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Abstract
Within this thesis I report the identification and isolation of loss-of-function mutations
in the Drosophila gp150 gene; a gene required for viability, fertility, and proper
development of the eye, wing, and sensory organs. Gp150 encodes an ~150kd
transmembrane protein with an extracellular domain composed of 18 Leucine-rich repeat
(LRR) domains and a short cytoplasmic domain containing three conserved tyrosine
phosphorylation motifs (Tian and Zinn, 1994; Dhulkotia, 2000). Structural analysis of
Gp150 suggests a requirement of both the extracellular and cytoplasmic domain for
Gp150 activity. In the eye, removal of gp150 function causes defects in the refinement of
R8 cells and the subsequent recruitment of cells into ommatidial clusters leading to the
formation of adult eyes with fused ommatidia and ommatidia with too many or too few
R-cells. Overexpression of gp150 causes dose dependent defects within second and third
instar eye imaginal disks. Due to similarities between phenotypes produced by gp150
loss and gain of function and phenotypes produced through loss of notch signaling,
genetic interactions were tested between Notch signaling components and gp150. All
genetic assays tested strongly implicate gp150 as a regulator of Notch signaling.
Through expression analysis, we show that Gp150 is expressed within tissues where
gp150 phenotypes arise. Within the third instar eye disk, Gp150 is expressed at high
levels within the morphogenetic furrow (MF) region. This expression is consistent with
the proposed role of gp150 modulating Notch signaling during early ommatidial
development. Expression analysis also revealed that Gp150 is localized to intracellular
vesicles which co-localize with the Notch ligand Delta within cells of the MF. These
vesicles are most likely endosomes as Gp150 was shown to co-localize with the late
endosomal markers DRab7. Therefore, it is proposed that Gp150 modulates the Notch
pathway through endocytic trafficking.
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Chapter 1: Introduction
1.1 Role of cell-cell signaling during development
The importance of cell-cell communication to fulfill the operative of life is
unquestionable. From the formation of biofilms, to the complex workings of the human
brain, cell-cell communication is fundamental in achieving organization of unit cells.
Cell-cell communication dictates basic processes such as cell division, differentiation,
and homeostasis. It also makes possible more complex phenomena such as synaptic
transmission and the immune response. Obviously, without cell-cell communication the
existence of multi-cellular organisms would have never come to fruition.
As for any collective with the ability to communicate and dictate order, it is important
that this communication be tightly regulated. Errors in communication can not only
result in developmental defects, but also manifest in the form of malignancies,
neurological disorders and auto-immune diseases. Therefore, through scientific
investigation, it is imperative that a complete understanding of the intricacies of cell-cell
communication be revealed. A complete understanding of how cells communicate
enables us to understand the biology which exists between cells, and provides us with the
knowledge to combat disease states in which cell-cell communication is defective.
1.2 Brief history of Drosophila eye development
My laboratory studies cell-cell communication using the Drosophila eye as an
experimental system. The history of the Drosophila eye as a developmental model began
during the 1950s when scientists were attempting to relate genes to behavior. Seymour
Benzer decided to use Drosophila melanogaster to investigate this relationship because
of its established history of genetic manipulation. His plan was simple, to eliminate
Drosophila's inherent avidity for ultra violet light by chemically inducing genetic
mutations. One particular mutation, sevenless, would serve as a nucleus upon which a
fundamental cell-cell signaling cascade would be elucidated (Benzer, 1971).
The sevenless mutant lacked a particular cell type of the eye, the R7 photoreceptor.
Once members of the Benzer laboratory realized that the sevenless behavior mutant was
in fact a mutation of eye development, several members made a career out of studying
eye development. They delved into questions such as what types of cells make up the
Drosophila compound eye and what processes regulate how the eye develops. One
member, Donald Ready, discovered that all cell-types of the eye except the interommatidial bristles are determined through the process of cell-cell communication
(Benzer, 1971; Ready, 1976). Also, through the use of a neuronal marker, Donald Ready
described in great detail the morphogenesis of the Drosophila eye (Tomlinson and
Ready, 1987). During the same period, a post doc from Benzer's lab by the name of
Uptal Banerjee was in competition with Gerald Rubin's lab to clone the gene responsible
for the hallmark sevenless mutation. Concurrently, each laboratory concluded that the
protein responsible for the presence of the R7 cell type was a Receptor Tyrosine Kinase
molecule (Banerjee U, et al., 1987, Hafen, E, et al., 1987). Without signaling from this
receptor, the R7 cell will adopt a non-neuronal cell fate. From this point of entry, many
components of the signal transduction cascade necessary for proper R7 development
were uncovered through genetic dissection. Interestingly, many of the interacting
components are conserved throughout evolution where they are required to regulate cell
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division and differentiation. Collectively the signaling pathway is termed the
Ras/MapKinase pathway.
In summary, through serendipitous beginnings, investigations into the development of
the Drosophila eye has generated tremendous insight into how cells communicate and the
use of cell communication to generate complex structures. In the next sections, portions
of our current understanding of Drosophila eye development will be introduced.
1.3 General aspects of Drosophila melanogaster eye development
1.3.1 Adult eye morphology
The Drosophila compound eye is composed of ~800 unit eyes called ommatidia
(Fig.1A). Each ommatidia is comprised of ~20 cells and all of these cells, with the
exception of the interommatidial bristle lineage, are determined and organized through
the process of cell-cell communication (Benzer, 1971; Ready, 1976). Ommatidial
clusters are not assembled through clonal development.
When thin sections of adult compound eyes are viewed, several prominent cellular and
organizational aspects are evident. In wild-type (WT) eyes, ommatidia are surrounded by
a pigment cell latice (Fig1B) and each ommatidia contains 7 photoreceptor cells (Rcells). In actuality each ommatidia contains 8 R-cells; however, only one of the smaller
inner R-cells (R7, R8) is visible depending upon where in the apical/basal axis the eye is
sectioned (Fig1C). Based on how the inner R-cell invaginates the ommatidial cluster it is
possible to tell where in the apical/basal axis the section is from and differentiate R7 from
R8 cells. R7 bisects R1 and R6 (Fig.1D), while R8 bisects R1 and R2 (Fig. 1E).
Surrounding the inner R-cells are the 6 larger "outer R-cells", designated R1-R6 (Fig
1D,E). The outer R-cells are arranged in a trapezoidal configuration with the high peak
of the trapezoid (R3-cell) toward the anterior of the adult eye. The eye field also
possesses mirror-image symmetry running through the middle of the adult eye. Ventral
ommatidia are rotated 180o opposite that of the dorsal ommatidia (Fig 1B) (Ready, 1976).
1.3.2 Third instar larvae development of the Drosophila eye
Developmental events necessary to generate the highly organized adult structure of the
Drosophila compound eye have been studied intensively and many of the stages have
been described in great detail. Recently, there has been a lot of work on genes required
to initiate the eye developmental process. This topic is well described in Heberlein and
Treisman (2000). Since my work focuses on the involvement of cell-cell communication
during the later stages of eye development, I will not cover early initiation events of eye
and will begin with a description of events during the 3rd-instar larva stage of Drosophila
eye development.
Within the 3rd instar larva isolated sheets of epithelial cells will give rise to adult
structures such as the wings, legs, eye/antenna, and brain. These sheets of epithelia are
termed imaginal discs. The eye/antenna imaginal disc is composed of two
adjoining ovals; the anterior oval will develop into the adult antenna structure while the
larger posterior oval will produce the adult compound eye (Fig. 2A). Within the eye
portion, cell fate determination and patterning of cells begins in the most posterior of the
eye tissue. Initiation of these events is marked by a physical indentation of cells termed
the morphogenetic furrow (MF). The MF serves as a mobile organizer of the eye
epithelium which sweeps across the eye in an anterior direction. Cells anterior to the
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Fig. 1. Morphology of the adult Drosophila compound eye.
Scanning Electron Microscope (SEM) image of the WT(Canton Special) Drosophila melanogaster
compound eye (A). Tangential section of the WT eye (B), blue line designates the dorsal/ventral
symmetry. Schematic representation of a longitudinal view of a single ommatidium (C), B-Bristle, L-lens,
PP-Primary Pigment, SP-Secondary Pigment, TP-Tertiary Pigment, R-Rhabdomere. Tangenetial section
from an apical (R7) section of the ommatidia (D). Section from a more basal (R8) localization (E). In all
panels anterior is to the left.
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furrow are undifferentiated and divide asynchronously. As the furrow rumbles along,
cells just anterior to the MF begin to synchronize their cell cycles in the G1 phase,
receive signals to differentiate, and organize into ommatidial clusters. Once the MF
passes, the organized clusters sequentially recruit cells through cell-cell communication
(Fig. 2B). As this occurs the furrow keeps moving; therefore, the more posterior a cell
cluster is from the MF the more developmentally mature the cluster is.

Removed Peripodial
membrane

A

Asynchronously
Posterior
Dividing
Differentiating
Cells
Cells

MF
Antenna

Eye Disk

B
Asynchronously
Dividing Cells

Cells
Synchronize
in G1

R1/R6 Cone cells
R8
cell
R7 pigment cells
R2/R5 division
added
clusters
Steps of Differentiation

MF

Fig. 2. General aspects Drosophila eye development during the 3rd-instar
larval stage. 3rd instar eye imaginal disk stained with an antibody directed towards neuronal
cells to show differentiating cell cluster posterior to the MF (A). Schematic representing
developmental progression within the eye (B). Anterior is to the left in all panels.
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1.3.2a Regulation of morphogenetic furrow progression
A key regulator of MF progression and initiation of cell differentiation is the secreted
protein Hedgehog (Hh). Hh is present at the central posterior margin of the eye disk prior
to differentiation and thus might define where differentiation begins (Domingez and
Hafen 1997; Royet and Finkelstein 1997; Borod and Heberlein 1998). Reduction or
elimination of Hh function results in the halt of MF progression and cell differentiation
(Haberlein et al. 1993; Ma et al. 1993). Conversely, ectopic expression of Hh results in
ectopic furrows anterior to the MF (Heberlein et al. 1995). Hh signaling directly regulates
transcription of Decapentaplegic (Dpp) a member of the secreted ligand TGFβ family,
which is required for the initiation of neuronal differentiation (Fig. 3) (Burke and Basler
1996; Chanut and Heberlein 1997; Pignoni and Zipursky 1997; Baonza and Freeman,
2001). Dpp prevents the expression of Wingless (Wg), a member of the Wint family of
secreted proteins; Wg acts to limit differentiation at the dorsal and ventral margins of the
eye disk (Ma and Moses 1995; Treisman and Rubin 1995).

