subsequent Western blot analysis of fusion proteins containing these three proteins was 
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carried out using embryos collected 2-4 hours after egg deposition. In the case of fusion 

proteins containing Snake, we observed that levels of zymogen and cleaved protein were 

highly variable over the time interval extending from 2-6 hours after egg deposition. To 

achieve uniformity in studies of Snake fusion proteins, precisely staged embryos were 

collected by hand for Western blot analysis. In addition, for examination of the 

processing pattern of all GFP tag protein in embryos from various kinds of dorsal group 

gene mutant mother, precisely staged embryos were also collected by hand for their 

western blot analysis. In these cases, approximately 50 late blastoderm stage embryos 

were collected under hydrocarbon oil. Oil was removed by washing with heptane. 

Following collection of eggs, either by timed egg lays or by hand sorting, eggs were 

dechorionated in 50% Clorox bleach, transferred to 1.7 ml microcentrifuge tubes and 

homogenized with a microcentrifuge tube-compatible pestle in 50 µl of lysis buffer (25 

mM Tris, pH 7.5 /0.15 M NaCl /0.3% NP-40 /1mM EDTA/ 1mM EGTA /0.2mM N-

ethylmaleimide, containing protease inhibitors [complete Mini EDTA-free Protease 

Inhibitor Cocktail, Roche, Indianapolis, In]). Protein concentrations in the homogenates 

were determined using the Bio-Rad Protein Assay reagent (catalogue no. 500-0006; Bio-

Rad Laboratories, Inc., Hercules, CA). For each embryo extract, a volume corresponding 

to exactly 100 g of protein was subjected to SDS polyacrylamide gel electrophoresis. 

Following electroblotting to nitrocellulose membranes, blots were incubated with 

monoclonal primary antibodies against either GFP (1/1000)(Monoclonal B-2, catalogue 

no. sc-9996, Santa Cruz Biotechnology, Santa Cruz, CA) or HA epitope (1/1000) 

(Monoclonal 16B12, catalogue no. MMS-101P, Covance Inc., Emeryville, CA). Blots 

were washed and incubated with Goat Anti-Mouse IgG (1/5000) (cat. no. 31430, Thermo 

Scientific, Rockford, IL), followed by detection using the Pierce Super Signal Detection 

System (Pierce, Rockford, IL)   
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       For co-immunoprecipitation studies, embryos were hand staged, collected, and 

homogenized as described above for Western blot analysis of extracts containing Snake 

fusion proteins. Following determination of protein concentrations, a volume of extract 

containing 100 µg protein was incubated at 4°C overnight together with a 1:500 dilution 

of rabbit polyclonal anti-HA antibody (600-401-384; Rockland Co). Antibody/protein 

complexes were incubated together with protein G-agarose beads (Pierce, Rockford, IL) 

for 2 hours and collected by centrifugation. Precipitates were then divided into two 

aliquots and subjected to SDS-polyacrylamide gel electrophoresis followed by 

immunoblotting with monoclonal anti-GFP and monoclonal anti-HA, respectively, as 

described above.  

 

 

Examination of embryonic phenotypes 

For the examination of embryonic phenotypes, larval cuticles were prepared 

according to Van der Meer (van der Meer, 1977). Classification of embryonic 

Dorsal/Ventral phenotypes was carried out as described in Zhang et al., 2009 (Zhang et 

al., 2009b). 
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Chapter 3: Gastrulation Defective facilitates embryonic DV patterning    

both by processing Snake and by independently enhancing Snake-

mediated cleavage of Easter   

 

INTRODUCTION 

So far, I have described how Pipe functions to regulate Drosophila embryonic DV 

polarity by activating the proteolytic processing of Easter by Snake. Here, I will describe 

studies that I carried examine the mechanism through which Gastrulation Defective 

facilitates the formation of the embryonic DV axis.  

The snake and easter genes encode members of the trypsin family of serine 

proteases (Chasan and Anderson, 1989; DeLotto and Spierer, 1986; Hecht and Anderson, 

1993; Roth and Schupbach, 1994), both of which are secreted into the Drosophila egg 

perivitelline space as inactive zymogens (Chasan et al., 1992) which require proteolytic 

cleavage between their amino terminal pro-domains and their catalytic domains to 

achieve activation (Figure 3-1). The requirement for pro-domain cleavage has been 

demonstrated by the analysis of modified versions of Easter and Snake, Ea∆N and 

Snk∆N, in which secretory signal peptides have been fused directly to the catalytic 

domains of the proteins. The injection of in vitro synthesized mRNA encoding either 

Ea∆N or Snk∆N into their respective mutant-derived embryos resulted in the formation 

of apolar, lateralized or ventralized embryos (Chasan et al., 1992). The apolar phenotypes 

of the injected embryos presumably derived from spatially uniform activities of the two 

proteins, due to the absence of the regulatory pro-domain. By combining these "pre-

cleaved", activated versions of Easter and Snake with loss-of-function mutations in the 

various dorsal group genes allowed their epistasis relationships (order of action) in the 

pathway to be determined. These were the initial studies indicating that the easter gene  
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Figure 3-1. Basic structures of GD, Snake, Easter and Spz. S, signal peptide; S-S (red), 

disulfide bond; Yellow triangle, activation cleavage site. GD, Snake and Easter are 

secreted into the perivitelline space as zymogens that require proteolytic cleavage for 

protease activity. The activated proteases are 46 kDa, 30kDa and 35kDa, respectively. 

Spz is also secreted to the perivitelline space in a precursor form that requires proteolytic 

cleavage in order to be converted into the functional ligand of the Toll receptor.  

 

 

acts immediately upstream of spätzle, that snake gene acts immediately upstream of 

easter, and that gd acts upstream of both snake and easter (Chasan et al., 1992; Morisato 

and Anderson, 1994; Smith and DeLotto, 1994). These studies were later confirmed by 

the in vitro (in tissue culture) studies of the processing patterns of the proteins by one 

another (Dissing et al.,2001; LeMosy et al. 2001).  

Gastrulation defective remains somewhat enigmatic. Epistasis analysis places GD 

upstream of Snake (Konrad et al., 1988; Konrad et al., 1998) and biochemical analysis 

confirmed that GD processes Snake (Dissing et al., 2001; Lemosy et al., 2001). While 
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Gastrulation Defective carries a C-terminal region with similarity to other serine 

proteases, it also bears some peculiar structural features, such as the unusual location of 

the catalytic serine, and the absence of a clearly recognizable cleavage site for zymogen 

activation (Han et al., 2000; Konrad et al., 1998). Most serine proteases, including Snake 

and Easter, are activated by cleavage at a region called the activation peptide, usually 

resulting in the presence of an isoleucine or valine residue at the amino terminus of the 

cleaved active catalytic chain (Chasan and Anderson, 1989; DeLotto and Spierer, 1986; 

Stroud et al., 1977). However, GD does not carry an obvious activation peptide region 

(Konrad et al., 1998). DeLotto, 2001, has suggested that GD shares structural similarity 

with two members of the complement system, factor C2 and factor B (DeLotto, 2001).  

He proposed that an arginine-lysine pair located at amino acids 136/137, similar to the 

arginine-lysine pairs found in those two proteins, is the site of GD cleavage. Moreover, 

he suggested that a stretch of amino acids adjacent to the C-terminal side of the arginine-

lysine pair exhibits homology to the von Willebrand Factor type A (vWF) motif found in 

many proteins (DeLotto, 2001). In factors C2 and B, the vWF motif is a binding site for 

an activating protease, resulting in cleavage between arginine and lysine to generate two 

distinct polypeptide chains (Arlaud et al., 1998). Although a lower molecular weight 

form of GD has been detected in studies which GD has been expressed in embryos 

(Dissing et al., 2001; LeMosy et al., 2001), there is no direct evidence showing that 

arginine136/lysine137 is a site of protease cleavage, or that processing of GD is indeed 

required in order for it to be able to process Snake.  

 Compounding the enigmatic nature of GD is the uncertainty about the role of 

Nudel in DV patterning. As noted previously, Nudel is a large modular protein with 

similarities to components of the extracellular matrix and contains a centrally-located 

serine protease domain (Hong and Hashimoto, 1995). The Nudel protein undergoes a 
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complex pattern of processing during oogenesis and embryogenesis (LeMosy and 

Hashimoto, 2000; LeMosy et al., 2000; Stein et al., 2008) mediated both by other 

proteases and by the Nudel protease domain itself. The smaller molecular weight species 

of GD is not detected in embryos from females in which the Nudel protease domain 

carries mutations (LeMosy et al., 2001). Moreover, based on structural considerations, 

Nudel has been proposed to process GD directly (Rose et al., 2003). However, there is no 

direct evidence that the two proteins interact with one another in vivo. In addition, while 

the Nudel protease expressed together with GD in tissue culture cells results in GD 

processing, expression of either EaN or SnkN together with GD in tissue culture also 

results in the formation of a smaller molecular weight form of GD (Dissing et al., 2001). 

Moreover, GD is processed independently of Nudel when expressed together with the 

Snake zymogen in tissue culture cells (Dissing et al., 2001; LeMosy et al., 2001). This 

proteolysis requires that the GD catalytic domain be intact and functional. However, 

whether GD processing in the presence of Snake is autocatalytic, or mediated by Snake 

remains unclear.    

 The question of whether Ndl acts directly to process GD is further obscured by 

the existence of two types of ndl alleles, referred to as Class I and Class II alleles. Class II 

alleles carry mutations within the protease domain (Hong and Hashimoto, 1995; LeMosy 

et al., 1998). When present in trans to a deficiency uncovering ndl, to a Class I allele, or 

to another Class II allele, these alleles lead to the production of dorsalized embryos 

(LeMosy et al., 1998). Owing to the large size of the Nudel protein, the molecular basis 

for most Class I alleles has not been determined. Females carrying Class I alleles in trans 

to either a deficiency uncovering ndl, or in trans to another Class I allele, produce 

collapsed eggs. This has led to the conclusion that the Nudel protein is necessary for the 

normal integrity of the eggshell (LeMosy and Hashimoto, 2000). As many of the ndl 
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Class I alleles lead to alterations in the quantity, processing or secretion of Nudel, it is 

possible that the Nudel protein, or portions of the Nudel protein, provide a structural 

function in the construction or maintenance of the eggshell. These effects are not 

completely independent of the Nudel protease domain as even Class II alleles lead to the 

production of eggs bearing soft vitelline membranes that allow the passage of certain 

lipophilic dyes unable to pass through the vitelline membrane of wild-type-derived eggs 

(LeMosy et al., 1998). Taken together, these results suggest the possibility that the Nudel 

protease does not act directly to facilitate the cleavage of GD, but rather acts indirectly, 

with the Nudel protease participating in the production of an environment that permits the 

cleavage of GD by another protease.  

What is the relationship between Pipe and GD? As described previously, embryos 

from females carrying mutations for both gd and Spn27A exhibit an apolar lateralized or 

ventralized phenotype (Ligoxygakis et al., 2003). This indicates that even in the absence 

of GD, the combined activities of Pipe, Snk and Ea can generate some processed Spz, 

although this level of activity can only be detected in the absence of Spn27A-mediated 

inhibition of Easter. The embryos are presumably apolar because no inhibitor is present 

to prevent the low level of active Easter that is diffusing throughout the perivitelline 

fluid. The lateralized/ventralized phenotypes of embryos produced by gd;Spn27A females 

also indicate that normal GD function is required to achieve the full activation of the 

serine protease cascade that is mediated by Pipe.  