Wg
Dpp
Atonal
N

Hh
Hairy/EMC

Atonal
Dpp

Wg
Fig. 3. Morphogenetic furrow progression is regulated by the Hedgehog,
Wingless, Decapentaplegic, and Notch pathways. Schematic overlay of an eye disk
labeled with an anti-neuronal marker. In order for proper furrow progression, Hedgehog (Hh)
originates from the posterior differentiated cells (blue). Hh triggers the expression of
Decapentaplegic (Dpp), a positive regulator of furrow progression (yellow arrow), and two
negative regulators, Hairy and EMC (black arrow). Dpp in turn facilitates Notch signaling to
block Hairy/EMC expression and limits Wingless (Wg) expression (red) to the dorsal/ventral
margins, where Wg inhibits differentiation. Notch signaling alleviates the block of atonal
expression by Hairy/EMC to allow high levels of atonal expression within groups of cells within
the MF. Anterior is to the left.
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Another direct effect of Hh signaling, which ultimately governs furrow progression, is
the transcription of the basic helix-loop-helix (bHLH) protein atonal (ato) in a strip of
cells just anterior to the MF (Borod and Heberlein 1998; Heberlein et al. 1995). Ato
forms a heterodimer with the daughterless bHLH protein and together they are required
for photoreceptor differentiation (Jarman et al. 1993). Undifferentiated cells which
receive the Hh signal will ultimately differentiate due to ato and daughterless expression
and then send the Hh signal; therefore, ato and daughterless are critical for furrow
progression. Interestingly ectopic expression of Hh, induces both an activator (ato), and
an inhibitor, hairy (h), of photoreceptor differentiation, possibly to ensure proper
progression of differentiation (Heberlein et al. 1995).
Recently, the Notch pathway has been shown to be required indirectly for furrow
progression. Notch activation within the anterior stripe of atonal expressing cells
inactivates the negative regulators of atonal, h and extramacrochaete (emc), thus
allowing high levels of atonal expression to occur (Baonza and Freeman, 2001). The
high levels of atonal are critical in establishing neuronal identity, and thus furrow
progression (Ligoxygakis et al. 1998).
1.3.2b Patterning of atonal expression during early ommatidial development
Subsequent to the induction of the anterior stripe of atonal via Hh signaling, the
proneural activities of Atonal must be restricted in order to limit the number of neuronal
cells, which in effect properly spaces individual R8-founder cells. R8 founder cells are
so named because they are the first neuronal cells to be designated and are the cells
around which ommatidial clusters are built. This patterning, places R8 founder cells in
parallel lines running in a dorsal/ventral orientation. Each line of R8 cells is precisely out
of register with the line of cells posterior to it. Insight into the molecular mechanisms
used to pattern the larva eye thus leading to the crystalline structure of the adult
Drosophila compound eye is accumulating.
During the process of Atonal restriction to a single R8 cell, four distinct stages are
recognized (Fig 4). The first stage entails the Hh-dependent, broad anterior stripe of
atonal expression. Several cell diameters posterior to stage one, atonal becomes
restricted to groups of 10-12 cells or proneural clusters, i.e. stage 2. All cells within the
cluster possess the ability to become neuronal cells. However, during the third stage of
atonal patterning, atonal expression is restricted to a group of 2-3 cells. These cells are
morphologically distinct from the more anterior cells of the proneural clusters in that
their nuclei are positioned more apically. The final stage of atonal restriction is that of a
single R8 precursor cell. Atonal positive R8s, persist for approximately 3 rows posterior
to the furrow.
Several evolutionarily conserved signaling pathways, such as the Notch pathway,
Ras/MapK pathway, and the Hh pathway, have been implicated in the process of
ommatidial patterning. Currently, the combinatorial actions of the pathways have not
been worked out. However, specific actions of both the Notch and Ras/MapK pathway
have been established.
Notch signaling serves dual and opposing roles during early ommatidial pattern
formation (Baker et al. 1996, Baker and Yu, 1997; Ligoxygakis et al. 1998). After the
initial stripe of atonal is established, Notch signaling is required along with Dpp to
stimulate cells to upregulate atonal levels. Notch signaling accomplishes this by
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negatively regulating inhibitors of atonal expression, h and emc (Baonza and Freeman,
2001). Also, Notch signaling inactivates the transcriptional repressor activity of
Suppresor of Hairless (Su(H)) on atonal transcription (Li and Baker, 2001). This
'proneural' activity of Notch is required for neural differentitation since mutant Notch
clones generated before 3rd instar larvea development fail to produce neuronal cells
(Ligoxygakis et al. 1998). Opposite to Notch's proneural role, Notch is required during
the 2nd, 3rd, and 4th stages of atonal restriction in order to restrict atonal expression (Fig.
4). Experiments using a Notch temperature sensitive loss-of-function allele, showed that
Notch signaling, mediated through the E(spl) bHLH proteins, is required to inhibit
neuronal development among the intervening cells of the presumptive R8's (Ligoxygakis
et al. 1998) . This process is termed lateral inhibition, since the presumptive R8's, inhibit
their neighbors from adopting the same cell fate. Therefore, loss of Notch activity during
the latter stages of atonal restriction results in adoption of the R8 cell fate by the
proneural cluster cells (Baker et al. 1996). These results show that Notch signaling is
required to activate and then restrict proneural activity within the same cells, depending
upon the developmental context in which the Notch signal is received.

Notch
1

2

Hh

MapK
**

Stages of
Atonal restriction:

1

2 3

4

Fig. 4. Process of restricting atonal expression to evenly spaced R8 founder cells.
Third instar larva eye disk stained with an antibody directed towards Atonal. Stage 1 marks the initial stripe of
atonal expression. Stage two designates the proneural clusters, groups of 10-12 cells which express atonal.
Stage three corresponds to the 2-3 cells with apically positioned nuclei and stage four marks the individually
spaced atonal expressing cells. Notch is required at sucessive steps within the same cells to activate and inhibit
atonal expression. Schematic overlay demonstrates how active MapK (green circle) within the proneural clusters
sends out an inhibitory signal which inhibits atonal expression. This in turn limits the areas where atonal can be
expressed which generates the out of register patterning of the ommatidial clusters. Also, the activities of Hh
posterior to the furrow limits atonal expression. Anterior is to the left.
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Notch's role in deciding neuronal potential is well established; however, a mechanism
by which Notch signaling generates the spacing between individual R8's is less clear.
However, a role of the Ras/MapK pathway during early ommatidial patterning has
provided insight as to the origins of the out of register alignment of ommatidial clusters.
Elegant experiments using an antibody directed towards the active form of the Mitogen
activated protein kinase (MapK) have shown that within the proneural groups MapK is
active (Dokucu et al, 1996; Chen and Chien, 1999). It has been demonstrated that within
the proneural groups, MapK activity is dependent upon Atonal/Daughterless activity, and
vise versa, atonal/daughterless expression is dependent upon MapK activity (Chen and
Chien, 1999). In turn, MapK activity from the proneural cluster sends out a diffusable
inhibitory signal, which blocks atonal expression within the intervening cells of the
proneural clusters. Activation of the MapK occurs through the Drosophila Epidermal
Growth Factor Receptor (DER); therefore, inhibition of DER would inhibit neuronal
potential (Baonza et al., 2001). Candidates for the diffusable inhibitory ligand include
two factors, bulge and soba, which genetically interact with argos, a known inhibitor of
the Drosophila Epidermal Growth Factor Receptor (DER) (Chen and Chen, 1999,
Spencer et al. 1998, Wemmer and Klambt, 1995). Another candidate is the secreted
Scabrous protein which is localized to R8's and proneural clusters (Mlodzik et al., 1990).
Presumably, the activities of any, none or a combination of these factors produces
inhibitory signals which diffuse anteriorly and laterally which generates the out of
register patterning of the atonal protein expression (Fig. 4).
Recently, a requirement for the Hh pathway during early ommatial patterning has been
uncovered. Dominguez (1999) has shown that Hh signaling is not only required to
activate atonal anterior to the furrow, but is also required to negatively regulate atonal
within the MF. She suggests a concentration dependency of Hh on atonal expression
where low levels of Hh induce atonal expression and high levels inhibit expression.
Consistent with Hh having a role in furrow patterning, phenotypes produced by
overproduction of atonal posterior to the furrow genetically interact with mutations in Hh
pathway components (White and Jarman, 2000).
In conclusion, it is not surprising that in order to achieve the organized pattern of R8
founder cells, multiple cell signaling pathways are employed. Further research is needed
to uncover additional modulators of individual pathways and to bring these multiple
pathways into a combinatorial model.
1.3.2c Recruitment of cells into photoreceptor clusters
After individual R8 cells are selected and patterned, a reiterative, sequential
recruitment of R-cells into the ommatidial clusters occurs (Fig. 5). The sequence goes as
follows; first the photoreceptor pairs R2/R5 join the cluster followed by R3/R4. Then the
remaining undifferentiated cells undergo a round of mitosis. From this pool of cells, the
R1/R6 photoreceptor pairs are recruited and finally the last photoreceptor added to the
cluster is the R7 cell. Following photoreceptor recruitment, cone cells, primary,
secondary, and tertertiary pigment cells are added to the clusters respectively (Ready,
1976). After all cell types are recruited, programmed cell death removes unneeded cells
from between ommatidial clusters (Wolff and Ready, 1993).
In order to recruit cells into the developing clusters, inductive processes mediated by
DER are repeatedly employed (Freeman, 1996). The only cell-type which does not
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require DER activity for differentiation is the founder R8 cell (Kumar et al,. 1998; Yang
and Baker, 2001). It is thought that the R8 founder cells are designated through increased
atonal expression via Atonal autoregulation. For the remaining photoreceptors, studies
have shown that DER signaling serves as a 'Go' signal for differentiation (Flores et al.,
2000; Xu et al., 2000). Cells of the eye accumulate intrinsic factors which predispose
them to different fates at different time points, and a combination of external cues help
them fulfill their developmental potential. When DER signaling is activated, cells are
triggered to adopt their predisposed fate (Flores et al., 2000; Xu et al., 2000). Therefore,
in order for differentiation to proceed sequentially, it is extremely important that the
activities of the DER signaling pathway be tightly regulated. A model for regulating
DER activity in the eye is termed 'Remote Inhibition' (Freeman, 1997). Remote
inhibition requires the activities of two ligands, one activating and one inhibiting, both of
which originate from a DER activated cell. In this case, the activating ligand Spitz is
cleaved within the Golgi apparatus into its active form and then secreted, while the
inhibitory ligand is the secreted Argos (Aos) protein (Freeman, 1994; Tio et al., 1994;
Urban et al., 2001; Lee et al., 2001; Freeman, 1992; Schweitzer et al., 1995). A critical
characteristic of these proteins which enables controlled activation of DER is their
diffusion distance which influences the range of cells they effect. Compared to the Spitz
protein, Aos diffuses over a larger range of cell diameters inhibiting DER activity in a
larger radius compared to the activating capabilities of Spitz (Freeman, 1992; Freeman,
1994). Since only areas with high levels of Spitz will be able to overcome the inhibitory
signals of Aos, DER activity is restricted to cells neighboring the DER active cells.
Newly activated DER cells then secrete Aos and Spitz, which repeat the above process.
Reiterative, regulated activation of DER signaling ensures the proper temporal and spatial
recruitment of cells into ommatidial clusters (Fig. 5).
Asynchronously
Dividing Cells

Cells
Synchronize
in G1

R1/R6 Cone cells
R8
cell
R7 pigment cells
R2/R5 division
added
R3/R4
Steps of Differentiation

MF

R2 R3
R8

R8
R5

R4

R1 R2 R3
R7 R8
R4
R6 R5

R2 R3
R8
R4
R5

R1R2
R3
R7 R8
R4
R6 R5

Posterior

Anterior

Fig. 5. Remote inhibition of DER causes sequential recruitment of R-cells into
ommatidial clusters. Top schematic represents the chronological order in which cell types are
recruited into ommatidial clusters. Bottom schematic shows the process of remote inhibition, which
restricts DER activation. Arrowheads represent DER activating ligand Spitz, while the T-bars represent
the inhibitory activity of Argos. Colors of differentiated cell types correspond to the top schematic.
Localized activity of Spits, limits the number and timing of R-cell recruitment.
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The next question, is what produces different cell-types? An extremely successful
approach used to uncover factors which are necessary for cell fate specification has been
promoter analysis of cell-type specific proteins. Determining the requirements for proper
expression of D-Pax2 i.e. sparkling, a cone cell marker, has bettered our understanding of
how cells are differentiated. In order for proper cone cell specification, and D-Pax2
expression, a combination of Notch signaling, DER signaling and the presence of the
Lozenge transcription factor (Lz) are necessary. Flores et al. (2000) showed that cells
which lacked any one of the above factors did not express D-Pax2, and did not commit to
a cone cell fate. By supplying the full complement of factors to cells, which lacked one
component, the authors were able to produce ectopic D-Pax2 expression. In particular,
the R7 cells contain only the activated DER and the Lozenge transcription factor. By
activating Notch within the R7 cell, D-Pax2 expression was activated (Table 1). This
type of Notch signaling is contrary to its classical role as a repressor of cell fates. An
older model suggested that Notch played a permissive role in eye development, in that
when Notch activity was removed in the eye disk, cells adopted fates based upon the
developmental time of the ommatidial cluster (Cagan and Ready, 1989). For example, if
one removes Notch activity during the time of cone cell development, multiple cone cells
would develop. Current understanding places dual roles on Notch signaling; one is to
maintain cells in an undifferentiated state and the second is to induce differentiation of
specific cell types. The generation of opposite responses through the same receptor
molecule is likely due to the different developmental context in which signaling occurs.

Active components
N pathway
RTK pathway
Cell type

Lz

Su(H)*

Yan

PntP2*

undiff

Yes

Yes

No

R3/R4

No

No

Yes

R7

Yes

No

Yes

cone

Yes

Yes

Yes

Table 1. A combinatorial code for cell fate specification. Lz, N and
DER, can be used to describe the differences between at least four different cell
types: cone, R7, R3/R4, and undifferentiated cells. Each of these cell types receives
a different combination of signals, which creates the unique set of activated
transcription factors that ultimately specify the cell’s fate. In such a code, a small
number of multifunctional signals such as DER and N can be combined to create a
large number of distinct cell types. Active forms of Su(H) and PntP2 are indicated
with an asterisk. (Flores et al., 2000)

1.4 Notch signaling pathway
The preceding sections gave an overview of the signaling processes necessary for
proper construction of the WT Drosophila eye. In this section I will cover the specifics
of the Notch signaling pathway including an overview of some of the major components
of the pathway and their activities within the pathway. This discussion is weighted to
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Drosophila, but also includes data generated within other organisms. A detailed
explanation of the Notch pathway is necessary because of the strong genetic evidence
within this thesis implicating Gp150, as a regulator of the Notch pathway.
Several years ago, Notch signaling had gained considerable infamy due to the baffling
complexity of the signaling pathway and from the ubiquitous developmental
requirements of the pathway. If you were a developmental biologist, there was no
escaping the Notch pathway; there is not a single tissue or stage of Drosophila
development which does not require Notch signaling. To add to the complexity, Notch is
not only involved in cell differentiation but it also has been implicated in cell
proliferation and apoptosis (reviewed in Artavanis-Tsakonas et al., 1999). Recently,
major advances have been made in our understanding of Notch pathway components and
the mechanisms of Notch signaling regulation. Investigators are beginning to attack the
challenging pathway and to further clarify this once pestilent pathway.
Notch signaling is an evolutionarily conserved signaling pathway. I have briefly
mentioned some roles of Notch in previous sections and several reviews cover some of
the developmental aspects in which Notch signaling is involved (reviewed in ArtavanisTsakonas et al., 1999; Posakanoy, 1994; Irvine, 1999). In order for proper activation and
regulation of Notch signaling, several modifications of the Notch protein must occur.
Some of these modifications are absolutely essential for Notch signaling in all tissues
while others show tissue specific regulation of Notch signaling. Notch modifications
regulating signaling, include proteolysis, glycosylation, and protein/protein interactions.
Cellular processes including endocytosis affect Notch signaling as well (reviewed in
Mumm and Kopan, 2000). Major proteins which integrate these modifications and
processes will be discussed.
Notch is a 300kDa single pass transmembrane protein (Fig. 6). The major form of
Notch presented on the cell surface is a heterodimer composed of an ~180kDa extracellular domain and an ~150kDa trans-membrane (TM) domain. 'S1' cleavage of Notch
occurs within the trans-Golgi network by a furin-like protease, and this cleavage is
required for proper presentation of the Notch receptor on the cell surface (Fig. 6 and 7)
(Blaumueller et al., 1997). The extracellular domains of Notch proteins contain between
10 to 36 Epidermal Growth Factor-like repeats (ELRs) (reviewed in Fleming, 1998). For
Drosophila Notch, ELRs 11 and 12 have been implicated in ligand binding whereas the
other ELRs might serve to inhibit Notch function or to bind other ligands (Rebay et al.
1991; de Celis and Bray, 2000; Wesley, 1999). The TM/cytoplasmic domain of Notch
has several conserved motifs including a conserved valine within the membrane, a
RAM23 domain, Ankrin repeats, a PEST sequence and an OPA domain.
Ligands for Notch are collectively termed DSL proteins for Delta-Serrate-Lag2. Delta
(Dl) and Serrate (Ser) are partially redundant ligands within Drosophila while Lag2 is
able to activate Notch within Caenorhabditis elegans (C. elegans) (reviewed in Fleming,
1998). Like Notch, the DSL ligands are single pass membrane proteins, which contain
ELRs in their extracellular domains. The necessary and sufficient domain for interaction
with the Notch receptors are the EBD domains (EGF-motif binding domain), which are
found in the ligand's extracellular domain (Fig. 6) (Muskavitch MAT, 1994). The
intracellular domains of the ligands are required for signal transduction; however, their
contribution to ligand activity is perplexing. For example, overexpression of untethered
DSL ligands in Drosophila and C. elegans causes opposite phenotypes, as repressors and
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activators respectively (Sun et al. 1996; Sun and Artavanis-Tsakonas, 1997; Fitzgerald
and Greenwald, 1995). Another key feature of some of the DSL ligands is their ability to
autonomously inhibit Notch signaling. High levels of Dl and Serrate within the signalsending cell ensures that Notch signaling will not be activated within the signal-sending
cell (de Celis and Bray, 2000; Jacobsen et al., 1998; Klein et al., 1997; de Celis and Bray,
1997).

Notch
ELRs 11&12

Delta

NT

ELRs

EBD

DSL

S2
Ram23

S3

Ankyrin repeats

PEST

Fig. 6. Schematic representation of the Drosophila Notch and Delta proteins.
The Drosophila Notch protein is a single-pass transmembrane protein with 36 Epidermal Growth
Factor-like repeats (ELRs-gray boxes). The black ovals represent Notch/ Lin 12 repeats. Delta is
also a single pass transmembrane protein which contains 9 EGF repeats. The Delta extracellular
domain also contains a conservered Delta-Serrate-Lag2 domain and the N-terminal domain,
which make up the EGF-motif binding domain. The S2 and S3 represent cleavage sites for
proper Notch activation.
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Binding of the ligand to Notch is thought to cause a transformational change within
the receptor allowing an 'S2' cleavage just extracellular to the TM domain (Fig. 6 and 7)
(Mumm et al., 2000). The Disintegrin-metalloprotease tumor necrosis factor αconverting enzyme (TACE) mediates the S2 cleavage (Brou, C et al., 2000). Upon
cleavage of the extracellular domain, the signal-sending cell must trans-endocytose the
ligand/ NECD (Notch extracellular domain) complex in order for proper Notch signaling.
Trans-endocytosis of the ligand/NECD complex is dependent upon the normal endocytic
machinery, as mutations in shibire, a GTPase critical for endocytosis, disrupt
transendocytosis (Fig. 7) (Seugnet et al., 1997; Parks et al., 2000).
Due to the removal of the NECD, a third 'S3' cleavage occurs at a conserved valine
within the TM domain of Notch (Schroeter et al. 1998; Struhl and Adachi, 1998). A
candidiate which generates the S3 cleavage is the Presenilin protein (De Strooper et al.,
1999). Once S3 cleavage occurs, the NICD (Notch intracellular domain) is released and
translocated to the nucleus where it acts as a transcriptional modulator (Schroeter et al.
1998; Lecourtois and Schweisguth, 1998).
4

1

2

3

S2

S2
S3

S3

4

5

C
L
S

E(spl) complex

Fig. 7. Transendocytosis of the NECD by the signal-sending cell is required for
signal propagation. Proper presentation of the N receptor on the plasma membrane requires
cleavage within the Golgi apparatus (1). Upon ligand binding, a conformational change takes place
which allows the ‘S2’ cleavage thus releasing the NECD (2). Once cleaved, the NECD is
transendocytosed into the signal receiving cell (3,4). Lack of the NECD allows the ‘S3’ cleavage to
occur (3,4). This releases the NICD into the nucleus where it acts as a transcriptional regulator (4,5).
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Within the nucleus, the NICD has been shown to interact with the DNA binding
proteins of the CLS family (CBF1, Lag-1 and Suppressor of Hairless) which includes the
Drosophila Suppressor of Hairless protein (Su(H)). Su(H) proteins have been implicated
as both transcriptional activators and transcriptional repressors (reviewed in Bray and
Furriols, 2001). In brief, NICD is able to modulate Su(H) activities in an enhancer
dependent manner, either instructive or permissive. NICD's 'instructive' role requires NICD
to remove a block on transcription then NICD serves as a costimulator with Su(H) to
activate transcription. NICD's 'permissive' roles are classified into two groups. The first
group uses NICD to alleviate a block of transcription, followed by NICD- independent
Su(H) activation. The second group, like the first, uses NICD to alleviate a block;
however, neither NICD or Su(H) is required for transcriptional activation (Fig. 8)
Two examples of the effects of NICD on specific enhancers, are found during
Drosophila eye development. The first would be the enhancer of atonal which requires
NICD to alleviate a Su(H) block of transcription, but does not require Su(H) for atonal
expression (Li and Baker, 2001). The second example is the enhancer of the E(spl)
complex, which requires a NICD instructive role (Jennings et al. 1994).

Nicd

‘Nicd instructive’

Su(H)

Derepression

E(spl)
Nicd

Represso
r

Represso
r

Su(H)

Su(H)

vgBE
‘Nicd permissive’

ato
Fig. 8. NICD-instructive and NICD-permissive enhancers.
Depending on the other transactivators present (verticle ovals), enhancers have different requirements
for Su(H) and NICD during the activation step. Filled and labeled components indicate a requirement of
that protein for transcriptional activation; empty shapes indicate that the protein is not essential for
activation. vg indicates the vestigal locus. (Bray and Furriols, 2001)
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1.6 Characteristics of the Gp150 protein
When I arrived in the lab, I was given flies which displayed a recessive, rough eye
phenotype. The goal of the first portion of my thesis was to identify the gene which is
responsible for the recessive phenotypes displayed. After a long investigation, we found
that the loss of the previously cloned gp150 gene was the reason for the rough eye
phenotype. From work done by others gp150 encodes a 150 kDa, glycosylated,
transmembrane protein (Tian and Zinn, 1994). The extracellular domain of Gp150
contains 18 Leucine Rich Repeat motifs (LRRs). LRR proteins constitute an
evolutionarily conserved superfamily which exist in organisms ranging from plants to
metazoan animals. LRR proteins are found in different subcellular locations where they
mediate protein-protein interactions during processes such as signal transduction, axon
guidance, and apoptosis (reviewed in Kobe and Deisendorfer, 1994; Kajava, 1998; Kobe
and Deisendorfer, 1995). Furthermore, Gp150 has several unique structural features that
are conserved between Drosophila virilis, a species which diverged from Drosophila
melanogaster approximately 40-60 million years ago (Dulkoltia et al., 2000). These
features include specific potential N-glycosylation sites, cysteine motifs and acidic
regions that flank the LRR region (Fig. 9). Although the intracellular domain of Gp150
is short, it contains three conserved tyrosine phosphorylation motifs (Dulkoltia et al.,
2000) which are potential targets of tyrosine kinases (e.g. Dsrc) and receptor tyrosine
phosphatases (e.g. DPTP10D) (Fashena and Zinn, 1997). The conserved tyrosine
phosphorylation motifs are possible docking sites for SH2 domain containing proteins.
Within this thesis I report the identification and isolation of loss-of function mutations
in the Drosophila gp150 gene; a gene required for viability, fertility, and proper
development of the eye, wing, and sensory organs. In the eye, removal of gp150 function
causes defects in the refinement of R8 cells and the subsequent recruitment of cells into
ommatidial clusters, which leads to the formation of adult eyes with fused ommatidia as
well as ommatidia containing too many or too few R-cells. We show that Gp150 is
expressed at high levels in the MF region, which is consistent with a role of gp150 in
early ommatidial development.
Both loss and gain-of function gp150 analyses suggest that Gp150 functions to
modulate Notch signaling. Interestingly, N signaling could be both positively and
negatively affected by Gp150. Consistent with a role of gp150 in Notch signaling,
Gp150 is colocalized with Dl in endosomes of cells within the MF region. In endocytosis
defective cells, only the localization of Dl, not Gp150, is affected, which suggests that
Gp150 is unlikely to regulate Dl endocytosis. Moreover, Gp150 does not appear to
accumulate on the cell surface or in the Golgi apparatus, suggesting that Gp150 is
unlikely to regulate Dl or Notch at these locations. Gp150 might be involved in
facilitating lysosomal delivery of the Dl protein, as loss of gp150 function causes
accumulation of intracellular Dl protein. This is also supported by the colocalization of
Gp150 and a late endosomal marker DRab7. Based on these observations, we propose
that Gp150 functions in intracellular vesicles to control proper intracellular levels of Dl,
which modulates Notch signaling.
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Fig. 9. The Drosophila Gp150 protein.
Gp150 is a single pass 150kD gylcosylated protein. The extracellular domains contains
regions which are conserved during evolution (box), most prominent are the 18 leucine rich
repeats (LRR). The cytoplasmic domain of Gp150 contains three conserved phosphorylation
sites which are phosphorylated in vivo.
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Chapter 2: Materials and Methods
2.1 Starting materials
From a screen for lethal mutations of the second chromosome (Torok et al., 1993),
two alleles were found to be sub-viable. l(2)k11107 and l(2)k11120 were referred to as
delayed furrow1 and delayed furrow2 (defu1 and defu2), respectively. The gene
responsible for the mutations turned out to be the previously cloned gp150 gene (Tian
and Zinn, 1994). We then adopted the gp150 nomenclature. So l(2)k11107 and
l(2)k11120 are now referred to as gp1501 and gp1502, respectively. These mutants were
genetically mapped to the 58D position of the second chromosome. All gp150 mutations
fail to complement Df(2R)02311 (a gift of G.M. Rubin), a deletion of the 58D1-5 region.
On the l(2)k11107 chromosome, there is another recessive rough eye mutation which is
not associated with gp150 (data not shown). Prior to my joining the laboratory, two ethyl
methane sulfonate (EMS) alleles, gp1503 and gp1504, were obtained through a noncomplementation assay from a screen of 6,167 F2 lines.
2.2 Characterization of adult phenotypes
2.2.1 Histology
Adult flies were allowed one to two days to development, prior to their eyes being
embedded. With a razor blade, adult heads were lopped off and a cut was made in one
eye in order to enable solutions to penetrate the cuticle of the head. The undamaged eye
is then embedded and sectioned. To embed, heads were placed in a 1:1 solution of 2%
glutaraldehyde (Ted Pella, Inc.) in 0.1M Phospate buffer (7.2 pH): 2% OsO4 (osmium
tetra oxide) in 0.1M Phosphate buffer (100µl total), for 30' on ice. After 30min, the
solution was removed and replaced with the 2% OsO4 solution, for 2hrs on ice. Then, the
tissue was serial dehydrated (30, 50, 70 and 90% ethanol), each step requiring 10min on
ice. This was followed by two 100% ethanol washes at room temperature (RT). After
the final alcohol treatment, the heads were washed two times with propylene oxide
(Polysciences, Inc.), for 10min at RT. From the last wash, 500µl of propylene oxide was
left within the tube. To this tube, an equal volume of resin (Araldite/Embed-812 kit,
Electron Microscopy Sciences) was added. Heads were incubated overnight in the
propylene oxide/resin mixture at RT. The next day, the solution was removed and 100%
resin was added to the samples for a minimum of 4hrs. In resin filled plastic molds,
samples were oriented for proper sectioning. The molds were baked at 70oC overnight.
While the resin blocks were still warm and malleable, excess resin was trimmed from
the sample. Two micron sections were serial collected using a LKB Ultotome III type
8801A microtome. Sections were viewed directly under a Zeiss Axiophot scope.
2.3 Cloning of the defu locus
2.3.1 Mutagenesis
To isolate P-alleles of defu, we employed a local hopping approach. In order to
mobilize a P-element, one must generate flies which contain the ingredients necessary for
active transposition. To do so one genetically combines transposase, the enzyme which
catalyzes transposition, and a P-transposable element, the substrate of the transposase.
These flies are termed, jump start flies. For our local hopping approach, flies containing
a transposase source, w-; Dr1/TMS, Sb-P{ry+t7.2=delta2-3}99B, were crossed to flies with
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a P[lacW] P-element construct inserted at 58E1-2 on the l(2)k08316 chromosome (Torok
et al., 1993). defu is located at position 58D. From this cross we selected females which
contained the tranposase and P-element (w-, P[w+]/+; TMS, Sb-P{ry+t7.2=delta2-3}99B/+).
These females were then mated to males with a defu point mutation (defu3). This enabled
us to test the gametes of the jump start flies for complementation of the defu locus. Since
the crosses were performed in a w- background, we examined all P[w+], straight wing
flies for the characteristic defu mutant phenotypes, which include a rough eye, and
missing bristles on the thorax, abdomen, and humeral.
Local Hopping
w-/y; P[w+]58E1-2/ CyO