The pattern of complementation between gd mutant alleles suggests that GD 

protein has a more complicated role in dorsal-ventral patterning than simply to cleave and 

activate Snake (Ponomareff et al., 2001). The gd
10

 class of allele carries lesions in the 

catalytic domain of the proteins, while the gd
2
 class of allele carries mutations in the 

amino terminal segment of the protein (Figure 3-2). Interestingly, alleles of the two  
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Figure 3-2. Location of the molecular lesions in the gd
2
 and gd

10
 classes of gd mutant 

alleles. S: signal peptide; S (in catalytic domain): active site serine; vWF: putative von 

Willebrand Factor type A (vWF) motif; gd
2
 group alleles fall within the presumptive 

propolypeptide region. gd
10

 group alleles lie close to the active site serine. Alleles of the 

two classes are capable of complementing one another. Dotted arrow below VM90 

indicate the regions deleted in the gd 
VM90

 mutated allele (modified from Ponomareff et 

al., 2001) 

 

mutant classes are capable of complementing one another. This suggests that the GD 

protein provides two distinct functions during the establishment of embryonic DV 

polarity, the processing of Snake that is associated with the catalytic domain of the 

protein which is disrupted in gd
10

 class mutant alleles, and a second unrecognized 

function that is associated with determinants in the amino-terminal region of the protein. 

Although this second function of GD was recognized as due to the identification in the N-

terminal putative "pro-domain" of the protein, this region of the protein cannot by itself 

provide the second function. Injection of an mRNA encoding a wild-type version of the 

amino-terminal portion of GD in which gd
2
 class of alleles were identified cannot rescue 

the dorsalized phenotype of embryos carrying gd
2
 class mutations (Ponomareff et al., 



 88 

2001). The studies that I will describe below indicate that a full-length version of GD, 

bearing wild-type sequences within the N-terminal portion of the protein (but not 

necessarily a wild-type catalytic domain), is necessary for the provision of this second 

function of GD.  

 This second non-catalytic function of GD has also been observed in experiments 

utilizing an autocatalytic version of Snake, named XaSnake (Smith et al., 1995). In 

XaSnake, the cleavage site of Snake has been replaced by that of Factor X from the blood 

coagulation pathway. The cleavage site of Factor X bears a specificity that is predicted to 

be processed by the Snake protease. Injection of in vitro synthesized mRNA encoding 

XaSnake is capable of rescuing the dorsalized phenotype of embryos from females 

carrying gd
10

 class (protease-dead) mutant alleles, with normal polarity, indicating that 

XaSnake is indeed capable of undergoing autoactivation, and that when Snake can 

activate itself, the catalytic function of GD is unnecessary. However, injection of mRNA 

encoding XaSnake was not capable of rescuing the dorsalized phenotype of embryos 

from females carrying gd
2
 class (pro-domain) alleles (Ponomareff et al., 2001). Similarly, 

injection of an mRNA encoding a secreted version of GD that carries the catalytic 

domain, but lacks the pro-domain can rescue gd
10

 class mutant-derived embryos, but not 

gd
2
 class mutant-derived embryos (Ponomareff et al; L. M. Stevens and D. Stein, 

unpublished). Taken together, these observations indicate that in addition to directly 

processing Snake, GD provides another function that requires sequences within the N-

terminus of the protein and is essential for DV patterning. As I will show, this second 

function of GD is necessary to enable the cleavage of Easter by activated Snake, perhaps 

facilitating a productive interaction between the two proteins. I will also show that, 

unexpectedly, GD is present in a complex or complexes that contain Easter and Spätzle, 

providing further evidence that the regulation of embryonic DV polarity relies 
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fundamentally on protein conformational changes that occur within diffusible complexes 

containing components of the dorsal group serine protease cascade.    

 

 

RESULTS 

 

GD-dependent ventralization of embryos is mediated by its non-catalytic function  

 We have previously observed that transgenic expression of the GFP-tagged 

version of GD, gd-GFP, in the female germline leads to the formation of strongly 

ventralized embryos (chapter 1, data not shown). This ventralized phenotype could have 

resulted simply from the increased activity of GD associated with the high levels of 

expression directed by the nos-Gal4:VP16 driver element. Alternatively, this result could 

have represented an artifact of the presence of the GFP tag, perhaps due to an altered 

conformation or stability of the protein. To determine the basis of GD-GFP-mediated 

ventralization, I examined cuticle structures of embryos produced by wild-type females 

overexpressing native gd under the control of the strong germline specific nos-

Gal4:VP16 driver line. Expression of wild-type gd in other wise wild-type females as 

well as in gd mutant females led to the formation of lateralized or ventralized embryonic 

cuticles with denticle bands all around the DV circumference (Figure 3-3 A, and data not 

shown). 

The ventralization associated with gd overexpression could have resulted either 

from an increase in the proteolytic function of GD, from an increase in the non-catalytic 

catalytic function of GD, or from an increase in both effects. To distinguish between 

these possibilities, I generated transgenic flies bearing two protease-dead versions of the 

protein and examined the effects of expressing these versions of gd. In GD-SA, the active 

site serine, ser468, has been converted to an alanine residue, while in GD-DN, the  
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Figure 3-3. Cuticle preparations of embryos from females expressing wild-type and 

modified versions of gd (A), gd-SA (B), gd-DN (C), gd
2
 (D), gd∆N212 (E), and 

gd∆N254 (F). Note that overexpression in the female germline of the transgenes 

encoding wild-type gd, gd-SA, or gd-DN leads to the production of embryos with a 

strongly ventralized phenotype. 

 

aspartic acid that is a member of the active site catalytic triad, asp347, has been converted 

to an asparagine residue. Both of these mutations render the protease domain of GD non-

functional (Han et al., 2000). As was seen with wild-type gd, expression of either gd-SA 

or gd-DN in wild-type females under the control of the nos-Gal4:VP16 germline-specific 

driver, led to the formation of ventralized embryos (Figure 3-3B, C). Ventralization 

mediated by overexpression of gd-SA and gd-DN does require that the embryos contain 

basal levels of GD protease activity, because GD-SA and GD-DN cannot ventralize the 

embryos produced by gd
VM90

 (gd null) females. In other words, the increased ventralizing 

activity provided by GD-SA and GD-DN does not do away with the requirement for GD 
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protease activity in DV patterning. Nevertheless, these results indicate that an increase in 

the non-catalytic function of GD is capable of ventralizing embryos, and presumably 

leads to an increase in the amount of processed Spätzle that are produced. 

 In order to test whether an increase in the amount of GD protease could on its 

own lead to the generation of ventralized embryos, we generated three additional 

transgenic constructs. In GD∆N212, the signal peptide from Easter has been fused in-

frame to amino acid residue 213 of GD, while in GD∆N254, the Easter signal peptide has 

been fused in frame to amino acid 255 of GD. When expressed in the female germline, 

both of these constructs should lead to the production, in progeny, of secreted versions of 

GD lacking the putative pro-domain but carrying a complete copy of the GD protease 

domain. Both of these constructs generate proteins that are capable of processing Snake 

protein when they are expressed in tissue culture cells (LeMosy et al., 2001). Moreover, 

we have shown that both of these constructs can rescue the dorsalized phenotypes of 

embryos produced by a gd
10

 class (protease mutant) allele, but not those produced by a 

gd
2 

class (pro-domain region mutant) allele (L. M. Stevens and D. Stein, unpublished). 

This indicates that these amino-terminus deleted versions of GD retain proteolytic 

activity, but not the protease-independent function of GD. Importantly, overexpression of 

both of these constructs in the germline of wild-type females, failed to produce 

ventralized embryos similar to those produced by females overexpressing either gd-DN 

or gd-SA (Figure 3-3E, F). We also generated a transgenic version of GD bearing the gd
2
 

mutation (cysteine29 to tyrosine), denoted GD-2. Recall that the gd
2
 class mutant allele is 

capable of complementing gd
10

 class mutant allele and encodes a wild-type version of the 

protease domain, which is active. Nevertheless, nos-Gal4:VP16-mediated overexpression 

of gd
2
 in the germline of wild-type females failed to the formation of ventralized progeny 

embryos (Figure 3-3D). Taken together, these results indicate that an increase over wild-
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type levels of the non-proteolytic function of GD, but not of its protease activity, is 

capable of increasing the relative ventralization, and presumably the amount of active 

Toll ligand, in progeny embryos. 

 

Protease-dead GD facilitates the cleavage of Easter and Spätzle, but not that of 

Snake. 

 As noted above, overexpression of the protease dead versions of gd, leading to 

embryonic DV patterning, did not abrogate a requirement for the proteolytic fragment of 

GD. In other words, the ability to process Snake, albeit in trans, was necessary in order 

for the protease-dead versions of GD to exert their ventralizing effects. As such, this 

secondary function of GD could act to enhance the ability of the GD protease to generate 

processed Snake. For example, binding of Snake to either wild-type or protease dead GD 

could exert a conformational change that enhances the ability of the GD protease to 

cleave the protein, even when supplied in trans. In such a mechanism, protease dead GD 

might be as effective as wild-type GD in exerting this conformational change. 

Alternatively, this second function of GD could influence another step in the pathway, for 

example, processing of Easter by Snake or processing of Spätzle by Easter, without 

affecting the amount of activated Snake.  

In order to determine the step in the protease cascade at which GD exerts its 

second function, I examined the processing of Snk-GFP, Easter-GFP and Spz-HA, 

following co-expression with the various modified versions of GD. However, this 

analysis was complicated by the fact that in some instances, expression of the GFP-

tagged protein alone, in a wild-type background, led to progeny embryo ventralization 

and to a dramatic increase in the amount of processing that was not further increased 

upon the expression of additional wild-type GD protein. We interpreted these results to 
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mean that a large increase in expression of the protease under study could lead to 

saturating levels of proteolysis, for example if another factor in the processing reaction 

became limiting.   

 To overcome the technical problem outlined above, I resorted to the use of an 

alternative germline-specific Gal4 driver element, pCOG-Gal4:VP16 (Rorth, 1998), 

which expresses lower levels of Gal4 than nos-Gal4:VP16. I co-expressed either snk-

GFP, ea-GFP or spz-HA, together with wild-type and various modified gd under the 

control of the weaker Gal4 driver. I then examined the processing of the GFP-tagged 

proteins in progeny embryos by Western blot analysis as well as their cuticular 

phenotypes. The embryos from the females expressing snk-GFP, ea-GFP or spz-HA 

alone, under the control of pCOG-Gal4:VP16 exhibited cuticular phenotypes similar to 

that of wild-type embryos, although some of the embryos expressing ea-GFP or spz-HA 

exhibited a slightly ventralized phenotype characterized by the presence of ventral 

denticle belts of expanded width (Figure 3-4 A, B, C). If co-expression of a modified 

version of gd together with one of the tagged proteases led to the formation of lateralized 

or ventralized embryos, then we would expect to be able to observe an increase in the 

level of processing of the tagged protease above the levels observed in the absence of the 

various gd constructs, if that proteolytic step were one that is influenced by the co-

expressed gd construct.  

 As had been seen in the embryos from females carrying nos-Gal4:VP16, embryos 

from females expressing wild-type gd, gd-SA or gd-DN, under the control of pCOG-

Gal4:VP16 were lateralized or ventralized, displaying a conspicuous expansion of their 

ventral denticle belts. (Figure 3-4 D, E, F, G, H, I, J, K, L). This phenotype was seen in 

embryos from females expressing the gd constructs alone, or expressing them together  

with snk-GFP, ea-GFP or spz-GFP. However, embryos from females expressing gd
2
,  
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Figure 3-4. Cuticle preparations of embryos from females expressing snk-GFP (left 

column), ea-GFP (middle column), and spz-HA (right column), in the absence or 

presence of various derivative of gd as follows: wild-type gd (D, E, F); gd-SA (G, H, I); 

gd-DN (J, K, L); gd
2
 (M, N, O); gd∆N212 (P, Q, R); or gd∆N254 (S, T, U). Note that for 

each of the three GFP-tagged proteins, expression together with wild-type gd, gd-SA, or 

gd-DN leads to the production of embryos with a strongly ventralized phenotype. 

 

 

 

gd212, or gd254 (Figure 3-4 M, N, O, P, Q, R, S, T, U), failed to exhibit an alteration 

in their DV phenotypes and appeared indistinguishable from wild-type embryos. 