X

w-/w-; P[w+]58E1-2 / + ;+ /TMS, Sb1 P{ry+t7.2=delta2-3}99B

w-/w-; Dr1/TMS, Sb1 P{ry+t7.2=delta2-3}99B

w-/y; defu3/ CyO

X

w-/y; defuP[w+] / gp1503

X

w-/w-; defu3/ CyO

w-/y; defuP[w+] / CyO
w-/w-; defuP[w+] / CyO

Also, an X to autosome approach was employed in order to generate defu P-alleles.
This method was unsuccessful. We screened ~4000 flies and obtained zero candidates,
which prompted us to concentrate on the local hopping approach.
2.3.2 Plasmid rescue
Plasmid rescue was performed on defuP2 and defuP8. First genomic DNA was isolated
from either genotype. Fifty flies were homogenized in 500µl of homogenization buffer
(7M Urea, 2%SDS, 50mM Tris-HCl pH 7.5, 10mM EDTA) and 500µl of
phenol/chloroform. After incubation, the samples were rocked for 20min at RT. The
samples were spun to separate the aqueous layer then a phenol/chloroform followed by a
chloroform extraction was performed. A one-tenth volume of 3M Sodium Acetate was
added to the aqueous layer, then the DNA was ethanol precipitated.
Genomic DNA(3µg) was cut with either EcoR1 or SacII. After digestion, the DNA
was precipitated and resuspended in a large volume of ligation mix (100µl), in order to
promote self-ligation. After ligation, the DNA was precipitated, resuspended in 20µl of
water and used to transfect chemically competent bacteria. The bacteria containing the
rescued plasmid were selected on ampicillin plates.
2.3.3 Genomic and cDNA library screening
By using standard procedures (Sambrook et al., 1989), we screened a Drosophila λfix
genomic (a gift of K. Moses) and λgt10 cDNA eye disk library (made by A. Cowman).
A 1.7kb plasmid-rescued fragment from defuP8 was used to probe 3x105 λfix genomic
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plaques. An 11kb plasmid-rescued fragment from defuP2 was used to probe the λgt10
cDNA library.
2.3.4 Sequencing of genomic and cDNA phage
To sequence the genomic and cDNA fragments, fragments of the DNA were first cloned
into the EcoR1 site of the pBluescript II KS (Stratagene). The Erase-a-Base kit
(Promega) was used to make 5' deletions of the inserted DNA. All deletion constructs
were then sequenced from either the T7 or T3 primer located within pBluescript. Most
sequencing was done at the Nucleic Acid Facility located at the Pennsylvania State
University. Other sequences were performed using the fmol DNA sequencing System
(Promega) in conjunction with the sequencing facilities in 615, Mueller Laboratory,
Pennsylvania State University. Sequences were arranged and compiled using
DNASTAR (DNASTAR, Inc.).
2.4 Confirming the defu mutations correspond to the gp150 gene
2.4.1 P-element excision experiments
In order to confirm if the P-element is responsible for disruption of the defu locus, we
performed P-element excision experiments. P-allele candidates were crossed to the
transposase source (w-, Sp-/CyO; Dr1/TMS, Sb1 P{ry+t7.2=delta2-3}99B @ 18oC). From
this cross, w-, defuP[w+]/CyO; +/TMS, Sb1 P{ry+t7.2=delta2-3}99B males were selected and
crossed to w-; Adv/ CyO females. In the next generation, excision events are recognized
by the lack of P[w+]. Excision events were tested for their ability to complement the
original defu1 allele. For each P-allele tested, approximately 100 P-element excision
events (w-/y; excision/CyO) were scored for their ability to complement defu1.
P-element Excision
w-/y; defuP[w+] / CyO

w-/w-; Sp-/CyO; Dr1/TMS, Sb1 P{ry+t7.2=delta2-3}99B

X

@18oC
w-/y; defuP[w+] /CyO ;+ /TMS, Sb1 P{ry+t7.2=delta2-3}99B

X

w-/w-; Adv-/CyO
CyO
@25oC

X

w-/w-; defu1/CyO

red eyed males

w-/y; excision /CyO
single white eyed male

Score for ability to complement defu1

2.4.2 Molecular characterization of gp150 alleles
2.4.2a gp150P8, gp150P2, gp150P15
To determine the site of P-element insertion, plasmid rescued constructs were
sequenced using a '+' primer directed toward the 3' end of P[lacW]. Sequence generated
was then compared to the existing genomic data and placed in its proper context.
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2.4.2b gp1501 and gp1502
A battery, of PCR primers, was used to amplify genomic portions of the gp1501 and
gp1502 alleles. PCR products of two other alleles from the Torok et al., 1993
mutagenesis, l(2)k08316 and l(2)k00212, were used as controls. From this experiment
we detected an approximately 1kb deletion within the gp150 alleles. In order to generate
a sequencing template, the open reading frames of gp1501 and gp1502 were amplified by
PCR. PCR products were purified (QIAquick PCR purification kit, Quiagen) and
sequenced.
2.4.2c gp1503 and gp1504
The coding region of gp1503 and gp1504 were amplified by PCR. PCR products were
purified, as above, and then sequenced.
2.4.3 Western analysis
Eight sets of eye disk/brain complexes were dissected in PBS. The tissues were spun
down and re-suspended in 20µl of PBT (PBS +0.1% Tween-20). The samples were then
frozen on ethanol/dry ice, and homogenized using a plastic pestle. After addition of 5µl
of SDS sample buffer, the homogenate was boiled for 5min. Samples were spun for
10min @ RT @ maximum speed, then loaded onto a BioRad Ready Gel, 4-15% gradient,
Tris-HCl precast gel.
Gels were transferred O.N. @40mA, as in Sambrook et al., 1989. Blots were probed
with a 1:1000 dilution of our anti-Gp150 mouse polyclonal antibody. Antibody dilutions
were done in PBS + 2% dry milk. To determine if an equal amount of protein was loaded
in each lane, blots were stripped and reprobed for the 70-kD Fascilin I (Fas I) protein
using an anti-Fas I antibody (1:3000) (mAb6D8, a gift of C. Goodman). A goat antimouse IgG was the secondary antibody and the BM chemiluminescence blotting kit
(Boehringer Mannhein) was used for signal detection.
To strip the membrane of antibody signal, blots were soaked in 100mM 2mercaptoethanol, 2% SDS, 62.5mM Tris-HCL pH6.7, for 30min at 50oC. Membranes
were then washed with PBS and blocked in PBS+5% dry milk before the next round of
antigen detection.
2.5 Generation of transgenic flies
2.5.1 General protocol
For this section we will consider the injection of a generic P-element construct. w1118
embryos were collected over a period of 45min. This ensured that the germ line cells of
the embryo were not developed. Embryos were soaked in 50% bleach for 2min to
remove the chorion. Then, embryos were washed with water, and selected by age on an
~1x2cm agar slab. Embryos of the appropriate age were aligned with respect to their
anterior/posterior axis to allow injection into their posterior region. A cover slip, with
glue along one side, was used to snatch the embryos from the agar slab. Embryos were
desiccated to allow injection of transformation fluid, then injected. Transformation fluid
was composed of a mixture of P-element contruct (0.8ug/µl) and helper plasmid (pUChs
∆2-3) (0.2ug/µl), which contained the transposase source (Karess and Rubin, 1984).
Embryos, which survived the injection procedure, were crossed to w1118 flies. Progeny
of the crosses were examined for the presence of red eyed flies, which indicated the
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presence of P[w+] insertions. Subsequently, through the use of dominant markers the
chromosomal location of each insertion was identified.
2.5.2 P-element constructs generated and injected
All alterations to the gp150 coding region were performed in pBluescript
(gp150pBlue) (promega). The altered DNA was then shuttled to the pGMR vector (Hay
et al., 1994), the pUAST vector, or both (Brand and Perrimon, 1993).
2.5.2a Full-length gp150 cDNA
The full-length gp150 cDNA (an ~ 4.2kb EcoR1 fragment) was excised from
pBluescript and cloned into the EcoR1 sites of pGMR and pUAST, to generate the Pelement constructs. Five pGMR-gp150 lines and four pUAST-gp150 lines were
established.
2.5.2b gp150∆ECD
To create a plasmid which lacks most of the extracellular domain of Gp150, we first
PCR amplified the transmembrane portion of gp150 from pBluescript. The 5' primer was
synthesized to generate a HindIII restriction site (5' gat gat cta agc ttg cga act atc cta cga
cct g 3') during amplification, and the 3' primer was the T7 primer (within pBlue). The
amplified fragment cut by HindIII/EcoR1 was used in a triple ligation with the 0.5kb
EcoR1/HindIII fragment of gp150, which contained the Gp150 signal sequence, and the
P-element transformation vector cut with EcoR1. The transformation vector produced,
generated a gp150 transcript, which lacked the extracellular leucine-rich repeats (amino
acids 87-964). Five pUAST- gp150∆ECD lines were established.
2.5.2c gp150∆ICD
To create a construct which expresses only the extracellular domain of Gp150, a stop
codon was generated, via the use of the QuikChangeTM Site-Directed Mutagenesis Kit
(Statagene), three amino acids to the carboxy side of the predicted transmembrane
domain (Tian and Zinn, 1994). The primers used for the PCR-based mutagenesis were:
5'cgcccgagtgatctaAgtggtgctgcgaattcgcggcgagcgctatc3' and
3'gcgggctcactagatTcaccacgacgcttaagcgccgctcgcgatag5', where capitals designate the
mutated residue. PCR used the circular, pBlue(gp150) as a template. Mutated plasmids
were detected via an EcoR1 site generated 3' to the introduced stop codon by the primers
during mutagenesis. The truncated EcoR1 fragment for pBlue(gp150∆ICD) was then
shuttled to pGMR and pUAST. One pGMR-gp150∆ICD and four pUAST-gp150∆ICD
lines were established.
2.6 Phenotypic analysis of gp150- third instar eye imaginal disks
2.6.1 Immunostaining of imaginal disks
Antibody staining was performed as such. Tissues were dissected in PBS solution,
followed by fixation in paraformaldehye-lysine-phosphate (PLP) buffer on ice for 45min
(Tomlinson and Ready, 1987). After fixation, tissues were transferred to wash buffer for
30min on ice. The wash buffer used in staining experiments depended upon the type of
antigen being detected. If the antigen was nuclear, a 0.15% Triton-X, 0.15%
Deoxycholate in 0.1M Phosphate buffer (pH 7.2) was used. If the antigen was a
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membrane protein, 0.1% Triton-X in 0.1M Phosphate buffer (7.2pH) was used. For
double labeling experiments which involved detecting a nuclear and a membrane bound
antigen, the milder buffer was used. Following the wash step, the peropodial membrane
of the eye disks was removed. The tissues were washed 2 times then blocked by a 10min
incubation in 10% NGS/ wash buffer. Tissues were incubated overnight in primary
antibody at 4oC. Primary antibodies used were: anti-Gp150 (1:400) (generated by the Lai
Lab), anti-Boss (1:2000) (a gift of S.L. Zipursky), mouse anti-Cut (1:10) and rat anti-Elav
(1:400) (gifts of G.M. Rubin and Developmental Studies Hybridoma Bank at the
University of Iowa), mouse anti-Hairy (1:1) (a gift of S.Carroll), rabbit anti-Myc (1:5000)
(Santa Cruz Biotechnology, Inc.), mouse anti-Notch (1:1000) (C458.2H, the
Developmental Studies Hybridoma Bank at the University of Iowa), guinea pig anti-Delta
(1:3000) (GP581, a gift of M.A.T. Muskavitch), rabbit anti-Ato (1:10,000) (a gift of Y.N.
Jan), and rabbit anti-BarH1(1:100) (a gift of K. Saigo) antibodies.
After primary antibody incubation, the tissue was washed three times with wash buffer
and then incubated for 2 hours at RT in the corresponding secondary antibody.
Secondary antibodies used were: Texas red-conjugated anti-mouse IgG, FITC-conjugated
anti-rabbit and anti-guinea pig IgG (Jackson Immuno Research), biotinylated-conjugated
anti-mouse and anti-rabbit IgG (Vector Laboratories). Fluorecently labeled antibodies
were visualized directly using fluorecent microscopy and images were collected on a BioRad MRC-1024 Confocal Laser Scanning System (BioRad, Hercules, CA) (Dr. Carol
Gay). Biotinylated antibodies were visualized using the Vectastain ABC kit (Vector
Laboratories). Color reaction images were collected using the Prog/Res/3008 Kontron
Elektronik digital camera. Images were adjusted for contrast and brightness in Photoshop
4.0.
For the shits1(described at Flybase: http://flybase.bio.indiana.edu:82/) experiments, mutants
were heat shocked for 7hours at 29oC before their third instar eye disks were dissected for
antibody staining.
Additional fly lines used with immunostaining include: UAS-fringe-ADD-myc (Munro
and Freeman, 2000), UAS-GFP-DRab7 (Entchev et al., 2000), GMR-Gal4 (Hay et al.
1994), scaT3 (Kramer et al., 1995), hH10 (Huang and Fischer-Vize, 1996).
2.7 Gp150 antibody production
2.7.1 Generation of fusion protein constructs
Antigens for antibody production were generated and isolated via the use of the GST
Gene Fusion System, Pharmacia Biotech. All constructs were generated by shuttling
excised gp150 cDNA fragments from pBluescript (promega) to the SmaI site of the
pGEX-3X vector. Expression plasmid 0.56exp contains the SalI-EcoRV fragment from
gp150pBlue. 0.56exp produces a fusion protein, which contains amino acids 5-192 of the
Gp150 protein. 0.7exp and 0.8exp, contain EcoRV cDNA fragments, which are 722bp
and 838bp, respectively. 0.7exp and 0.8exp encode portions of the LRRs of Gp150. The
cDNA fragment in 1.9exp is the EcoRV-SmaI (SmaI site within pBluescript) fragment
(~1.9kb), which contains the C-terminal fragment of Gp150.
2.7.2 Isolation of fusion protein antigens
BL21 cells were used to express the fusion proteins. BL21 E. coli cells lack the OmpT
and Lon proteases (Stratagene). This helps the stability of overproduced fusion proteins.
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Through small-scale induction, we found that only two of the constructs, 0.56exp and
0.8exp, produced high levels of fusion protein. Unfortunately, neither of the proteins was
soluble. Therefore, to obtain protein for antibody production, direct gel extraction of the
fusion proteins was performed.
To obtain fusion protein, 1 liter of 2xYt w/100ug/ml of ampicillin was spiked with
40mls of overnight culture of fusion construct containing bacteria. Bacteria were grown
for ~2hrs at 37oC till the O.D. 600 read ~0.8. When ready, fusion protein was induced by
adding IPTG to 1mM concentration. Bacteria were allowed an additional 2-5hrs of
growth before cells were lysed.
The cells were spun down and re-suspended in 20mls PBS. To 10mls of cells/PBS an
additional 10mls of PBT (PBS + 0.1% Tween-20) was added. This solution was
transferred to an Oakridge tube and boiled for 10min. The lysed cells were spun for
10min to pellet the membranes and inclusion bodies. The supernatant was removed and
discarded. To the pellet, 8mls of SDS sample buffer (maniatis) was added. The solution
was boiled for 10min then spun. Approximately 2mls of supernatant was loaded to one
large well of a SDS polyacrylamide gel and ran for ~4hrs at 250V.
When the bromophenol blue band exited the gel the gel was stained with coomassie
blue (50% methanol, 0.05% (v/v) coomassie brilliant blue R-250, 10% (v/v) acetic acid,
40% H2O). After 30min the gel was rinsed with several washes of ddH2O. The large
induced protein band was visible without destaining the gel. The submerged gel was then
placed at 4oC for 3hrs, to solidify the gel. The desired protein band was removed using a
razor blade and chopped into ~1mm3 fragments. To gel elute the protein we used the
Electro-eluter concentrator, model# ECU-040, C.B.S Scientific Co. A Spectra/Por 6
membrane MWCO: 25,000da from Spectrum was placed on both ends of the H-shaped
gel apparatus. Gel pieces were placed in one end of the H-shaped apparatus to just below
the cross-channel. Soaking buffer (0.4 M NH4HCO3, 2%(w/v) SDS) was added to just
cover the gel pieces. Then, elution buffer (0.05 M NH4HCO3, 0.1% (w/v) SDS) was
carefully overlayed, till both chambers were filled. The gel pieces were left to soak for
3hrs before a voltage was applied. Samples were eluted for 12-16hrs at 50V at R.T. For
more detail see Electroelution of Proteins from stained Gels, Current Protocols in
Molecular Biology, Ausubel et al. (1997).
2.7.3 Preperation of spectra membrane
Membranes were cut into 6-inch pieces, then soaked in 1% ammonium bicarbonate @
o
60 C for 1hr. Afterwards, the membranes were washed with ddH2O, then soaked in 0.1%
SDS @60oC for 1hr, which was followed by more washes in ddH2O. Membranes were
stored at 4oC in 0.1% sodium azide.
2.8 S2 cell transfection, induction, staining
Drosophila Schneider (S2) cells were grown in Schneider's medium supplemented
with 10% fetal bovine serum (Gibco BRL). According to the instructions of the TfxTM20 reagent (promega), 106 cells were transfected with 2ug of each expression construct.
Both pmt-gp150myc (a gift of K. Zinn, Fashena and Zinn, 1997) and pmt-Delta (a gift of
M.A.T. Muskavitch, Fehon et al., 1990) were induced via addition of 0.7mM CuSO4 for
24 hours. Cells were fixed and labeled as in Fehon et al. 1990. Primary antibodies
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include guinea pig anti-Delta antibody (Gp581) (1:3000) (a gift of M.A.T. Muskavitch)
and anti-Myc acites (1:1000) ( a gift of G.M. Rubin).
2.9 Testing for dominant modifications of gp150 phenotypes
A sensitized genetic background of gp150P8/gp1502 served as the baseline genotype to
monitor if heterozyogosity at a particular locus causes an enhancement/ suppression of
gp150 phenotypes. Alleles tested include; N55e11; NXK11; Dl9P; Dl6B; scaBP2; Su(H)AR9;
Su(H)SF8; E(spl)r16; grob32.2; Rase2F; Rase1B; Egfrf2; Abl1; dabm54; Src42Ak0101004; PTP69D1;
PTP99A1; DPTP10D1; Lare55; car1; dor4; g2; hk11 (a gift of Helmut Kramer). All alleles
are described at FlyBase: http://flybase.bio.indiana.edu:82/ . Some of these same alleles were
used in the gp150 overexpression analysis.
2.10 Overexpression analysis
The UAS/Gal4 system was utilized to overexpress gp150 (Brand and Perrimon, 1993).
Gal4 drivers used were sev-Gal4 (The Bloomington Drosophila Stock Center), scaT3
(Kramer et al., 1995), sca73/1 (Lee et al., 1998), and ey-Gal4 (Kurata et al., 2000).
Crosses were performed at 25oC and 29oC. UAS-lines include: UAS-DeltaWT-1; UASNECD (gifts of MAT Muskavitch, Jacobsen et al., 1998); UAS-Serrate on the third
chromosome (a gift of MAT Muskavitch, likely from Gu et al., 1995). UAS-Nintra (J.
Treisman); UAS-Fringe (Kim et al., 1995)
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Chapter 3: Results
3.1 Cloning of the defu locus
3.1.1 Background
The primary goal of the project was to clone the unknown gene which, when defected,
resulted in a recessive rough eye phenotype (Fig.10B). Originally, these recessive rough
eye mutants were generated during a P-element mutagenesis to isolate lethal alleles of the
second chromosome of Drosophila melanogaster (Torok et al., 1993). Two of the lethal
alleles, which failed to complement one another were actually sub-viable and showed
reproducible phenotypes, l(2)k11107 and l(2)k11120 (Fig. 10). These alleles will be
referred to as delayed furrow1 and delayed furrow2 (defu1 and defu2), respectively.
Originally, the name delayed furrow was assigned to these alleles because the eye
phenotype was believed to be caused by a defect in furrow progression. However,
because of reasons described herein the name was later changed. defu- adult escapers
posses several distinct phenotypic characteristics, one of which is the rough eye. Other
phenotypic traits include, missing or extra sensory bristles on the thorax, head, wing and
abdomen (Fig 10D,F,H,J,L), and a 'delta-like' phenotype of the wing veins (Fig. 10H ).
Upon entering the project, some data and several tools were available to aid in the
cloning of the gene. First, deficiency mapping of the locus limited the gene to the 58D15 region of the second chromosome. Unfortunately, the original P-element which is
designed to facilitate the recovery of DNA adjacent to the P-element insertion site was no
longer linked to the phenotypes of interest. Likely, the defu1 and defu2 were generated
due to a transient relationship between the P-element and the defu locus. Upon
dissociation of the two, it is hypothesized that an imprecise excision of the P-element
occurred which resulted in an insertion or deletion at the defu/P-element insertion site.
Other resources available were two EMS alleles (defu3 and defu4), generated by Y. Li
and Z-C Lai in a F2 screen of 6,167 chromosomes. With the above, a P-element
mutagenesis was designed to generate new P-alleles.
3.1.2 P-element mutagenesis
Using the previously mentioned phenotypes as markers, two types of P-element
mutagenesis experiments were performed in an attempt to isolate new P-alleles which fail
to complement the existing defu alleles. The first approach used was an X to autosome
approach in which a P-element on the X chromosome is mobilized with hopes of
mutating a gene on an autosome (defu is on chromosome 2, an autosome). After
screening 4000 flies, no new mutant alleles were isolated. Since the X to autosome
approach appeared futile, a local hopping scheme was devised (See Materials and
Methods). Local hopping employs a P-element which is relatively near, ~100kb, to the
target loci as a mutagen. Experiments have shown that the frequency of P-element
insertions tends to be higher in regions near to the P-element excision site (Zhang and
Spradling, 1993; Tower et al. 1993). In the local hopping experiment, transposition of a
P[lacW] inserted at 58E1-2 on the l(2)k08316 chromosome was induced as a mutagen
(Torok et al. 1993). ~30,000 chromosomes were screened for noncomplementation of the
defu locus and 9 new P-element alleles, P2, P6, P8, P10, P11, P12, P13, P15, P16 were
obtained. All alleles showed the full range of defu- phenotyes but varied in severity. The
P8 allele is the weakest allele isolated and the only homozygous viable allele. All other
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Fig. 10. Eye, wing, and bristle phenotypes of defu, used for P-element screen.

Panels A,C,E,G,I, and K are WT. Panels B,D, F, H are defu2 and panels J and L are defu1. SEM pictures of
the Drosophila adult eye (A,B). Adult wings (C,D) and close ups of boxed areas (E-H). Wing veins are
labeled in (C). In panel F, asterisk and open circles represents duplicated and missing bristles, respectively.
Arrow in (H) shows ectopic bristle within wing vein III and arrowhead shows expanded wing vein
terminal. Bristles of the occellar region of the head (I,J) and microcheate of the notum (K,L). In J, circle
shows bristle location with multiple socket cells, circled X marks bristle location without external
structures. In L, arrowhead points to extra socket cell, and arrow points to duplicated bristles.
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P-alleles were lethal presumably due to either the presence of the original P-element at
58E1-2 or an imprecise excision of the original P-allele, since all alleles except P8 failed
to complement the l(2)k08316 chromosome.
3.1.3 Recombination mapping of the P-element at 58E1-2 with respect to the defu
locus
Recombination mapping was conducted to determine the distance between l(2)k08316
at 58E1-2 and the defu- locus. Phenotypic markers used for this analysis were the red eye
associated with l(2)k08316 at 58E1-2 and the rough eye associated with defu-. To
perform the experiment P-alleles were crossed to w- flies. Since recombination only
occurs in Drosophila melanogaster females, heterozygous w-; defuP[w+], l(2)k08316 P [w+]/
+,+ females were collected and crossed to w-/Y; defu3/CyO males (Fig 11A). From this
cross, recombinants were identified resulting from recombination between defuP[w+] and
l(2)k08316 P [w+]. Non-recombinant chromosomes would display a phenotype of red
rough eyes or white normal eyes. Recombinant chromosomes would show a red normal
eye or if a P[w+] is not inserted into the defu gene a white rough eye. If these
recombinants were produced, a genetic distance between the original P-element and the
defu- locus was calculated. Also, if the P-element resides within the defu- locus no white
eye, defu- flies should be produced. This analysis was performed for P-alleles, P2, P6,
P8, P10, P15 and P16 (Fig. 11B).
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defuP[w+]

w-;