When I examine the processing of the GFP-tagged proteins, expressed together 

with the various gd constructs, I observed that the levels of processing of Snk-GFP were 

virtually indistinguishable from those observed in wild-type embryos, regardless of 

which gd construct was co-expressed (Figure 3-5A). In striking contrast, Ea-GFP and 

Spz-GFP both exhibited a dramatic increase in processing when the tagged proteins were 

co-expressed either with wild-type gd, with gd-SA or with gd-DN (Figure 3-5 B, C). In 

contrast, co-expression of ea-GFP or spz-GFP, together with the proteolytically active gd 

constructs, gd
2
, gd212 or gd254, failed to lead to an increase in the levels of 

processing.   

Taken together, these results convincingly demonstrate that the second function of 

GD in DV patterning does not influence the processing of Snake by the GD protease 

domain. Rather, this second function of GD acts to enhance the ability of Snake to 

process Easter. The increase in Spätzle processing by GD that is observed may be an 

indirect consequence of the increased levels of active Easter that are present. However, 

we cannot at this point rule out the possibility that GD acts separately to enhance the 

processing of Easter by Snake and the processing of Spätzle by Easter.  
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Figure 3-5. Processing of Easter and Spätzle, but not of Snake, is increased by GD, 

GD-SA, or GD-DN. (A) Processing of Snk-GFP in embryos from females co-expressing 

snk-GFP together with various gd transgenes (indicated on the top of blot) (B) Processing 

of Ea-GFP in embryos from females co-expressing ea-GFP together with various gd 

transgenes. (C) Processing of Spz-HA in embryos from females co-expressing spz-HA 

together with various gd transgenes. The position of molecular weight markers (in kDa) 

is shown at left. In this and all subsequent panels showing the results of Western blot 

analysis, the arrow followed by "z" indicates the position of the unprocessed, zymogen 

form of the fusion protein while the arrowhead followed by "c" indicates the position of 

the cleaved form of the fusion protein.  

 

 

 

The interaction between Snake and Easter does not depend on gd or ndl. 

The observation that GD protease acts to facilitate the cleavage of Easter by 

Snake in a manner that is in addition to its direct Snake-processing activity could arise 

from a number of potential mechanisms. A segment of GD could act as a cofactor that 

acts to enhance Snake's catalytic activity. Alternatively, GD could carry an unrecognized 

enzymatic activity that modifies Snake to make it a more efficient protease for Easter or 

that modifies Easter to make it a better substrate for Snake. However, our previous 

demonstration that Easter and Snake are present in a complex suggested that complex 

formation might represent an important component of the regulation of the dorsal group 

protease cascade. One way in which GD could influence the processing of Easter by 

Snake would be by facilitating the physical interaction between those two proteins. In one 

simple model, GD could bind to both Easter and Snake, acting as a physical scaffold that 

aids in bringing the two proteins together. Such a model could explain the 

complementation between the gd
2
 and gd

10
 classes of mutations. The gd

10
-encoded 

protein, lacking protease activity, could bring Easter and Snake together, while the gd
2
 

encoded protein, lacking the structural function, could provide Snake-processing activity 

in trans.  

In order to test whether GD has a structural function that facilitates the physical 
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interaction between Snake and Easter, I generated wild-type and gd mutant females 

simultaneously expressing both snk-GFP and ea-HA under the control of nos-Gal4:VP16 

as described before. I examined the interaction between Snake and Easter not only in the 

gd
VM90 

null mutant-derived embryo but also in embryos from gd
VO27

/gd
VM90

. gd
VO27 

carries 

the identical mutation as gd
10 

and encodes a protein that lacks protease activity but 

supplies the other function). In the event that the interaction between Snake and Easter 

was not observed in the absence of GD, this would imply that the second function of GD, 

supplied by the gd
VO27

-encoded protein, was to facilitate the Snake/Easter interaction. 

After obtaining extracts from the progeny embryos, I carried out co-IP studies as 

described previously in chapter 2. The Snk-GFP still co-precipitated with Ea-HA in the 

embryo extracts from females carrying both gd mutant combinations (Figure 3-6 A). 

While this result does not rule out the possibility that GD protein is required to enable 

Snake and Easter to interact productively, it does demonstrate that GD is not required for 

the production of the complex that contains both Snake-GFP and Easter HA.   

 As I have written previously, Nudel is a large modular protein carrying a serine 

protease domain as well as a number of motifs often found in extracellular matrix 

proteins. The precise role of Nudel in dorsal-ventral patterning has remained mysterious.  

Mutations affecting ndl lead to the formation of dorsalized progeny embryos as well as to 

soft or collapsed eggshells. Although a wild-type version of the Nudel protease region is 

necessary for GD processing, or alternatively, the protease is necessary for the generation 

of a permissive environment that enables GD to be processed by another factor, such an 

environment could also be a prerequisite for the formation of the observed complex 

containing Snake and Easter. For that reason, I also examined whether the interaction  

between Snake-GFP and Easter-HA depends on ndl. I generated wild-type and ndl 

mutant females expressing both snk-GFP and ea-HA simultaneously under control of  
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Figure 3-6. Co-precipitation of Snake and Easter is not dependent upon pipe, gd, or 

ndl. (A) Extracts from embryos produced by females expressing snk-GFP either together 

with (left three lanes), or in the absence of ea-HA (right most lane), were subjected to 

immune precipitation with anti-HA. Extracts were divided into two portions and 

subjected to Western blot analysis with anti-HA (to detect the precipitated Ea-HA) 

(bottom panel) and with anti-GFP (to detect the co-precipitating Snk-GFP) (top panel). 

Note that Snk-GFP co-precipitated with Ea-HA from extracts of embryos from wild-type 

(lane 1), gd
VM90

/gd
VM90

 (lane2) or gd
VO27

/gd
VM90

 females (lane 3). (B) Extracts from 

embryos produced by females expressing snk-GFP either with (left three lanes) or in the 

absence of ea-HA (right most lane) were subjected to immune precipitation with anti-HA. 

Note that Snk-GFP co-precipitated with Ea-HA from extracts of embryos from wild-type 

(lane 1), pipe
1
/pipe

3
 (lane2) or ndl

2
/ndl

6
 females (lane 3).  
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nos-Gal4:VP16 as described before. After obtaining extracts of the progeny embryos, I 

carried out co-IP studies as described previously. Snk-GFP still co-precipitated with Ea-

HA in embryo extracts from females carrying ndl mutation (Figure 3-6 B). Because the 

ndl mutant alleles that I used in this study specifically affected the Nudel protease 

domain, these results indicate that Nudel proteolytic activity is not required for the 

interaction between Snake and Easter. However, they do not rule out the possibility other 

elements of the Nudel protein may be important for the Snake/Easter interaction. Such a 

demonstration would require an analysis of the Snake/Easter interaction in the 

background of females carrying ndl class I alleles. Unfortunately, such an analysis would 

be complicated by the fact that the females produce collapsed eggs in which the embryos 

often are not fertilized or fail to develop properly. The extent to which Snk-GFP and Ea-

HA would be expressed and secreted in that  background is not clear.   

 

GD complexes with Easter and Spätzle 

  While my investigations indicate that formation of the complex that contains 

Snake and Easter does not require GD, it does not rule out a situation in which GD 

protein, acting as part of a complex, provides a function that facilitates a productive 

interaction between Snake and Easter, increases Snakes avidity for Easter, increases 

Snake's proteolytic efficiency, or makes Easter a better proteolytic substrate for Snake. If 

GD acts in one of these ways, then one might expect to detect physical interactions, or the 

formation of complexes, between GD and other members of the serine protease cascade. 

In order to test for evidence of interactions between GD and other proteins in the serine 

protease cascade, I again carried out co-IP of extracts from embryos produced by females 

expressing gd-GFP together with HA-tagged versions of the other proteins under the 

control of the nos-Gal4:VP16 driver element. As showing in figure 3-7 A, GD-GFP co-
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precipitated with both Spz-HA (lane 1) and Ea-HA (lane 3).  

 In the case of embryonic extracts from females expressing ea-HA together with 

gd-GFP, I observed that GFP-tagged GD migrated at a molecular weight smaller than 91 

kDa, the molecular weight expected for a fusion of full-length GD to GFP. Instead, the 

GFP-tagged protein expressed with Ea-HA migrated at a molecular weight close to the 74 

kDa expected for processed GD fused to GFP (compare Figure 3-7A top panel, lanes 1 

and 3). To rule out the possibility that this change in the size of GD-GFP is an artifact of 

the immunoprecipitation process, I carried out Western blot analysis of embryonic 

extracts from females in which gd-GFP was expressed alone, together with ea-HA, or 

together with spz-HA. While the pattern of GD-GFP expressed together with Spz-HA was 

indistinguishable from that observed when GD-GFP was expressed alone, all of the GD-

GFP was converted to the lower molecular weight form when co-expressed together with 

Ea-HA (Figure 3-7 B). Although Easter acts several steps downstream of GD to process 

Spätzle, studies in tissue culture cells have demonstrated that Easter is also capable of 

processing GD (Dissing et al., 2001). However, Easter processes GD at a site that is 

distinct from the location of the ndl-dependent cleavage and generates a slightly larger 

cleavage product. Indeed the GD-GFP fragment generated in embryos co-expressing ea-

HA is slightly larger than the ndl-dependent cleavage product. This represents the first 

direct demonstration that Easter activity can influence the cleavage of GD in embryos 

and suggests the possibility that processed Easter exerts a feedback control of GD activity 

in vivo. Although it is unclear at this point whether the Easter-dependent cleavage 

product of GD-GFP is active or inactive in DV patterning, it is tempting to speculate that 

once enough Easter has been activated to generate sufficient activated Toll ligand, the 

activated Easter might act to inhibit GD activity through this cleavage event, thus 

ensuring that inappropriately high levels of processed Snake, Easter and Spätzle are not 
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produced.  

As GD-GFP had co-precipitated with both Ea-HA and with Spz-HA, it was 

perplexing that Ea-GFP did not co-precipitate with Spz-HA (Figure 3-7 A, lane 2). 

Western blot analysis indicated that Spz-HA was processed almost to completion to a 

14.3 kDa MW band, when it was co-expressed with Ea-GFP (Figure 3-7 A lane 2 at 

bottom). This suggested that high levels of co-expressed Easter-GFP were capable of 

accomplishing almost complete processing of Spätzle, consistent with the lateralized 

embryonic phenotype, and further, that processed Spätzle is not present in a complex 

with Easter. According to this model, overexpression of gd-GFP would not lead to 

quantitative processing of Spz-HA. The unprocessed Spz-HA would then be available for 

incorporation into the complex containing GD-GFP (and presumably native Easter). In 

order to test this hypothesis, I generated a transgenic line expressing a proteolytically 

inactive, GFP-tagged version of Easter, Ea-SA-GFP, in which the active site serine 

(ser337) was converted to an alanine residue. Interestingly, wild-type females expressing 

ea-SA-GFP under the control of the nos-Gal4:VP16 driver element produced strongly 

dorsalized embryos, indicating that the protease dead Easter acted as a dominant 

negative. However, whether its dorsalizing effects arise from its interaction with GD, 

Snake and/or Spz is not clear. I then tested for an interaction between Ea-SA-GFP and 

Spz-HA, by co-immunoprecipitation from embryonic extracts derived from  

wild-type females expressing ea-SA-GFP together with spz-HA. As a positive control, I 

carried out co-precipitation from embryonic extracts of females expressing ea-GFP and 

snk-HA (Figure 3-7 C lane 3), while co-precipitation from extracts derived from ea-GFP 

(wild-type Easter)/spz-HA expressing females served as a negative control (Figure 3-7 C  

lane 1). As showing in figure 3-7 C, lane 1, processed Spz-HA (see bottom panel) was 

not capable of co-precipitating Ea-GFP, while unprocessed Spz-HA (again, see bottom  
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Figure 3-7. (A) Co-precipitation of GD with Easter and with Spätzle. Extracts of           

embryos from wild-type female expressing various combinations of fusion proteins were 

subjected to immune precipitation using anti-HA. The particular fusion proteins present 

in each extract are indicated by the +'s at top. Extracts were divided into two portions and 

subjected to western blot analysis with anti-HA (to detect the precipitated Ea-HA or Spz-

HA) (bottom panel) and with anti-GFP (to detect the co-precipitating GD-GFP, Ea-GFP 

and Snk-GFP) (top panel). The arrow followed by "z" indicates the position of 

unprocessed GD-GFP while the arrowhead followed by "c" indicates the position of the 

cleaved form. The three lanes at left are controls showing that the GFP-tagged proteins 

do not precipitate in the absence of an interacting HA-tagged protein. (B) Processing of 
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GD-GFP by Ea-HA. Extracts from embryos produced by females expressing gd-GFP 

alone (lane 1), gd-GFP plus ea-HA (lane 2), and gd-GFP plus spz-HA (lane 3) were 

subject to Western blot analysis and the GD-GFP detected with an antibody directed 

against GFP. (C) Co-precipitation of catalytically inactive Ester-SA with Spätzle in 

the wild-type embryos. Extracts of embryos from wild-type female expressing various 

fusion proteins (indicated by +'s at top) were subjected to immune precipitation using 

anti-HA. Extracts from embryos produced by females co-expressing ea-GFP together 

with spz-HA (lane 1), by females co-expressing ea-SA-GFP together with spz-HA (lane 

2), and by females co-expressing snk-GFP with ea-HA as positive control (lane 3). 