x
+
+
Non Recombinants: red rough eye
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red rough white normal
eye
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w-/Y; defu3/CyO
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Fig. 11. Recombinational linkage analysis of P[w+] and the defu- locus
Schematic of genotypes used during recombinational analysis (A). Progeny of cross (A) were scored for
recombinate phenotypes (B). Linkage between defu- and P[w+] suggests that the P[w+] gene disrupts defu+
function.
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No P-alleles tested produced white rough eye flies suggesting that at least the P[w+]
marker of the P-element resides within the defu- locus. Several P-alleles, P2, P6, P15
and P16 produced individuals with red normal eyes due to the presence of the original Pelement used for mutagenesis. Therefore, by taking the number of recombinant
chromosomes divided by the number of non recombinants, the original P[w+] at 58E1-2
was found to be between 0.19-0.47 map units (about 100-300kb) from the defu- locus
(Fig. 11B). These distances are similar to the distance between the original defu alleles
and the original P-element at 58E1-2 (0.19-0.39 m.u.). In P8 and P10, the original Pelement excised from the 58E1-2 position. Since P10 failed to complement l(2)k08316, a
possible imprecise excision occurred at 58E1-2.
3.1.4 P-element excision experiment
Next, to confirm that a complete P-element is responsible for disrupting the defu
locus, a P-element excision assay was performed. In the assay, if the P-element excises
from the defu locus two scenarios could occur. One is that the P-element precisely
excises creating a WT defu locus as the excision product, which would complement the
defu- chromosome. The second scenario is that an imprecise excision occurs. Imprecise
excisions result in the deletion of DNA flanking the P-element insertion or in a portion of
P-element DNA remaining within the locus, after the completion of excision. Imprecise
excisions would continue to disrupt the defu locus and therefore the chromosome would
fail to complement the defu- allele.
P-element excision assays were performed for six different P-alleles (Table 2). The
results show that alleles P2, P8, P10, and P15 show high frequencies of precise, along
with lower frequencies of imprecise excisions. This suggests that the P-element is
responsible for non-complementation of the defu locus and resides within the defu locus
of these P-alleles. P-alleles P6 and P16 failed to produce any WT revertants. This
suggests that the P-element which caused these mutations was likely transiently
associated with the defu locus. Upon leaving the locus, an imprecise excision occurred
leaving behind either part of the P-element or a deletion. Due to the recombination data in
the proceeding section, the former is favored (see above). A deletion or partial P-element
sequence within the defu locus would render the locus irreversibly disrupted.

P-allele

Excision
Line

WT Revertants
(%)

P2
P6
P8
P10
P15
P16

94
37
86
42
56
90

76 (81)
0 (0)
74 (86)
29 (69)
22 (39)
0 (0)

Table 2. P-allele excision results
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defu Mutants
(%)
18 (19)
37 (100)
12 (14)
13 (31)
34 (61)
90 (100)

3.1.5 Plasmid rescue of flanking genomic DNA region
The new P-alleles containing a P-element in the defu locus were subsequently used to
obtain DNA flanking the P-element insertion site. The technique is termed plasmid
rescue and is feasible due to modifications of the P-element vector. P[lacW] is designed
with several features; it contains a bacterial origin of replication, an ampicillin resistance
gene and several restriction endonuclease sites located just 5’ to the previously mentioned
features (Bier, et al, 1989) (Fig. 12A). To rescue a plasmid, the P-allele genomic DNA is
digested with one of the available 5’ restriction enzymes. Along with the cut of the 5’
restriction site within the vector, a cut within the 3' flanking genomic DNA is desired
(Fig. 12B). After the restriction enzyme digest, all genomic DNA fragments are ligated
(Fig. 12C). Upon ligation, if all goes well, you will obtain a hybrid plasmid which
consists of a bacterial origin of replication, an ampicillin resistant gene, and hopefully 3’
flanking genomic DNA.

P[lacW]
lacZ

A

AmpR

c

OriC

defu locus
Restriction site
within genomic
sequence

Restriction endonuclease
site
within vector

1. Cut with restriction
enzyme

B
AmpR

OriC

defu locus
2. Ligation

3.Bacterial Transfection
and Selection

C

Fig. 12. Plasmid rescue
Schematic representation of the features of P[lacW] which allow for plasmid rescue (A): 5’ restriction sites,
ampicillin resistance gene (green box), bacterial origin of replication (blue box). Genomic DNA is cut with
restriction enzyme (B), which is followed by ligation (C). Hybrid plasmids are selected by exposure to
ampicillin and checked via restriction digest.
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Plasmid rescue on two P-alleles, P2 and P8, was performed using the restriction
enzyme EcoR1. From P2, we obtained a rescued DNA fragment of ~11kb and from P8 a
1.7kb fragment was obtained (Fig. 13A). Restriction enzyme digest mapping of the
fragments was by standard methods (Sambrook et al., 1989). Once obtained, these
fragments were used to screen a λfix Drosophila genomic DNA library, a gift from K.
Moses, and a λgt10 Drosophila third instar larvea eye imaginal disk cDNA library, a gift
from G.M. Rubin.
3.1.6 Genomic and cDNA library screening
Screening of the libraries used standard screening protocols (Sambrook et al.,
1989). Approximately 3 x 106 plaque forming units (pfu) of the λfix genomic library
were screened for hybridization to the 1.7kb genomic rescued fragment from the P8
allele. Two clones were isolated. The larger of the clones, with a size of 16kb, was
restiction mapped (Fig. 13B). For the cDNA library ~7.2 x 105 pfu were screened with
the ~11kb genomic rescued fragment from the P2 allele. Three clones were isolated the
largest of which contained a 4.2kb fragment.
1.7kb
rescue
fragment

λfix genomic library

A

~11kb rescue fragment from P2
allele
λgt10 eye imaginal disk cDNA

P8 P2

B
16kb genomic
clone
H

E Xh

X

KE

B E

X

H

Xh

S

H

H

(E?
)

Fig. 13. Phage library screening in search of defu candidate genes.
Plasmid rescue fragments from alleles P8 and P2 (A). A 16-kb genomic clone from a λfix genomic library
was found by the 1.7kb P8 rescued fragment probe.

Relative positions along the 16 kb genomic clone were established between the 4.2kb
cDNA and the 1.7kb P8 plasmid rescued fragment. From this experiment, it was
established that the 4.2kb cDNA and the 1.7kb rescued sequence hybridized to a common
fragment. From that observation, the 4.2kb cDNA sequence was a strong candidate for
the gene which is distrupted by the P[lacW] vector in P8. Since the 4.2kb clone was the
largest cDNA clone isolated and it contains sequence relatively close to a P-insertion site,
we mapped and sequenced the 4.2kb cDNA fragment.
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To sequence the 4.2kb cDNA quickly, 5'or 3' deletions were generated by digesting
with a 5' or 3' exonuclease for various times (Erase-a-base Kit, Promega). This generated
a ladder of fragments which were then self-ligated. From the ligations, a series of
plasmids was generated containing the deleted fragments of the 4.2kb cDNA. All
sequencing used a common 5' primer. The Pennsylvania State University sequencing
center did the sequencing. Overlapping sequences were compiled using DNASTAR
(DNASTAR, Inc.).
Since the ~16kb genomic clone did not cover the 3' portion of the 4.2kb cDNA,
intron/exon information of the 3' region was obtained by a PCR method in which primers
were generated from cDNA sequence and used to amplify genomic DNA.
3.1.7 The 4.2kb cDNA clone encodes the Gp150 protein
After the 4.2kb cDNA sequencing was completed, a search for open reading frames
and homologies to other known sequences was performed. The 4.2kb cDNA contained
the entire open reading frame of the previously characterized Gp150 (Tian and Zinn,
1994). Previously, Gp150 was isolated through its interaction with a Drosophila receptor
tyrosine phosphatase RPTP10D. Gp150 is a transmembrane glycoprotein, which
contains several conserved motifs in both the extracellular domain, and it's cytoplasmic
domain (Tian and Zinn, 1994; Dhulkotia et al, 2000) (Fig. 9). The extracellular domain
of Gp150 consists of 18 adjacent leucine rich repeats (LRR) which are flanked by acidic
residues on the carboxy and amino termini of the repeats. LRRs are known to mediate
protein-protein interactions and are found in a multitude of proteins which possess a
variety of functions, i.e. axon guidance and dorsal/ventral patterning (reviewed in Kobe
and Deisenhofer, 1994; Kajava, 1998). The short cytoplasmic domain of Gp150 (60aa)
contains 3 conserved tyrosine residues whose sequence context suggests the possibility of
phosphorylation at these residues (Dhulkotia, et al., 2000) Once phosporylated, these
residues could possibly recruit other proteins which bind to phosphorylated tyrosines, i.e.
SH2 containing proteins. Work done by K. Zinn's lab at Cal Tech has demonstrated that
Gp150 is phosphorylated (Fashena and Zinn, 1997). In addition, they have shown that
receptor protein tyrosine phosphatases esp. RPTP10D and RPTP69A are able to
dephosphorylate Gp150, in vitro.
3.1.8 defu locus corresponds to the gp150 gene
Since the gp150 gene was the one and only candidate, loss of gp150 was tested for
responsibility of the defu- phenotypes. First, the elucidation of the WT locus region of
gp150 was performed. The gp150 gene contains 6 exons and 5 introns (Fig.14A). Two
small, non-coding exons are separated from the coding region by an intron of 7.22kb.
Next, it was determined if the defu alleles showed alterations within the gp150 locus and
Gp150 protein levels. Two P-alleles examined P2 and P8 have P-elements inserted
within the second intron of the gp150 gene (Fig. 14A). In many cases, an insertion of a Pelement vector within an intron of a gene will disrupt normal gene function (e.g. Lai and
Rubin, 1992). A third P-allele P15 has a P-element located within exon 1 of the gp150
locus. All other defu alleles examined, except defu3, display chromosomal abnormalities
within the gp150 coding region which produced the expected altered Gp150 protein
product. Furthermore, reduced or no WT Gp150 protein was detected in each of the defu
alleles examined on a western blot of eye/brain imaginal disk extracts (Fig. 14B).
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Therefore, seven out of seven defu alleles examined had defects of Gp150 production.
Detailed descriptions of defu alleles will follow in the next section.

A
3’

5’
E Xh

X

K E

B E

X

Xh

S

GMRWT gp150P8 gp1502 gp1503 gp1504 gp150

B
Gp150
90 kD
Fas I

Fig. 14. defu locus corresponds to the gp150 gene.
Schematic representation of the gp150 locus (A). Open boxes represent untranslated regions while filled
boxes represent the gp150 open reading frame. Restriction enzymes used for mapping include BamHI(B),
EcoR1(E), KpnI(K), SalI(S), XbaI(X), and XhoI(Xh). A western blot of Drosophila eye/brain complexes
probed with the anti-Gp150 mouse polyclonal antibody. The anti-Fasciclin I (FasI) served as an internal
control, and was detected by anti-FasI (MAb6D8) in all lanes.

Also, the defu- phenotypes were partially suppressed by reintroducing the gp150 gene.
To do this, transgenic flies were generated which express the full-length gp150cDNA
under control of the eye specific Glass-Multimer-Repeat (GMR) promoter (Hay et al.,
1994). The GMR promoter drives expression in all cells located posterior to the
morphogenetic furrow (MF). In the defu2 alleles, when gp150 is expressed via the GMR
promoter, the adult eye phenotype of defu2 is partially suppressed (Fig. 15C,F). Similar
results were obtained with two different GMR-gp150 constructs (Fig. 15G). Furthermore,
detection of the 90kda truncated Gp150 protein band within the rescued flies confirmed
the presence of the gp1502 chromosome (data not shown). The above results show that
the loss of gp150 is responsible for the defu- phenotypes.
Since the cloning of gp150 proceeded the generation of the defu mutants, the gp150
nomenclature was adopted. Therefore, from here in, all defu- allele names will be
changed to the gp150 nomenclature, i.e. defuP8 is now gp150P8, defu2 is now gp1502.
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gp1502

WT

gp1502, GMR-gp150

A

B

C

D

E

F

G
Genotype

% Mutant ommatidia

gp1502/ gp1502

35
(522)

gp1502, GMR-gp150/ gp1502, GMR-gp150

6.5
(368)

gp1502/ gp1502; GMR-gp150/ GMR-gp150

11.1
(330)

Fig. 15. defu2 is rescued by expression of gp150 using the GMR promoter.
SEM pictures of adult Drosophila eyes (A-C) and adult sections of Drosophila eyes (D-F). Genotypes
label the columns. Eyes of the defu2 mutation (B,E) show a disorganized array of ommatidia compared to
the WT organization (A,D). The arrow in (E) shows fused ommatidia. When the gp150 gene is expressed
in the defu2 background, ommatidial rows become more organized and the full complement of R-cells
returns to most of the ommatidia (C,F). Arrow in (F) shows an ommatidia lacking the R7 cell. Anterior is
to the left. Table shows genotype and percentage of mutant ommatidia (G). Ommatidia containing too
many or too few R-cells were counted as mutant.
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3.1.9 Molecular characterization of gp150 alleles
Several of the gp150 alleles are described at both the chromosomal, and protein level.
As stated above, the gp150 P-alleles, gp150P2 and gp150P8, both contain a P-element
insertion located 53bp downstream of exon 2 (Fig. 16A). In gp150P8 eye/brain disks
extracts the levels of Gp150 protein were noticeable reduced (Fig. 16B). These results
corroborate the embryonic in situ (data not shown) and whole mount staining of gp150P8
embryos (Fig. 16C). These results, plus the weak phenotypes of the gp150P8 adults, show
that gp150P8 is a hypomorphic allele of gp150. The third P-allele examined, gp150P15, has
a P-element inserted into exon 1 of gp150 (Fig. 16A).
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E Xh
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B E