Extracts on most left lane is from embryos produced by females expressing ea-SA-GFP 

alone as negative control (indicated on top). Note that processing of Spätzle is in 

completion by ectopically expressed ea-GFP in wild type embryos (lane1), which might 

be the reason why Ea-GFP wasn‟t co-precipitated with Spz-HA. (D) Snake co-

precipitated only with Easter. Extracts from embryos produced by females co-

expressing snk-GFP together with gd-HA (lane 1), by females co-expressing ea-SA-GFP 

together with spz-HA (lane 2), and by females co-expressing snk-GFP with ea-HA, and 

by females co-expressing snk-GFP with spz-HA. Extracts on most left lane is from 

embryos produced by females expressing only snk-GFP alone as negative control 

(indicated on top).  

 

 

panel lane 2) was capable of co-precipitating Ea-SA-GFP (78 kDa band). Note that the 

band seen at 64 kDa is a non-specific band observed in immune precipitates probed with 

anti-GFP (see Panel A). Together, these data indicate that Easter is present in a complex 

containing unprocessed Spz, but this interaction is labile and upon processing, cleaved 

Spz is lost from the complex, perhaps as a requirement for it to be able to interact with 

the Toll receptor.  

  

 Insights into GD function derived from studies of the gd
2
 mutation 

The data that I have presented thus far indicate the existence of a complex (or of 

independent complexes) variously containing Easter, Snake, GD and Spätzle. Such a case 

of Easter and Spätzle, there was another unusual gap that Snake-GFP did not co-

precipitate with GD-HA (Figure 3-7D), although Easter had co-precipitated with both 
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Snake and with GD. In other words, one complex that I have not yet detected is the one 

that contains both GD and Snake. Again, this is somewhat perplexing because: 1) GD 

processes Snake so it must interact with it at some level, though perhaps very transiently, 

2) Some proportion of Snake and Easter are stably present in a complex, 3) Some 

proportion of Easter and GD are stably present in a complex. This suggests that the 

complexes containing Snake-Easter and GD-Easter are distinct from one another. One 

intriguing possibility is that the avidity of the Easter and Snake zymogens for one another 

is quite strong as are the interactions between Easter and GD and between Easter and 

Spätzle but that a ternary complex including GD, Snake and Easter (and perhaps Spätzle) 

is not stable. When the ternary complex forms and comes into contact with the sulfated 

target of Pipe, GD might rapidly cleave and release Snake, which would then process 

Easter which would then cleave and release Spätzle. According to such a model, in 

addition to GD's function in processing Snake, GD could provide a scaffold that acts to 

facilitate the interaction between Snake and Easter in the complex and also perhaps, 

between Easter and Spätzle. The observation that the protease dead version of GD 

promotes the cleavage of Easter by Snake but not the cleavage of Snake by GD itself, is 

consistent with a model in which GD acts physically to promote the interaction between 

Snake and Easter. According to that model, one possible explanation for the inability of 

the amino-terminally deleted and the GD-2 version of GD to enhance the cleavage of 

Easter, would be a situation in which those mutant versions of GD cannot bind to Easter. 

To test this model, I carried out co-IP studies of extracts from females expressing gd
2
-

GFP and ea-HA (Figure 3-8A). These studies indicated that like GD-GFP carrying wild-

type GD sequences, the GD-2-GFP mutant variant was fully capable of being co-

precipitated by Ea-HA (compare lanes 1 and 2). Similar studies demonstrated that GD-2-

GFP, like its wild-type counterpart, could also be precipitated by Spz-HA (Figure 3-8B). 
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Thus the GD-2 mutant protein appears to retain the ability to interact with both Easter 

and Spätzle.  

One very interesting observation made during the study of the ability of GD-2-

GFP to interact with Ea-HA was that unlike GD-GFP which was processed to completion 

when expressed together with Ea-HA, the majority of GD-2-GFP that co-precipitated 

with Ea-HA was unprocessed (Figure 3-8A top, compare lanes 1 and 2). The amounts of 

processed Ea-HA were also reduced in this experiment (Figure 3-8A bottom, compare 

lanes 1 and 2). It is possible that the quantitative processing of GD-GFP that occurs in the 

presence of Ea-HA arises through a positive feedback loop where increased GD activity 

leading to increased Ea-HA processing, which in turn leads to increased GD-GFP 

processing to completion. Lacking the ability to enhance Ea-HA processing, the reduced 

level of processed GD-2-GFP observed when expressed together with Ea-HA might have 

resulted from the absence of this positive feedback loop. To test this possibility, I 

compared the level of processing of GD-2-GFP expressed in wild-type embryos with the 

processing of its wild-type counterpart by Western blot analysis (Figure 3-8C). Recall 

from figure 2-2A that the level of GD-GFP observed in easter mutant derived embryos is 

similar to that observed in wild-type embryos, indicating that positive feedback by Easter 

does not play a major role in the level of GD-GFP processing at wild-type levels of 

endogenous Easter.  Thus, any decrease in the processing of GD-2-GFP observed in  

wild-type embryos would result from an alteration in the ability of the GD-2 protein to 

undergo processing. As shown in Figure 3-8 C, while GD-GFP expressed in wild-type 

embryos exhibited conspicuous processing in the form of the appearance of a band of 74 

kDa, GD-2-GFP did not appear to undergo any processing, Thus the gd
2
 mutation, and  

potentially the other members of gd
2
 class of alleles, leads to the perturbation of GD 

processing. 
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Figure 3-8. The GD-2 mutant protein co-precipitates with Easter and with Spätzle. 

(A) Co-precipitation of GD and GD-2 with Easter. Extracts of embryos from wild-type 

female expressing the fusion proteins indicated at top (by +'s) were subjected to immune 

precipitation using anti-HA, divided in half and subjected to Western blot analysis with 

anti-HA (bottom) and anti-GFP (top). Embryonic extracts come from females expressing 

the following proteins: left lane, gd-GFP plus ea-HA; middle lane, gd
2
-GFP plus ea-HA; 

right lane, gd
2
-GFP alone. The positions of molecular weight markers (in kDa) are shown 

at left. The "z" indicates the position of the unprocessed zymogen form of the fusion 

protein while the arrowhead followed by "c" indicates the position of the cleaved form of 

the fusion protein. (B) Co-precipitation of GD and GD-2 with Spätzle. Extracts of 

embryos from wild-type female expressing the fusion proteins indicated were subjected 

to immune precipitation using anti-HA, divided in half and examined by Western 

analysis with anti-HA (bottom) and anti-GFP (top). Embryonic extracts are from females 

expressing the following: left lane, gd-GFP plus spz-HA; middle lane, gd
2
-GFP plus spz-

HA; right lane, gd
2
-GFP alone. (C) Western analysis of GD-GFP and GD-2-GFP. 

Embryonic extracts are from wild-type females expressing gd-GFP or gd
2
-GFP. Note 

that GD2-GFP does not undergo processing. (D) Processing of Snk-GFP in embryos from 

females carrying various gd mutations (as labeled at top). Note that Snk-GFP is processed 

normally in extracts of embryos from gd
2
/gd

VM90
 mutant mothers (lane 3). 
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The failure of GD-2 protein to undergo processing provided the opportunity to 

test whether GD processing is required for the activation of GD protease activity, which 

has been assumed but not tested directly. To test this, I used Western blot analysis to 

examine the extent of Snk-GFP processing in the progeny of wild-type females versus 

females carrying the null allele gd
VM90

, the gd
10

 class allele gd
VO27

, and the gd
2
 class allele 

gd
2
 (Figure 3-8D). Strikingly, while Snk-GFP exhibited a dramatic decrease in 

processing in the gd
VM90 

and gd
VO27 

maternal genetic backgrounds, the level of Snk-GFP 

processing in the gd
2
 mutant background was indistinguishable from that observed in the 

wild-type situation. Based on this result, we conclude that since GD-2 protein does not 

undergo normal processing, processing of GD is not required for the activation of its 

proteolytic activity. Moreover, as gd
2
-mutant derived embryos, while dorsalized, are 

capable of processing Snake, this means that processing of Snake is not sufficient to 

ensure that Easter gets activated. Another event, presumably corresponding to the 

protease domain-independent role of GD, must occur in order for Easter to be processed. 
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DISCUSSION 

 

 My studies of GD function have led to a number of interesting observations that 

may provide novel insights into the function of GD during DV pattern formation, and 

more generally, into how the control of the dorsal group proteases is regulated.  The fist 

unexpected finding was that overexpression of the catalytically dead versions of GD, 

GD-SA and GD-DN, lead to the production of ventralized embryos. Although the 

examination of previously generated, chemically induced mutations in gd had already 

suggested that the GD protein provides two functions during DV patterning (Ponomareff 

et al., 2001), it was surprising that the protease domain-independent function, rather than 

the level of protease activity was limiting. An increase in the amount of functional GD 

protease, in either the form of the amino-terminally deleted versions of GD, or in the 

form of the GD-2 mutant variant of the protein, failed to lead to the formation of 

ventralized embryos or to a dramatic increase in the level of Snake processing. The 

ability of the GD-SA and GD-DN constructs, upon overexpression, to generate 

ventralized embryos and increase the levels of processed Easter indicated that the 

processing of Easter is a limiting step, and that it is limited by the protease-domain 

independent function of GD. My identification of a complex that includes GD and Easter 

makes it tempting to speculate that the limiting effect of GD on Easter processing is 

structural and stoichiometric. In other words, it may be necessary for Easter to be bound 

to GD in order for it to be processed by Snake.  

  The ventralizing effects of overexpressing the catalytically inactive from of GD 

do not abrogate the requirement for GD protease activity in DV patterning. Embryos 

from female homozygous for gd
10

, which lack GD protease activity, produce dorsalized 

embryos (Ponomareff et al., 2001). Moreover, overexpression of GD-SA and GD-DN 
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cannot rescue the dorsalized phenotype of embryos from gd
VM90 

(null mutant) mothers (L. 

M. Stevens and D. Stein, unpublished). In other words, in order for the second function of 

GD to exert its ventralizing function on the processing of Easter by Snake, there must be 

processed Snake around to do the processing. This is supported by the observation that 

while the autocleaving XaSnk version of Snake can complement gd alleles that produce 

protein without protease activity, they cannot complement gd alleles that eliminate the 

second function of GD. Interestingly, the two functions of GD need not be carried on the 

same molecule in order to facilitate Easter processing. According to the model proposed 

above in which Easer would need to be bound to GD in order to be processed, this would 

mean that Snake activated by one copy of GD (or by itself) would be capable of 

processing Easter interacting with another molecule of GD. It is also important to note 

that overexpression of wild-type GD or of GD-SA or GD-DN, does not lead to 

ventralization or rescue of embryos from snake mutant mothers, ruling out the 

possibilities that GD can process Easter itself or that GD can interact with some other 

protease to mediate the processing of Easter.  

 The second unexpected finding to emerge from my studies was the existence of 

complexes containing GD together with Easter and GD together with Spätzle. This, 

together with the observation of a complex containing Easter and Snake, suggests that 

diffusible multi-protein complexes provide the environment in which many of the 

regulatory events occurring in the perivitelline space during embryonic DV patterning 

occur. This is a sensible organizational structure as the formation of a complex or 

complexes including these various combinations of proteins would likely increase the 

rate and frequency of productive interactions between the proteins. These complexes 

would also provide the opportunity for regulatory conformational changes that facilitate 

protein/protein interactions, as well as for the existence of inhibitory conformations that 



 113 

could serve to prevent proteolytic events from occurring at inappropriate times or in 

inappropriate locations, which could perturb normal patterning. Such inhibitory 

conformation would require activating inputs that could overcome the inhibition.   

 In view of the number of complexes that were observed, it is surprising that no 

complex containing both GD and its enzymatic target, Snake, were observed.  This 

could indicate that the interaction between GD and Snake is very transient or that a 

complex that contains GD, Snake, Easter, and Spz dissociates rapidly upon processing of 

the various components. Ultimately, a better understanding of these issues will come 

from experiments in which the protein complexes are purified and distinguished from one 

another based on size and on their constituent components.  

 Although our studies of the protease-dead versions of GD indicate that the second 

function of GD is to enhance the cleavage of Easter by Snake, we also observe a dramatic 

enhancement of the processing of Spätzle by Easter. This may arise simply from the 

increase in the amount of activated Easter, or it may reflect a second, independent 

instance in which the second function of GD enhances the cleavage of one of the dorsal 

group proteins (this time Spätzle) by its dedicated protease (Easter). The fact that GD is 

present in a complex or complexes with both Easter and Spätzle suggests that this may be 

the case. Providing a definitive answer to this question will require analysis of a situation 

in which Easter is active but not subject to regulation by the second function of GD. 

Under those circumstances, the processing of Spätzle could be examined with and 

without co-expressed catalytically inactive GD. Experiments of this type are currently 

underway.   

 Along with the ventralizing effects of catalytically inactive GD, perhaps the other 

most surprising result obtained in these studies was the demonstration that GD need not 

be processed in order for it to be proteolytically active. Perhaps even more surprising is 
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the fact that the progeny of gd
2
 mutants, while dorsalized, contain apparently normal 

levels of processed, activated Snake. This suggests that the second function of GD, which 

is absent from gd
2
 mutant-derived embryos, is either to bring active Snake into contact 

with Easter, or conversely, to make Easter a suitable substrate for Snake. This hypothesis 

is supported by the other observation associated with gd
2
-encoded protein, namely that it 

is not processed normally. Although we have not demonstrated directly that processing of 

GD is necessary for it to fulfill its second function, the correlation between the absence of 

this function and the failure to undergo processing makes it tempting to speculate that 

these two phenomena are causally related.  

 What might this mean for the role of GD in DV patterning? I will propose two 

alternative scenarios that could explain these results. In the first, a transient complex that 

includes GD, Snake and Easter, exists. GD binds to both Snake and to Easter and 

processes Snake within the confines of the complex. However, in the absence of GD 

cleavage, Snake and Easter would be bound in a conformation in which Snake does not 

have access to Easter. Upon cleavage of GD, this conformation would be altered, 

enabling contact between Snake and Easter. Though necessary, this would not be 

sufficient for Easter cleavage. In order for that to occur, Snake and or Easter would need 

to encounter the sulfated target of Pipe on the ventral side of the eggshell. That would 

result in another, independent event that would activate Snake-mediated cleavage of 

Easter. It is important to note that the effect of GD cleavage and Pipe are independent of 

one another. In other words, Pipe (and the Pipe target) does not facilitate GD cleavage, 

thus enabling Easter and Snake to interact on the ventral side of the eggshell. As shown 

in Chapter 2, GD processing occurs in the absence of Pipe.  

 An alternative scenario to the one proposed above would depend on the complex 

between Easter and GD. In this scenario, the binding of GD to Easter would inhibit 
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Easter cleavage, perhaps by masking of the Easter cleavage site by the GD prodomain.  

Cleavage of GD would lead to the exposure of the Easter cleavage site, which would then 

be available for processing by Snake, an event that would require the presence of the 

sulfated target of Pipe. Two attractive features of this model are that it does not require 

the existence of a stable complex that contains GD and Snake and that it easily explains a 

situation in which the proteolytic and protease domain-independent functions of GD can 

be provided by separate molecules. Current and future experiments are designed to 

distinguish between these and other possible explanation of how GD, Pipe and the 

sulfated target(s) of Pipe act to facilitate the processing of Snake, Easter and Spätzle, 

leading to the activation of Toll, and how the processing of GD itself is accomplished. 
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MATERIALS AND METHODS 

 

Drosophila strains and maintenance 

All stocks were maintained employing standard conditions and procedures.  The 

wild-type Drosophila melanogaster stock used was Oregon R carrying w/w. Mutants 

used in this study are described in Flybase and are as follows: gd
2
, gd

VM90
, gd

VO27
, ndl

2
 

(formerly ndl
093

), ndl
6
 (formerly ndl

260
), pipe

1
 (formerly pipe

386
), pipe

3
. Strains carrying 

the Gal4 driver insertions nos-Gal4:VP16 and pCOG-Gal4:VP16 are described in Rorth, 

1998 (Rorth, 1998). 

 

Plasmid constructs 

Plasmid pUASp (Rorth, 1998) was used for germline expression of all modified 

dorsal group proteins. This plasmid enables simple construction by amplifying the 

corresponding cDNA with appropriate oligonucleotide primers, digesting the 

amplification products with NotI and XbaI and subcloning the DNA fragments into 

NotI/XbaI cut plasmid.  

        For the construction of pUASp-gd, the two oligonucleotides  

5'-ATTCCCGCGGCCGCAAAATGAGGCTGCACCTGGCGGCGATCC-3' 

and 5'-ACACATTCTAGATGTGATTCAAATTACAAAGGCCG-3' were used for PCR 

mediated amplification of a DNA fragment carrying the gd cDNA. The resultant PCR 

product was digested with NotI and XbaI and ligated to NotI/XbaI-digested pUASp. 

For the construction of pUASp-gd-SA and pUASp-gd-DN, the same two 

oligonucleotides were used for PCR mediated amplification of plasmids carrying gd 

cDNAs corresponding to the gd
-S-A

 and gd
-D-N 

mutations, respectively (kind gifts of Dr. 

Ellen LeMosy). The resultant PCR products were digested with NotI and XbaI and 
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ligated to NotI/XbaI-digested pUASp. 

For the construction of pUASp-gd
2
, the two oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3' 

and 5'-CCGTGGATACGCACCGCCGGATCCG-3' were used for PCR mediated 

amplification of genomic DNA isolated from flies carrying the gd
2
 mutation. The 

resultant 447 nt PCR product encodes a small region of the N-terminus of GD that 

includes the gd
2
 mutation. This fragment was digested with NotI and XbaI and ligated to 

NotI/XbaI-digested pUASp-gd. This resulted in a substitution of the genomic sequences 

encoding the region surrounding the gd
2
 mutation in place of the corresponding cDNA 

coding sequences. 

For the construction of pUASp-gd∆N212 and pUASp-gd∆N254, the two 

oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3' and 

5'- ACACATTCTAGATGTGATTCAAATTACAAAGGCCG -3' were used for PCR 

mediated amplification of plasmids bearing cDNAs encoding gd∆N212 and gd∆N254 

(kind gifts of Dr. Ellen LeMosy). The resultant PCR products were digested with NotI 

and XbaI and ligated to NotI/XbaI-digested pUASp. 

Plasmid pUASp-GFP is a pUASp (Rorth, 1998)-based tranformation vector which 

enables the construction of fusions proteins bearing proteins of interest that are fused in-

frame to the N-terminus of GFP. The two oligonucleotides: 

5'-GGGCCCGGGATCCACCGGTCGCCACCATGAGTAAAGGAGAAGAAC-3' and 

5'-CTCGAGTCTAGATTATTTGTATAGTTCATCCATG-3' were used for PCR-

mediated amplification of a DNA fragment encoding a Drosophila cordon optimized 

version of the mGFP6 enhanced mutant version of GFP (Schuldt et al., 1998) (a kind gift 

of Andrea Brand).  The amplification product was digested with BamHI and XbaI and 
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ligated to similarly digested pUASp, yielding the plasmid pUASp-GFP. This plasmid 

enables simple construction of N-terminal fusions to GFP by subcloning DNA fragments 

into NotI/BamHI cut vector, such that the C-terminal sequences of the protein of interest 

are present in the context of a BamHI compatible restriction enzyme recognition site, 

with the reading frame of the DNA fragment encoding the protein being NNG-GAT-

CCN. 

      For the construction of pUASp-gd-GFP, the two oligonucleotides  

5'-ATCCCGGGCGGCCGCAGACACTAGCGATGAGGCTGC-3'  

and 5'-GATGTGAGATCTATTACAAAGGCCGTGATCCAG-3' were used for PCR 

mediated amplification of a DNA fragment carrying the gd cDNA.  The resultant PCR 

product was digested with NotI and XbaI and ligated to NotI/XbaI-digested pUASp-GFP. 

For the construction of pUASp-gd
2
-GFP, the two oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3' 

and 5'-CCGTGGATACGCACCGCCGGATCCG-3' were used for PCR mediated 

amplification of genomic DNA isolated from flies carrying the gd
2
 mutation. The 

resultant 447 nt PCR product encodes a small region of the N-terminus of GD that 

includes the gd
2
 mutation. This fragment was digested with NotI and BamHI and ligated 

to NotI/BamHI digested pUASp-gd-GFP. This resulted in a substitution of the genomic 

sequences encoding the region surrounding the gd
2
 mutation in place of the 

corresponding cDNA coding sequences. 

 For the construction of pUASp-snk-GFP, the two oligonucleotides  

5'-CAGAACGCGGCCGCAAAATGATAATACTTTGGTC -3'  

and 5'-ATAAAAGGATCCCCGTGTTGCTTGAAGGCAATC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the snk cDNA. The resultant PCR 

product was digested with NotI and BamHI and ligated to similarly digested pUASp-
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GFP. 

For the construction of pUASp-ea-GFP, the two oligonucleotides  

5'- TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3'  

and 5'-TTTTAGAGATCTGACTCAATAGTCTTTTGTAATCC-3' were used for PCR 

mediated amplification of a DNA fragment carrying the ea cDNA.  The resultant PCR 

product was digested with NotI and BamHI and legated to NotI/BamHI-digested pUASp-

GFP. 

      Plasmid pUASp-HA is a pUASp derivative that carries three tandemly arranged 

copies of the HA epitope of Influenza Hemagglutinin inserted at the XbaI site of pUASp, 

using a strategy that left the XbaI site located at the 5' side of the construct intact. This 

plasmid enables simple construction of N-terminal fusions to 3xHA by amplifying the 

corresponding cDNA with appropriate oligonucleotide primers, digesting the 

amplification products with NotI and XbaI and subcloning the DNA fragments into 

NotI/XbaI cut pUASp-HA, such that the C-terminal sequences of the protein of interest 

are present in the context of an XbaI compatible restriction enzyme recognition site, with 

the reading frame of the DNA fragment encoding the protein being TCT-AGA. 