X

Xh

S

53bp downstream of exon 2

Within exon 1

GAATACGCGCTAGACTAGAAAGCGATCCC
A

TATCTTTAGTCCGAGAGTCGGAGTTATGG
A

P8 & P2

P15

B

WT

C

P8

Gp150

WT

P8
Fas I
Fig. 16. Molecular description of gp150 P-alleles.
Schematic representation of the gp150 locus (A). Open boxes represent untranslated regions while filled
boxes represent the gp150 open reading frame. Sequences containing P-element insertions are enlarged
and have arrows which designate insertion sites. Arrows also designate the direction of the P-element
insertion with the arrowhead representing the 3’ end of the P-element. Western blot showing reduced
levels of Gp150 within the P8 allele (B). Reduced levels of Gp150 were also seen in stage 12 whole mount
embryos stained for Gp150 (C).
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The gp1501 and gp1502 alleles appear to have an identical chromosomal abnormality.
In these alleles a 1.305kb deletion covering part of exon 5 and extending into exon 6
generates a stop codon at amino acid position 623 of the gp150 coding region (Fig.
17A,B). Consistent with the genomic DNA data, gp1502 eye/brain disks produce a
truncated ~90kD protein product which is detected by western analysis (Fig 17C). The
90kDa protein product is non functional as gp1502 is recessive and shows similar
phenotypes as gp1503 and gp1504.
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Fig. 17. The gp1501 and gp1502 alleles are caused by a 1,305bp deletion.

From sequence analysis a deletion within exon 5 extending to exon 6 was detected in the gp1501 and
gp1502 alleles (A). PCR amplification of a portion of the gp150 locus shows an ~1.3kb deletion (B).
Controls used were the l(2)k00212 and l(2)k08316 chromosomes (B). Western revealing a truncated Gp150
protein produced by the gp1502 allele. This protein is non functional as gp1502 is recessive and displays
similar phenotypes as the gp1503 and gp1504 alleles.
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In the gp1503 allele, no major changes within the open reading frame of gp150 were
detected. A deletion of three nucleotides which deletes amino acid 872 within the
carboxy-acidic region of Gp150 was detected, but this was also detected in the gp1504
line. Therefore this defect might be a polymophism within the w1118 line used for
mutagenesis. Whether the deletion is problematic or not, evidence shows that no protein
product was detected in gp1503 eye/brain complexes (Fig. 14B). Since the anti-Gp150
antibody is specific and reliable, it is assumed that an unconfirmed defect in regulatory
sequence or a defect of RNA stability results in no Gp150 production. The gp1504 allele
contains a point mutation, which produces a stop codon at amino acid 94 for tryptophan
(Fig. 18A). This protein product appears unstable, since no protein product was detected
in gp1504 eye/brain disks extracts (Fig. 18B). These data suggest that gp1503 and gp1504
are protein nulls. A summary of the gp150 alleles is given in Table 3.
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Fig. 18. Molecular description of gp1504.

Schematic showing the nature of the gp1504 stop codon (A). Western analysis showing the
instability of the gp1504 truncated protein product (B).

Allele

Chromosomal Defect

gp150P2

P-element insertion in intron 2

N/D

gp150P8

P-element insertion in intron 2

Reduced levels of Gp150

P-element insertion in exon 1

N/D

P15

gp150

1

gp150

2

gp150

3

gp150

gp1504

1.305kb Deletion covering exon 5 and 6
1.305kb Deletion covering exon 5 and 6
No defect in gp150 coding region
Point mutation
generates stop codon at a.a. 94

Protein Product

N/D
Production of 90kD product
No Gp150 produced
No Gp150 produced

Table 3. Molecular description of gp150 alleles. N/D- Not Determined
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3.1.10 Conclusions
The successful isolation of new P-alleles of the defu locus and used these P-alleles to
isolate DNA flanking the P-element insertion. After screening of a cDNA library, the
one and only candidate was the previously cloned gp150 gene (Tian and Zinn, 1994).
Subsequently, many strong pieces of evidence were gathered which point to loss-ofgp150 function as the reason for the defu- phenotypes.
First, all defu alleles examined showed reduced or no Gp150 protein, as detected by
western blotting. Furthermore, all of the defu alleles, except gp1503, showed
chromosomal defects within the gp150 locus, which corresponded to their Gp150 protein
product. Although no alterations were detected within the gp150 open reading frame of
gp1503, no protein was detected within gp1503 third instar eye/brain disk complexes.
Since the anti-Gp150 antibody is specific and reliable (Data shown later in thesis), an
unconfirmed defect in regulatory sequences or a defect of RNA stability results is
assumed to be the cause of no Gp150 production.
Secondly, the functional rescue, of defu mutations, by gp150 supports that the loss-ofgp150 results in defu phenotypes. For the functional rescue assay, gp150 was expressed
in gp150 mutant eye disks using the GMR promoter. Using two separate GMR-gp150
expression lines, the percentage of mutant ommatidia was significantly reduced and the
ommatidial alignment was restored in defu mutants carrying the transgene. To confirm
that the mutants rescued were the defu2 allele, a western was performed which detected
the ~90kD Gp150 fragment. A possible explanation for the partial rescue of defu
phenotypes by GMR-gp150 is that the GMR promoter does not replicate the endogenous
gp150 expression. Certainly, a complete rescue of defu phenotypes via gp150 under
control of its endogenous genomic enhancers would be desired. However, attempts to
generate a genomic rescue fragment have been unsuccessful, and although the data
strongly implicate gp150 as being responsible for the defu phenotypes, a genomic rescue
is still being sought. If successful, this experiment would not only provide additional
support to the above case, but also serve as a foundation for rigorous structure/function
analysis of Gp150.
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3.2 Phenotypic analysis of gp150 mutations
3.2.1 gp150 alleles are sub-viable
All existing gp150- alleles share several distinct phenotypic characteristics. One such
trait is gp150- allelic combinations are sub-viable. Crosses were performed between
different gp150 alleles to test the viability of different allelic combinations of gp150(Table 4). Over 200 flies from each cross were scored based upon CyO and gp150
phenotypes. If gp150 had no effect on viability, 33% of the adults should be gp150-. All
heterollelic combinations showed less than the expected number of adult survivors.
Crosses showing an extreme percentage of lethality, such as gp1503/gp1504, could
possibly be due to second site mutations.
gp1501
gp1501
gp1502

gp1502

gp1503

gp1504

61
(n=633)

75
(n=747)

73
(n=221)

61
(n=334)

61
(n=526)

43
(n=319)

46
(n=319)

93
(n=476)

63
(n=331)

gp1503

Df(2R)02311

62
(n=355)

gp1504

Table 4. Viability of gp150 heterollelic combinations
Table shows the percentage of predicted gp150 mutants which failed to eclose. For example in a cross
between gp1501/CyO and gp1503/CyO 75% of the predicted gp1501/gp1503 flies fail to develop to the adult
stage. n= total number of adult flies scored.

3.2.2 External mophological phenotypes of gp150 mutants
gp150- mutants posses several external morphological markers which differ from WT
flies. The notable mutations manifest in the adult eye, wing and sensory bristles. WT
Drosophila compound eyes are composed of many smaller individual units called
ommatidia (~800 units per adult eye). Each ommatidium is in perfect alignment with
respect to the surrounding ommatidia which leads to a very precise organization of the
eye. This organization arranges ommatidia into perfectly slanted parallel lines
crisscrossing the eye (Fig. 10A). Compared to the exterior of the WT adult eye, the
exterior of the adult gp150- eye is markedly rough. In the gp150- eye, ommatidia rows are
no longer in alignment and the presence of fused ommatidia is evident (Fig. 10B).
In the WT wing, veins are a major morphological features used to define normalcy.
WT wings have five major wing veins which are designated I, II, III, IV and V (Fig.
10C). Wing vein I runs along the margin of the wing and is studded with evenly spaced
bristles (Fig. 10C,E). Wing veins II, III, IV, and V run along the proximal/distal axis of
the wing and are designated numerically as you proceed posteriorly from the most
anterior region of the wing blade (Fig 10C). Although the overall size and shape of the
gp150- wing blade is relatively unaltered compared to WT, noticeable defects arise in
bristle patterning and specification and in wing vein formation in the gp150- wings (Fig.
10C-H). The bristles of the wing margin in gp150- mutants show duplications of bristles,
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missing bristles and a general disorganization of bristle patterning (Fig. 10F). The
phenotypes suggest defects in the process of bristle cell fate determination. Also, gp150wings show a widening of wing vein II which often contains ectopic bristles not seen in
the WT wing (Fig. 10F). Vein III and IV show an expanded junction at the wing margin
(Fig. 10H). This phenotype is so-called a Delta-like phenotype because it resembles the
dominant Dl- phenotype (Lindsley and Zimm, 1992).
gp150- alleles possess external sensory organ defects in ocellar, humeral, scutellar
bristles, and bristles over the notum and dorsal abdomen (Fig. 10J,L). WT sensory organs
are determined within a lineage of cells generated from the sensory organ precursor
(SOP) cell (reviewed in Jan and Jan, 1995; Gho et al., 1999). Through assymetric cell
division and cell-cell communication, the SOP will generate several distinct cell types.
When the SOP divides, it produces the pIIa cell which gives rise to the exterior hair and
socket, and the pIIb cell which generates the internal neuron and sheath. In gp150
mutants it is worthwhile to note that cell fate transformations of both pIIa→pIIb and
pIIb→pIIa appear to occur (Fig. 10J, L). In gp1501 mutant flies, one or more ocellars
were found to contain multiple socket cells with the external shaft missing. Such mutant
phenotypes implicate a cell fate transformation from pIIb→pIIa, and from shaft to socket.
Also detected were sensory organ positions with no external features suggesting a
duplication of internal cells, i.e. pIIa→IIb (Fig. 10J). Such mutant phenotypes were
observed in other sensory organs as well. For instance 68% (n=31) of the anterior
scutellars in gp1502/gp1503 flies exhibited no shaft and no socket, 23% displayed a
double socket, 3% with one shaft/two sockets and 3% with two shafts/ one socket
phenotypes. In short, gp150 appears to be required for proper cell fate specification
within several distinct tissues.
3.2.3 Phenotypic analysis of the gp150- eye defect
3.2.3a Analysis via thin sections and light microscopy
Our goal was to elucidate the effects which loss-of-function gp150 alleles have on
normal eye development. First, the cellular make-up of the adult compound eye was
examined. To do this, adult eyes were embedded in a plastic resin and then serial
sectioned using a microtome. Sections were viewed directly under a light microscope and
cellular identities were established based on morphology and relative positions. In WT
eyes, ommatidia contain eight photoreceptor cells or rhabdomeres(R). The R-cells are
arranged in a trapezoidal configuration (Fig. 19A, inset). The larger outer R-cells are
designated R1-R6, while the smaller, centrally located inner R-cell is designated R7. The
eighth R-cell, R8, also occupies the central position but is located more basal than R7.
In gp150 mutants, the adult eye sections show many abnormalities. Ommatidia were
observed which contain too many or too few R-cells (Fig. 19B). This phenomenon
occurs to both inner and outer R-cells. Ommatidia fusion also occurs appearing as several
inner R-cells surrounded by many outer R-cells. To reveal the extent of abnormalities
within different gp150 alleles, eyes of heterollelic combinations of gp150 were sectioned
and the number of fused ommatidia and ommatidia with too few or too many R-cells
were counted. Table 5 presents the results of the analysis. Most allelic combinations
show somewhere between 20-40% mutant ommatidia. All combinations display the full
range of gp150 eye defects described. The reason for the weaker phenotypes in
combination with the deficiency and or the gp1504 allele, a presumably molecular null,
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are unknown. One hypothesis is that Df(2R)02311 and gp1504 might contain a
suppressor of gp150 phenotypes.
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Fig. 19. gp150- adult eye sections
WT Drosophila eye section (A). Ommatidia are precisely organized into ommatidial rows. Each
ommatidia contains seven visible R-cells. Inset shows blown-up ommatidia with R1-R7 labeled. gp1502
adult eye section (B) containing ommatidia which are completely disorganized, often fused (arrow),
contain too few (arrowhead) or too many R-cells (circle).