For the construction of pUASp-ea-HA, the two oligonucleotides  

5'-TTGCGGCCGCAAAATGCTAAAGCCATCGATTATC-3'  

and 5'-TCGATCTCTAGAGGACTCAATAGTGTTTTGTATCC-3' were used to 

generate the cDNA subclone. 

For the construction of pUASp-spz-HA, the two oligonucleotides  

5'-TAAGCCGCGGCCGCAAAATGATGACGCCCATGTGGATATCG-3'  

and 5'-TCGATCTCTAGACCCAGTCTTCAACGCGCACTTGC-3' were used to 

generate the cDNA subclone. 

Transgenic fly lines carrying insertions of the various fusion constructs were 
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generated by conventional P-element mediated transformation. In some cases, 

microinjections were performed at GenetiVision, Inc. (Houston, Texas).  

 

Western blotting and co-immunoprecipitation studies 

For western blot analysis of fusion proteins, eggs laid by mutant females 

expressing the various GFP- and HA-tagged constructs were collected on yeasted apple 

juice/agar plates. Preliminary experiments indicated that for fusion proteins containing 

GD, Easter and Spätzle, protein concentrations were relatively constant in embryos 

collected in the intervals 2-4 and 4-6 hours after egg deposition. For that reason, 

subsequent Western blot analysis of fusion proteins containing these three proteins was 

carried out using embryos collected 2-4 hours after egg deposition. In the case of fusion 

proteins containing Snake, we observed that levels of zymogen and cleaved protein were 

highly variable over the time interval extending from 2-6 hours after egg deposition. To 

achieve uniformity in studies of Snake fusion proteins, precisely staged embryos were 

collected by hand for Western blot analysis. In addition, for examination of the 

processing pattern of all GFP tag protein in embryos from various kinds of dorsal group 

gene mutant mother, precisely staged embryos were also collected by hand for their 

Western blot analysis. In these cases, approximately 50 late blastoderm stage embryos 

were collected under hydrocarbon oil. Oil was removed by washing with heptane. 

Following collection of eggs, either by timed egg collections or by hand sorting, eggs 

were dechorionated in 50% Clorox bleach, transferred to 1.7 ml microcentrifuge tubes 

and homogenized with a microcentrifuge tube-compatible pestle in 50 µl of lysis buffer 

(25 mM Tris, pH 7.5 /0.15 M NaCl /0.3% NP-40 /1mM EDTA/ 1mM EGTA /0.2mM N-

ethylmaleimide, containing protease inhibitors [complete Mini EDTA-free Protease 

Inhibitor Cocktail, Roche, Indianapolis, In]). Protein concentrations in the homogenates 
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were determined using the Bio-Rad Protein Assay reagent (catalogue no. 500-0006; Bio-

Rad Laboratories, Inc., Hercules, CA). For each embryo extract, a volume corresponding 

to exactly 100 g of protein was subjected to SDS polyacrylamide gel electrophoresis. 

Following electroblotting to nitrocellulose membranes, blots were incubated with 

monoclonal primary antibodies against either GFP (1/1000)(Monoclonal B-2, catalogue 

no. sc-9996, Santa Cruz Biotechnology, Santa Cruz, CA) or HA epitope (1/1000) 

(Monoclonal 16B12, cat. no. MMS-101P, Covance Inc., Emeryville, CA). Blots were 

washed and incubated with Goat Anti-Mouse IgG (1/5000) (cat. no. 31430, Thermo 

Scientific, Rockford, IL), followed by detection using the Pierce Super Signal Detection 

System (Pierce, Rockford, IL)   

       For co-immunoprecipitation studies embryos were hand staged, collected, and 

homogenized as described above for Western blot analysis of extracts containing Snake 

fusion proteins. Following determination of protein concentrations, a volume of extract 

containing 100 µg protein was incubated at 4°C overnight together with a 1:500 dilution 

of rabbit polyclonal anti-HA antibody (600-401-384; Rockland Co). Antibody/protein 

complexes were incubated together with protein G-agarose beads (Pierce, Rockford, IL) 

for 2 hours and collected by centrifugation. Precipitates were then divided into two 

aliquots and subjected to SDS-polyacrylamide gel electrophoresis followed by 

immunoblotting with monoclonal anti-GFP and monoclonal anti-HA, respectively, as 

described above.  

 

Examination of embryonic phenotypes 

For the examination of embryonic phenotypes, larval cuticles were prepared 

according to Van der Meer (van der Meer, 1977). Classification of embryonic 

Dorsal/Ventral phenotypes was carried out as described in Zhang et al., 2009 (Zhang et 
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al., 2009b).  
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Chapter 4: The insight into the regulation of serine proteases in DV 

patterning from the other serine protease cascade  

In this chapter I will discuss the conclusion derived from my investigations of the 

regulation of embryonic DV polarity in the context of what is known about other 

conditionally regulated serine protease cascades, in an effort to derive general insights. 

Serine proteases represent the largest class of proteases and are defined
 
according to the 

amino acid serine in the reactive site of the enzyme; approximately 200 serine proteases 

have been identified in humans (Puente et al., 2003).
  

The serine proteases specifically 

process a wide variety of target proteins including
 
hormones, structural proteins, 

signaling intermediates, transcription factors as well as other proteases, resulting in their 

activation (Boatright and Salvesen, 2003; Hedstrom, 2002; Puente et al., 2003). The 

activation or inactivation of serine proteases is under tight regulation, and can be 

achieved in multiple different ways (Bots and Medema, 2008; Hedstrom, 2002).  

First, most members
 
of the serine proteases family are expressed in an inactive 

form, or zymogens,
 
which requires proteolytic cleavage in order to be converted to the 

active form (Boatright and Salvesen, 2003; Hedstrom, 2002).
 
This is relatively simple 

manner in which to regulate serine protease activity, and among the DV serine proteases, 

Snake and Easter represent good examples of this mechanism. The extent to which GD 

undergoes cleavage-mediated activation remains uncertain, as the simple removal of the 

putative N-terminal "pro-domain" of GD is insufficient to generate a form of GD able to 

ventralize embryos, as is the case for Snake and Easter. Second, the expression of
 
the 

proteases, or cofactors themselves regulates proteolysis of their target proteins, such
 
a 

way that proteolysis of target proteins only occurs when proteases or cofactors are 

expressed on the nuclear signal. For example,
 
the tissue-type plasminogen activator is 

only expressed as a consequence of the production of factors generated as a consequence 
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of the coagulation cascade, which ensures
 
the local activation of the serine protease, 

plasmin (Emeis, 1992; Oliver et al., 2005). Third, post-translational modifications of 

protease substrates or of other regulatory factors can regulate the activities of proteases, 

in order to make the substrates themselves better targets for proteolytic
 
degradation. For 

example, the proteolysis of I B  by the proteasome
 
only takes place once it has been 

phosphorylated and ubiquitinated by a specific signal transduction pathway involving 

Toll-like receptors (Ben-Neriah, 2002). Interestingly, the Drosophila homologue of I B, 

Cactus, which participates in DV patterning, is also degraded in an apparently 

phosphorylation-dependent manner, following Toll activation (Drier et al., 1999; Reach 

et al., 1996). Fourth, the localization of the protease may be
 
tightly regulated, in order to 

come into contact with their substrates, as is apparently the case for the DV proteases, 

which do not act until they are secreted into the perivitelline space. There is another 

example of this in the blood coagulation system. Palmitoylation of tissue factor (TF), the 

main initiator of the blood coagulation cascade, leads to localization to lipid rafts, which 

inhibits its procoagulant activity. Palmitoylation/lipid raft localization is, in turn, thought 

to inhibit phosphorylation of serines within the TF cytoplasmic domain, a modification 

that is believe to enhance the procoagulant activity of TF (Dietzen et al., 2004; Egorina et 

al., 2008). Finally, serine proteases are often subject to negative regulation mediated by 

physical interactions with cognate inhibitors such as serpins. One example of this is 

antithrombin (AT), a serpin that binds and inhibits thrombin serine protease activity (Bots 

and Medema, 2008; Dementiev et al., 2006). In the rest of this chapter, I will explain in 

detail the regulation of serine proteases that participate in blood coagulation and in the 

complement systems, serine protease cascades that share some similarities to the one that 

controls Drosophila DV patterning.  
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Blood coagulation is accomplished by regulations of serine proteases 

 When a blood vessel wall is damaged, the hemostatic response (the cessation of 

blood loss from a damaged vessel)
 
is initiated (Davie et al., 1991). The hemostatic 

response comprises two processes, platelet activation and the coagulation cascade.  In 

platelet activation, damage to the blood vessel exposes extracellular proteins, such as von 

Willebrand Factor (vWF), a protein secreted by healthy endothelial cells, which is present 

between the endothelium and the underlying basement membrane. Exposure of vWF to 

blood leads to a series of events that results ultimately in the activation of platelets and 

the formation of a platelet plug at the site of injury; this represents primary hemostasis 

(Franchini and Lippi, 2006). In secondary hemostasis, circulating proteins in the blood 

called coagulation factors or clotting factors (most of them are serine proteases) act in a 

complex cascade, the end result of which is the formation of fibrin strands, which act to 

stabilize and strengthen the platelet plug. This secondary hemostasis (the coagulation 

cascade) is itself made up of two pathways, the contact activation pathway (or intrinsic 

pathway) and the tissue factor (TF) pathway (or extrinsic pathway). The extrinsic
 

pathway consists of the transmembrane receptor tissue factor
 
(TF) and plasma factor 

VII/VIIa (FVII/FVIIa), while the intrinsic
 
pathway consists of plasma FXI, FIX, and 

FVIII (Mackman et al., 2007). The coagulation process is accomplished in three distinct 

phases: an initiation phase, a propagation phase, and a termination phase. The key 

initiating event in the coagulation pathway is the
 
activation of the serine protease, 

thrombin (Mann et al., 2003) and it is now known that the tissue factor pathway (extrinsic 

pathway) plays the most important role in the initiation phase of blood coagulation, with 

the contact activation pathway playing a relatively minor role (Mackman et al., 2007). If 

sufficient levels of active thrombin fail to be activated in a timely manner, this leads to 

hemorrhage, as it has been observed in the bleeding disorders, hemophilia
 
A and B 
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(Repke et al., 1990). On the other hand, if there is an overproduction of active thrombin 

or a failure to efficiently inhibit
 
thrombin activity, this results in thrombosis (Adams and 

Huntington, 2006; Repke et al., 1990).   

During the initiation phase, tissue factor (TF) binds to factor VII(a), and this 

complex then proteolytically activates factor X and factor IX, which produce active 

thrombin through the proteolytic cleavage and activation of prothrombin into thrombin 

(Bertina, 2009). The proteolytic
 
cleavage occurs at two sites within prothrombin, at 

arginines 271 and 320, with the cleavage events being performed by factor Xa (active 

factor X). This leads to the formation of the 37 kDa thrombin, which is now free to 

diffuse
 
away from the surface on which it has been generated (Boskovic and 

Krishnaswamy, 2000; Krishnaswamy et al., 1987; Mann et al., 1981). The special
 

structural features of thrombin enable it to recognize a broad spectrum of
 
substrates, 

which include both pro- and anticoagulant
 
activities (Adams and Huntington, 2006; Lane 

et al., 2005). Active thrombin facilitates the propagation phase of blood coagulation via 

its interaction with procoagulant substrates, while concomitantly initiating the 

termination phase through its interaction with its anticoagulant substrates (Adams and 

Huntington, 2006; Lane et al., 2005). The primary event occurring during the propagation 

phase is the thrombin-mediated cleavage of fibrinogen into fibrin (Davie et al., 1991; 

Kahn et al., 1999), also referred to as the common pathway. The cleavage of fibrinogen 

generates
 
the fibrin meshwork that acts to stabilize the platelet plug at the site of

 
injury. A 

number of additional procoagulant targets of thrombin contribute to positive feedback 

regulation of the propagation phase: activation of the protein cofactors V and VIII (Fay, 

2004; Monkovic and Tracy, 1990), and of the factor XI zymogens (Yun et al., 2003), all 

converge to mediate the cleavage of additional prothrombin into thrombin (Figure 4-1). 

Recently, the von Willebrand factor (vWF) processing enzyme ADAMTS13 has
 
also  
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Figure 4-1. The blood coagulation cascade generating active thrombin from 

prothrombin. AT: antithrombin III; HCII: heparin cofactor II; APC: activated protein C. 

All of the active enzymatic tissue factors are serine proteases. Note that there are 

numerous feedback reactions that accelerate the formation of active thrombin, through 

various procoagulant serine protease indicated gray box, V, VIII, XI. There are also 

negative regulators, AT, HCII, and APC. Activation into APC from PC also depends on 

thrombin together with thrombomodulin. 
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been identified as another procoagulant substrate of
 
thrombin. vWF acts to enhance 

platelet adhesion at the site of blood vessel injury. Proteolytic cleavage of vWF by 

ADAMTS13 impairs its platelet aggregation activity. Thus thrombin-mediated cleavage 

and inactivation of ADAMTS13 has a positive effect upon vWF activity at the site of 

vessel injury (Crawley et al., 2005).
  

The activation of thrombin is negatively regulated in a number of ways. Tissue 

factor pathway inhibitor (TFPI) inhibits the action of TF, thereby inhibiting excessive 

activation of factor IX and factor X (Bertina, 2009; Crawley and Lane, 2008). The serine 

protease inhibitor antithrombin (AT) binds to thrombin as well as a number of other 

proteases acting in coagulation and this binding is increased by the presence of heparan 

sulfate or heparin. Heparin cofactor II, encoded by the SerpinD1 gene, is another serpin 

inhibitor of thrombin that acts together with either heparin or dermatan sulfate (He et al., 

2008). Serpins generally have a core domain of 350–500 amino acids in length and 

normally carry a flexible regions referred to as the reactive center loop (RCL), which is 

essential for the
 
function of the serpin (Elliott et al., 1996; Wei et al., 1994). The RCL is 

about 20 amino acids in length
 
and contains a sequence that resembles the natural 

substrate
 
of the protease targeted by the serpin (Huntington, 2006; Whisstock and 

Bottomley, 2006). The RCL
 
acts as "bait" for the

 
target protease, which recognizes the 

RCL as a normal substrate (Gettins, 2002; Huntington, 2006).
  

Serine proteolysis 

initiates with the formation of a covalent acyl-ester
 
intermediate between the active site 

serine of the protease
 
and the target residue of the substrate. Proteolysis continues with 

the hydrolysis of the
 
acyl-ester bond leading to the release of the protease and the cleaved 

substrate (Hedstrom, 2002). However, during the interaction between a serine protease 

and serpin, this initial cleavage reaction induces a conformational change, which renders 

the hydrolytic water molecule unable to
 
deacetylate the peptide bond (Dementiev et al., 
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2006; Huntington et al., 2000). As a result, the serine protease
 
remains covalently bound 

to the serpin and enzymatically inactive (Bots and Medema, 2008; Dementiev et al., 

2006). 

Thrombin also has the ability to down-regulate its own generation through 

activation
 
of the so-called protein C pathway (Esmon, 1993). Protein C (PC) is a major 

physiological anticoagulant serine protease upon binding to the cell surface protein 

thrombomodulin (TM) together with thrombin. After thrombin activation, PC is cleaved 

by thrombomodulin-thrombin complex into activated protein C (APC). APC degrades 

Factor Va and Factor VIIIa (Esmon and Owen, 1981; Hofsteenge et al., 1986), thus 

interfering with their participation in the positive feedback loops that contribute to the 

formation of activated thrombin (Adams and Huntington, 2006). Finally, the enzymatic 

activity of thrombin is under a complex control. Thrombin can cleave at least 12 

substrates, some of which have been mentioned above. The effectiveness with which it 

cleaves these various substrates is controlled by binding to various cofactors, which act 

either by localizing thrombin to various surfaces (eg. thrombomodulin) or allosterically 

modulating the properties of the active site of thrombin. These cofactors can be either 

procoagulant (glycoprotein Ib alpha, fibrin, and Na+) or anticoagulant (heparin and 

thrombomodulin) (Adams and Huntington, 2006; Bots and Medema, 2008) (Figure 4-1). 

In the case of the procoagulant effects of Na+, it has been proposed that there are two 

distinct thrombin conformations depending on the presence or absence of Na
+
. The 

release
 
of Na

+
 appears to lead to an increase in conformational flexibility

 
within 

thrombin, which favors thrombin action on its procoagulant targets (Di Cera et al., 1995; 

Pineda et al., 2004). In contrast, under condition with Na
+ 

,
 
thrombomodulin binds 

thrombin with relatively high affinity and this interaction induces a conformational 

change that favors thrombin enzymatic specificity against the anticoagulant protease 



 130 

protein C (PC) over that of its procoagulant substrates, including Factors VIII, XI and XII 

(Adams and Huntington, 2006; Di Cera et al., 1995).   

In addition to their formation, the breakdown of blood clots, the process of 

fibrinolysis, is also subject to control by spatially regulated serine protease activity 

(Lijnen, 2001; Seifried, 1993). Here, the key protein is plasminogen, which is produced 

in the liver present in the circulation and becomes incorporated into forming blood clots 

after injury due to its affinity for fibrin/fibrinogen (Lijnen, 2001; Lijnen and Collen, 

1995; Seifried, 1993) tissue plasminogen activator (t-PA) and urokinase are the two 

serine proteases that process plasminogen, converting it into the active plasmin (Blasi, 

1993; Lijnen and Collen, 1995; Seifried, 1993). At the time that the blood vessel is 

injured, it begins to release t-PA into the blood but it does so very slowly, so then 

plasminogen trapped in the blood clot is activated very slowly to form the active plasmin. 

Plasmin first introduces nicks into the fibrin with further digestion leading to its 

solubilization; several days after the initial injury, after bleeding has stopped, the clot is 

broken down. t-PA, urokinase and plasmin are all subject to inactivation by specific 

inhibitors, allowing for the inactivation of the cycle of fibrinolysis (Collen and Lijnen, 

1991; Lijnen, 2001; Lijnen and Collen, 1995).  

The formation and breakdown of blood clots are subject to elaborate and stringent 

control, with multiple backup systems, owing to the severe detrimental effects of under- 

or overactivity depending on the situation. This level of regulatory precision is also likely 

necessitated by the fact that the cycle of blood clot formation and breakdown will occur 

repeatedly during the lifetime of the organism (Lijnen, 2001; Lijnen and Collen, 1995; 

Seifried, 1993). In contrast, the serine protease cascade leading to the activation of Toll 

and to the generation of the embryonic DV axis need occur only once in the lifetime of 

the organism. For this reason, it is unlikely that the DV serine protease cascade is subject 
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to the sophisticated network of regulatory events that control blood coagulation and 

fibrinolysis. As such, the DV system represents a much simpler proteolytic regulatory 

process. However, coagulation/fibrinolysis shares with DV patterning the feature of 

multiple sequential proteolytic events leading to an effector function that is regulated 

both spatially and temporally. The involvement of serine protease inhibitors in 

dampening the serine protease cascade is also an important shared feature. Unfortunately, 

unlike the coagulation and fibrinolysis cycles, where the interaction between TF and 

Factor VII and the release of t-PA, respectively, are known to be the initiating signals, the 

initiator of localized proteolysis in the DV axis remains unknown. However, the 

identification as the step at which it acts, cleavage of Easter by Snake, is an important 

advance that aid in its ultimate identification. 

The initial identification of Pipe as a homologue of GAG sulfotransferases 

initially suggested that the regulation of DV patterning might depend on a process very 

similar to a mechanism controlling thrombin activity, namely regulation by a sulfated 

GAG, perhaps in tandem with a serine protease inhibitor. Unlike the blood coagulation 

pathway, in DV patterning the interaction between the GAG and its cognate serpin would 

decrease the affinity of the serpin for its cognate protease rather than increasing the 

affinity with the protease. Although a specific serpin regulating DV patterning, Spn27A, 

has been identified, this protein does not appear to participate in the mechanism 

controlling Easter activation; rather, it seems to be essential for controlling the spread of 

Easter activity once the protease has been activated. The demonstrations that Pipe does 

not act in the sulfation of GAGs and that GAGs do not participate in DV patterning also 

serve to distinguish the regulatory mechanisms controlling coagulation/fibrinolysis and 

DV patterning. However, while we do not believe that sulfated GAGs participate in the 

activation of Easter, another class of sulfated carbohydrates associated with VML and the 
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other substrates of Pipe are likely to be involved in some capacity, if not in the control of 

serpin activity. Based on the results presented here, our current view is that allosteric 

changes in the conformations of GD, Snake or Easter, occurring in the presence of the 

sulfated Pipe target are likely to be pivotal in the restriction of Easter cleavage by Snake 

on the ventral side of the embryo. Continued analysis of this mechanism will enable the 

determination of the extent to which allosteric control of the DV serine proteases 

resembles similar regulatory mechanisms occurring during blood coagulation and 

fibrinolysis.        

 

Complement, another process controlled by spatially regulated serine protease 

activation. 

  Complement is one of the first lines of defense operating during innate immunity, 

as well as being important for cellular integrity, tissue homeostasis and in the 

modification of the adaptive immune response (Walport, 2001a; Walport, 2001b). 

Complement, which "complements" the ability of antibodies to eliminate pathogens, is 

made up of a large number of proteins, mainly synthesized in the liver and present in the 

blood as inactive zymogens. When stimulated by one of stimuli, protease components of 

the system initiate a complex protease cascade, the end result of which is the formation of 

the cell-lysing membrane attack complex (MAC) (Bhakdi and Tranum-Jensen, 1988; 

Muller-Eberhard, 1986; Zipfel and Skerka, 2009). Protease components of complement 

also act to process inactive precursor forms of cytokines that act to modulate the adaptive 

immune system (Walport, 2001a; Walport, 2001b; Zipfel and Skerka, 2009).   

The central elements of the complement system are two versions of a protease 

complex known as the C3 convertase. C3 convertase cleaves and activates component 

C3, leading to the formation of C3a and C3b (Medzhitov and Janeway, 2002; Zipfel and 
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Skerka, 2009). C3a binds to the surface of pathogens and promotes uptake by phagocytic 

cells, while C3b combines with the C3 convertase to form the C5 convertase (Pangburn 

and Rawal, 2002; Ward, 2009). C5 convertase processes complement component C5 into 

C5a and C5b. C5a is chemotactic protein that recruits and regulates the function of 

inflammatory cells (Fischetti et al., 2007). C5b initiates the formation of MAC, a 

complex made up of C5b together with complement components C6, C7, C8, and C9.  

These proteins combine to form a pore that lyses the target cell (Figure 4-2) (Pangburn 

and Rawal, 2002; Ward, 2009; Zipfel and Skerka, 2009).   

 As noted above, there are two versions of the C3 convertase capable of processing 

C3, and these are initially generated by three distinct pathways: the classical pathway, the 

alternative pathway and the lectin pathway, each responsible for the localized activation 

of C3 in response to specific cues (Walport, 2001a; Walport, 2001b; Zipfel and Skerka, 

2009). The classic pathway is activated by IgG or IgM molecules bound to a target 

antigen on the surface of a pathogen (James, 1982). Complement component C1q binds 

to the immunoglobulins, or in some cases directly to Gram negative bacteria, or to some 

viruses (James, 1982; Zipfel and Skerka, 2009), resulting in a conformational change in 

C1q that leads to the activation of C1r (a serine protease) which in turn activates C1s 

(another serine protease) which initiates a number of additional proteolytic events that 

lead ultimately to the formation of the classical pathway C3 convertase, a complex of two 

proteins, C4b and C2a (James, 1982; Zipfel and Skerka, 2009).  

 In contrast to the classical pathway, the alternative pathway is activated by 

spontaneous C3 hydrolysis to C3a and C3b, due to the mild instability of C3 in aqueous 

environment (Zipfel et al., 2007). If there is no pathogen nearby, C3a and C3b will rejoin 

with one another. However, if a pathogen is nearby, C3b will bind to its surface, complex 

with factor B, and in the presence of factor D, factor B will be processed to Ba and Bb.   
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Figure 4-2. The complement activation by the classical, lectin, and alternative 

pathways [modified from (Zipfel and Skerka, 2009)]. MASP: mannan-binding lectin 

serine protease; MAC: membrane attack complex. Complement is activated by three 

major pathways that depends on which factors activate initially, but the alternative 

pathway is spontaneously and continuously activated. The classical pathway is induced 

when antibodies bind to their corresponding antigen. The lectin pathway is triggered by 

the binding of mannan-binding lectin to mannose residues on the surface of 

microorganisms. All three pathways converge onto the formation of enzymes known as 
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complement component 3 (C3) convertases. Once activation progresses, a new enzyme, 

the C5 convertase is generated. C5 convertase cleaves C5, releases the potent 

anaphylactic peptide C5a and generates C5b. C5b recruits the components C6, C7, C8 

and C9 to the surface of the target and inserts the C9 complex as a pore, which forms 

MAC.  

 

 

A covalently bonded complex between C3b and Bb is the alternative pathway C3 

convertase (Zipfel et al., 2007; Zipfel and Skerka, 2009). Host cells produce regulatory 

factors to prevent complement reaction on their cell surface (Pangburn and Muller-

Eberhard, 1984). 

Finally, the lectin pathway is similar to the classical pathway. However, this 

pathway utilizes a distinct set of proteins to identify and bind to target cells. Instead of 

C1q bound to IgM or IgG, this pathway utilizes mannose/mannan-binding lectin (MBL) 

or one of the ficolins, proteins that bind specifically to mannose- and fucose-bearing 

structures residues in bacterial cell walls (Degn et al., 2007; Fujita, 2002) (Figure 4-2). 

These initial binding leads to the activation of the MBL-associated serine proteases, 

MASP-1 and MASP-2, which processes C4 into C4a and C4b and C2 into C2a and C2b.  

As in the classical pathway, the complex of C4b and C2a form the C3 convertase (Gal et 

al., 2007).  

As outlined above, the proteases of the complement pathway(s) can be modulated 

in a variety of ways; by protein localization (eg. C1q, MBL), by protein conformational 

changes (eg again, C1q), and by protein stability (eg. C3). There are many additional 

regulatory mechanisms that act to inactivate key components of the pathways, in order to 

limit the destructive consequences of inappropriate spreading of the inflammation and 

cell killing induced by complement activation. This inactivation is accomplished by 

specific inhibitors in blood or on the surface of host cells. There are also additional  
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Table 4-1. Some regulators of complement [modified from (Zipfel and Skerka, 2009)]  

 

regulatory cofactors that act to facilitate complement activation (Zipfel and Skerka, 

2009). Over 20 cofactors and inhibitor have been shown to modulate the complement 

(Tomlinson, 1993; Zipfel and Skerka, 2009) (Table 4-1). The extent to which these 

various types of mechanisms act to modulate the Drosophila DV serine protease cascade 

remains unclear. The identification of the Pipe-dependent, spatially-regulated step in this 

pathway and the new information indicating the pivotal role of the GD protein in 

mediating some of the protein/protein interactions in this pathway provide an opportunity 

to begin testing for the involvement of some of these mechanisms in DV patterning. 
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Reflections on the mechanism(s) activating the DV serine protease cascade  

As described in chapter 2, the processing of Snake but not of Easter in embryos 

derived from pipe mutant mothers provides the best evidence that Pipe activity is 

required to facilitate the cleavage of Easter by Snake. How does Pipe activity exert its 

effect on this processing reaction? Previously, I introduced three likely scenarios through 

which the sulfated targets of Pipe could exert its effects, leading to the processing of 

Easter by Snake on the ventral side of the embryo. In the first, the sulfated targets of Pipe 

incorporated ventrally into the vitelline membrane would facilitate the stable localization 

one or more of the serine proteases adjacent to the ventral side of embryo. In the second, 

the sulfated targets of Pipe would quench the activity of a Snake-specific serpin, distinct 

from Spn27A, these allowing Snake to act on the ventral side of the embryo. Finally, the 

sulfated target of Pipe would induce a conformational change in a diffusible complex 

composed of members of the dorsal group protease cascade, thus facilitating the cleavage 

of Easter by Snake. We favor this third scenario for a number of reasons. Arguing against 

the first scenario, despite the availability of GFP-tagged versions of all of the perivitelline 

dorsal group proteins, we have never observed enrichment of any of the tagged proteins 

on the ventral side of the egg or embryo.  Arguing against the second scenario, no 

dominant ventralizing mutant alleles of snake have been isolated. In contrast, multiple 

dominant ventralizing alleles of easter have been isolated which have been inferred to 

lead to the production of protein unable to interact with Spn27A. Were there a serpin 

dedicated to the inhibition of Snake, one would expect dominant ventralizing alleles to 

have been isolated which encode variants of Snake unable to undergo inhibition by the 

serpin. For these reasons, I propose the existence of a diffusible complex of proteases, 

one of the components of which is catalytically inactive Easter. Upon encountering the 

ventrally localized, sulfated targets of Pipe, the complex undergoes a conformational 
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change that facilitates the cleavage of Easter by Snake, perhaps by exposing the zymogen 

cleavage target site of Easter.  

The co-immunoprecipitation experiments outlined in Chapter 3 suggest the 

existence of a complex or complexes that contains GD together with Easter and GD 

together with Spätzle. Whether these complexes are one in the same has not yet been 

determined. These observations provide further support for the existence of complexes in 

which the perivitelline proteases remain nearby one another, but inactive until conditions 

are right. GD has been proposed to have limited amino acid sequence similarity to 

mammalian complement factors C2 and B. Cleaved C2 (C2a) combines with C4b to form 

C4bC2a (the classical pathway C3 convertase) which promotes the cleavage of C3 into 

C3a and C3b, while factor B combines with C3b and upon cleavage of B by factor D into 

Bb, remains bound to C3b to form C3bBb (the alternative pathway C3 convertase) which 

also cleaves C3 into C3a and C3b (Figure 4-1). While the significance of the structural 

similarities between GD and Factors C2 and B remain unclear, it does suggest that GD, 

like C2 and B, participates in the formation of a multiprotein complex that may act as a 

"convertase" for Snake and/or Easter.  

Perhaps the lectin pathway of complement activation is the serine protease 

regulatory system most analogous to the DV protease cascade. In this case, particular 

oligosaccharides structures present on pathogen surfaces would serve the function that 

the sulfated targets of Pipe provide in DV patterning. The function of mannose-binding 

lectin or the ficolins, in recognizing the microbial oligosaccharides, would be provided by 

a currently unknown factor, or by a currently unappreciated effector function of GD or 

Nudel, with the complement serine proteases MASP-1/MASP-3 performing an analogous 

function to Snake in initiating the downstream effector functions of the cascade. The 

extent to which these two pathways parallel one another awaits a better molecular 
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definition of the details of Snake activation.  

In previous chapter 3, I provided evidences indicating that the protein produced 

by the gd
2
 mutant allele does not undergo processing in wild type embryos despite the 

fact that this mutant protein is still capable of processing Snake. These indicate that the 

processing of GD is not necessary for the activation of its protease activity. However, the 

inability of the gd2-encoded protein to undergo processing correlates with the absence of 

Snake-mediated cleavage of Easter. These results suggest that the processing of GD, 

perhaps by Nudel, is necessary to enable the processing of Easter by Snake. This may 

indicate that the GD pro-domain has an inhibitory effect upon Snake-mediated processing 

of Easter, perhaps by interfering with the interaction between the two proteins for Easter 

cleavage by Snake. Alternatively, processing of GD may be a necessary precondition for 

the Pipe-dependent conformational change in the protease complex that facilitates Snake-

mediated cleavage of Easter. If Nudel is indeed the protease that processes GD, this 

suggests that the role of Nudel is not to activate the proteolytic activity of GD, but rather 

to facilitate a cleavage in GD that is necessary to enable the cleavage of Easter by Snake. 

One attractive model is that the cleavage of GD, present in a complex with Snake, Easter, 

and Spätzle, introduces flexibility in the complex that allows productive contact between 

Snake and Easter. 

Interestingly, my results indicate that overexpression of the catalytically inactive 

GD-SA and GD-DN transgenes, but not of the pro-domain-deleted GD∆N construct or 

the gd
2 

mutant version of the protein, lead to the ventralization of embryos produced by 

wild-type females. This suggests a situation in which GD proteolytic activity residing in 

which the GD protein cannot be cleaved (and in which Snake and Easter cannot 

productive contact) can act in trans to process and activate Snake present in a complex in 

which catalytically inactive GD can be processed, thereby enabling the processed Snake 
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and Easter to come into juxtaposition for Easter cleavage. This provides an explanation 

for the results of Ponomareff et al who demonstrated that GD-2 class encoded by mutant 

allele gd
2
, bearing mutations in the pro-domain, are capable of complementing GD-10 

encoded by mutant alleles of gd
10

 class, bearing mutations in the catalytic domain, while 

expression of a wild-type version of the GD pro-domain alone cannot complement gd
10 

class alleles.   

 Taken together, my results confirm previous studies suggesting that GD has two 

independent and essential functions and provide a mechanistic framework of how they 

interact with one another. One of the functions is the processing and activation of Snake. 

The second function is to gather together other components of the serine protease 

cascade, specifically Easter and Snake, aiding the serine cascade reaction to occur more 

effectively at a place the location at which the sulfated target of Pipe is located. This 

complex would act to increase the effectiveness and rate of cleavage of both Snake by 

GD and Easter by Snake. We might further suppose that the cleavage of GD is one 

requirement that must be met in order for Snake and Easter to interact as productive 

contact, with contact with the sulfated target of Pipe being a second event necessary to 

facilitate the productive interaction between Snake and Easter. If that is the case it could 

provide an explanation for the perplexing observation of Ligoxygakis et al., 2003 that 

double mutants between Spn27A and pipe are dorsalized, while double mutants between 

Spn27A and gd are lateralized.  In the Spn27A;pipe situation, the presence of GD would 

facilitate the activation of Snake, but Snake and Easter would be present in a complex 

with GD that would inhibit their productive interaction, in the absence of the Pipe signal. 

In the gd;Spn27A situation, Pipe would be present but in the absence of GD, would not be 

necessary to overcome the inhibitory effect of the GD/Snake/Easter complex. Weak 

endogenous activity of the Snake zymogen (or of Snake protein processed by a non-
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specific protease, see Chapter 2) would come into contact with Easter by diffusion 

throughout the perivitelline space, leading to a low level of Easter cleavage, and in turn 

of Spätzle processing, all around the DV circumference of the embryo. This could also 

explain why the weakly rescued embryos from gd;Spn27A mutant females are apolar, 

despite the presence of sulfated Pipe target only on ventral side of embryo. GD protein 

would represent a conduit through which Pipe action (or actually the action of the 

sulfated target of Pipe) would bring Snake and Easter into juxtaposition.   

 Finally, despite the fact that three proteolytic steps, the cleavage of Snake by GD, 

the cleavage of Easter by Snake and the cleavage of Spätzle by Easter, separate GD and 

Spätzle from one another, my co-immunoprecipitation experiments indicate that GD and 

Spätzle are present in a complex with one another. Though no direct evidence currently 

exists for this possibility, it is tempting to speculate that the GD protein also provides a 

scaffold that acts to accelerate the processing of Spätzle by Easter. Future experiments 

will hopefully provide information about whether this is the case, and provide molecular 

details explaining how the sulfated target of Pipe facilitates the cleavage of Easter by 

Snake, and the extent to which GD participates in the Pipe-mediated mechanism. 
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