Df(2R)02311

Df(2R)02311

gp1501

gp1502

gp1503

gp1504

21.9

26.9

23.3

14.8

(907)

(962)

(583)

(1124)

34.1

39.0

37.6

(167)

(460)

(521)

44.6

29.1

(484)

(395)

gp1501
gp1502
3

gp150

22.2
(432)

Table 5. Percentage of mutant ommatidia within gp150 heterollelic combinations.
Adult eye sections of heterollelic combinations of gp150 were scored for the percentage of mutant
ommatidia. Ommatidia which were fused, contained too many or too few R-cells were considered mutant.
At least three eyes were sectioned for each genotype. Top number indicates % of mutant ommatidia and
numbers within brackets indicate the number of ommatidia scored.
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3.2.3b Uncovering developmental defects during third instar eye development
through the use of developmental markers
To uncover developmental defects leading to the gp150 adult eye phenotypes, eye
development during the third instar larvea was investigated. During this period of
development the majority of cell fate decisions and tissue patterning occurs. Therefore,
WT processes were monitored through the use of cellular markers, i.e. antibodies and
chemical stains, and compared to the events of the gp150- mutants. In all experiments,
the mutant genotype used was gp1502/gp1503. This heterollelic combination prevented
any mutation outside of the gp150 locus from influencing the analysis. Furthermore,
gp1502/gp1503 alleles produce strong eye phenotypes.
One such marker examined was phalloidin. Phalloidin stains actin filaments outlining
the apical cell surfaces (Faulstich H, et al., 1989). During normal eye development, actin
is expressed in all cells of the eye disk and outlines their cell membranes. In WT disks
higher levels of actin accumulate on the apically constricted cells within the
morphogenetic furrow (MF) (arrow Fig.20A). Immediately posterior to the furrow,
ommatidial preclusters express high levels of actin. The ommatidial clusters are equally
spaced with respect to clusters within the same dorsal/ventral row and each dorsal/ventral
row is one half step out of register from the row immediately anterior and posterior to
itself. Posterior to the furrow, actin accumulates at the vertices of adjoining
photoreceptors (Fig. 20A). In gp150- eye disks, several abnormalities in phalloidin
staining are noticeable (Fig. 20B). Within the furrow the sharp band of phalloidin
staining is not as distinct. Staining appears more diffuse possibly due to the lack of
apical constrictions in areas normally so. However, the expression data of Gp150 shows
no prominent membrane staining, see next section. Therefore, this phenotype could
possibly be an indirect effect of loss of gp150 function. Immediately posterior to the
furrow, ommatidial preclusters exhibit a lack of organization. Ommatidial clusters are
closely oriented, while others are too far apart. Frequently, two preclusters are situated
where normally one precluster should be. This phenotype suggests defects in the process
of lateral inhibition.
In order to examine lateral inhibition, disks were stained for the proneural marker Ato
(Jarman et al., 1994). In WT eye disks, a band of cells within the MF express high levels
of Ato. From this band of cells Ato is restricted to groups of 8-10 cells (proneural
clusters) as the furrow moves anteriorly (Fig. 20C). From the proneural cluster, one cell
will continue to express Ato and adopt the founder R8 cell fate (Jarman et al., 1995).
Since eye development is a progressive process, all stages of lateral inhibition are seen in
a single snap shot with later stages of the process located posterior to the earlier ones. In
gp150- eye disks, the process of lateral inhibition is defective (Fig. 20D). High levels of
Ato accumulate in the band of cells within the MF; however, the process of restricting
Ato expression to proneural groups and individual founder cells is flawed. Again, as
phalloidin staining showed, the size and positioning of the proneural groups is erratic and
the final location of founder R8 cells is improper. This result suggests that the process of
lateral inhibition is occurring albeit improperly. Therefore, the mechanisms sculpting the
activities of signaling molecules responsible for the patterning of the R8s is defective.
To determine if the single Ato expressing cells become R8 founder cells, disks were
probed with an antibody to the R8 specific antigen Boss (Kramer et al., 1991). Boss
staining displays the precise patterning of the ommatidia founder R8 cells (Fig. 20E). In
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gp150 mutants, the extent of Boss staining is comparable to the WT situation suggesting
that cells are able to adopt the R8 cell fate, but again the spacing of the R8 cells is
defective. Founder cells near the furrow are often closely associated and mature
ommatidia often possess multiple R8 cells.

gp1502/gp1503

WT
A

B

C

D

E

F

G

H

Phalloidin

Atonal

Boss

Hairy/Elav

Fig. 20. gp150 is required during third instar eye imaginal disk development for
proper cell patterning and recruitment. WT (A,C,E and G) and gp1502/gp1503 mutant
(B,D,Fand H) third instar eye disks. Phalloidin staining (A,B). Anti-Ato antibody staining (C,D). Arrows
in (B,D) point to closely located ommatidia. Anti-Boss antibody staining (E,F) where arrows indicate
ommatidia containing more than one Boss-positive R8 cell. Double-staining for Hairy and Elav (G,H). The
arrow points to an oversized ommatidium near the furrow. Circle identifies an ommatidia with too few Rcells. In all panels, arrowheads identify the location of the MF and anterior is to the left.
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Next, disks were probed with an antibody directed toward the neuronal specific
antigen ELAV (Robinow and White, 1991). Ommatidia acquire a full complement of Rcells through sequential recruitment. First, founder R8 cells are designated which recruit
R2,R5; R3,R4; R1,R6; in a pair-wise fashion and finally R7 is recruited to the developing
cluster (Tomlinson and Ready, 1987). The eye disk again provides a snap shot of this
developmental program with the single R8 cell, three-cell cluster, and five-cell cluster
stages arranged in progressive rows as you proceed posteriorly from the furrow (Fig.
20G). One striking phenotype seen in gp150 mutants is the presence of mature
ommatidial clusters, clusters containing 5-8 R-cells, near the MF (Fig. 20H). Several
possible scenarios could explain the presence of such ommatidia. One possibility is that
the furrow is moving too slowly. This would provide more time for a cluster to mature
before development of a new row is initiated. To test this possibility, the expression of
Hairy (H) and Decapentaplegic (Dpp), molecules which regulate furrow progression,
were examined (Brown et al., 1995; and reviewed in Triesman and Heberlein, 1998).
No change in H or Dpp expression was observed (Fig. 20G,H and data not shown).
Furthermore, the overall size of the gp150 mutant eye is comparable to WT eyes, which
is contrary to mutations in molecules which regulate furrow progression, i.e. Hedgehog
(Hh) and Dpp mutants result in a smaller adult eye (Heberlein et al., 1993; Ma et al.
1993). Therefore, these data suggest that gp150 mutants do not disrupt initiation or
progression of the MF. Another possibility is that gp150 mutant cells become more
susceptible to inductive events, due to a lessening of repressors of cell fate change, i.e.
Notch signaling. However, in addition to an increase in the number of neuronal cells, a
surprising feature was that some ommatidial clusters contained too few R-cells (circle
Fig. 20H).
To examine later differentiation events, eye disks were stained with antibodies
directed towards BarH1 and Cut (Higashijima et al., 1992). BarH1 is expressed in R1
and R6 in WT disks. Due to ommatidial rotation, R1 and R6 produce parallel angled lines
across the posterior of the eye disk (Fig 21A). In gp150- eye disks, precise positioning of
R1 and R6 is defective (Fig. 21B). More importantly, some clusters contain an extra R1
or R6 while some contain only one R1 or R6 (Fig. 21B). This phenomena is similar to
that seen with the general neuronal specific marker ELAV and the subclass specific
marker Boss. For Cut expression, WT cone cell clusters contain four cone cells, two polar
and two equatorial cells (Blochlinger et al., 1993) (Fig. 21C). The gp150 mutant clusters
often contain either too many or too few Cut positive cells (Fig. 21D). Like BarH1
staining, mutant disks display an altered arrangement of Cut positive cell. For both
markers examined, the early patterning defects make it difficult to determine if gp150 has
a role in late differentiation events (i.e. ommatidial rotation and cell recruitment) or if the
initial defects in early patterning of the eye lead to later developmental defects. However,
from the BarH1 and Cut stainings, it is evident that later differentiation events do occur in
gp150 mutants. Therefore, cell differentiation programs are occuring but are not
precisely regulated.
From the above experiments, it can be concluded that gp150 is required for proper
patterning and recruitment of various cell types within the eye. The majority of
differentiation events, early and late, do occur in gp150 mutants, albeit improperly. This
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suggests a role of Gp150 in fine-tuning the major signaling pathways, which differentiate
and pattern the Drosophila eye.
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Cut

Fig. 21. gp150 is required during the late differentiation events of eye development.

WT (A,C) and gp1502/gp1503 mutant (B,D) third instar eye disks. Anti-BarH1 antibody staining (A,B).
The arrow points to an ommatidium with three BarH1-positive cells and the circle indicates an
ommatidium with only one BarH1-positive cell. Anti-cut antibody staining (C,D). The arrow indicates an
ommatidium with 5 cone cells and the circle indicates an ommatidium missing a cone cell.

3.2.4 Conclusions
All gp150 mutations isolated generate defects during wing, bristle and eye
development and show a reduced viability. Surprisingly, the results for heterolellic
combinations consistently show reduced phenotypes when gp150 alleles are placed over
a deficiency. Furthermore, the Gp150 protein null alleles, gp1503 and gp1504, show less
severe phenotypes compared to the gp1502 allele, which produces an ~90 kD protein.
The reasons for these phenomena are unclear. To explain the deficiency results, one can
surmise that the deficiency removes a suppressor of gp150 phenotypes. This dominant
suppression leads to weaker phenotypes in the deficiency combinations. For gp1502, the
truncated protein product is not dominant. gp1502 is recessive and shows the same mild
haplo-insufficiency phenotype as the other gp150 alleles inculding the deficiency (See
results chapter 3.5). It is possible that the presence of WT Gp150 prevents interference
from the gp1502 truncated protein. However, in the absence of WT Gp150, the gp1502
truncation might cause further developmental complications. Although perplexing, the
range of phenotypes is constant within the gp150 alleles, i.e. all alleles show the full
range of ommatidial and bristle abnormalities.
Insight into origins of the gp150 adult eye phenotype came from analysis of third
instar larvea disks. The earliest detectable manifestation of gp150 defects appeared
during early ommatidial patterning. Patterning of proneural clusters and founder R8 cells
was imperfect, in gp150- eye disks, as revealed by Atonal and Phalloidin staining. In
addition, both a R8 cell marker and a neuronal cell marker displayed either too many or
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too few positive cells. From these findings a role of gp150 in modulating and controlling
the precision of cell signaling events required for proper eye development is proposed.
Without gp150, both early ommmatidial patterning and cell differentiation events are
altered in a subtle manner.
Improper cell fate specification is also seen in the bristle lineage, where both IIa→IIb
and IIb→IIa cell fates are seen. This vise versa nature of cell fate decisions within the
bristles and eye suggests that gp150 is required to both positively and negatively
influence cell fate decisions. When considering cell fate decisions, signals can either
inhibit cell fates, promote cell fates or both (i.e. the Notch pathway) (Cagan and Ready,
1989; Flores et al, 2000). Often the developmental context of a signal will determine how
the signal is interpreted. Within the tissues described above, several molecules have been
assigned both positive and negative roles, i.e. Delta (de Celis and Bray, 2000; Jacobsen et
al., 1998; Klein et al., 1997; de Celis and Bray, 1997). As you can imagine, this dual
function of a molecule is not amiable to classic genetic analysis. Ideally one would want
to separate the two functions of the molecule. However, at this point we are unable to do
so.
Besides the improper cell fate decisions seen in gp150 mutants a general disruption of
cell morphologies was detected by Phalloidin staining. It is unlikely that Gp150 directly
modulates cellular adhesion due to the intracellular nature of Gp150 (see results chapter
3.3), but an indirect role of Gp150 in this process is possible.
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3.3 Examination of the developmental expression and localization of Gp150
3.3.1 Generating antibodies against Gp150
In order to isolate Gp150 antigens, plasmids were constructed encoding fusion
proteins of the Gp150 molecule linked to a Glutathione S-tranferase (GST). Several
portions of the gp150 gene were cloned into the pGEX-3X expression vector. The vector
contains an IPTG inducible promoter which allowed for overproduction of the fusion
protein within E. coli cells. In theory, the translated protein can be isolated by lysing the
cells and passing the lysate through agarose beads linked to glutathione. The GST/Gp150
fusion binds to glutathione and the bound protein can be eluted with free glutathione
(Smith and Johnson, 1988).
Of the four fusion constructs generated, only three produced large amounts of fusion
protein products. Unfortunately, all fusion proteins produced were insoluble; therefore,
isolation through glutothione beads was not feasible. To resolve this, a large-scale
overproduction of the fusion protein, followed by SDS- page, and gel purification was
performed. Two of the purified fusion constructs were sent to The Pennsylvania State
Hybridoma Center for mouse antibody production. With their cooperation, we
successfully generated mouse polyclonal antibody serum directed towards a fusion
protein which contains the amino portion of the Gp150 molecule, amino acids 5-192.
To test the in vivo specificity of the anti-Gp150 antibody, eye disks were stained from
the Gp150 protein null allele, gp1504. When compared to the WT control, no staining
was detected in gp1504 (Fig. 22B). Furthermore, as predicted, in GMR(4.2kb) flies, which
express the gp150 cDNA under control of the GMR promoter, extremely high levels of
the Gp150 protein was detected posterior to the furrow (Fig. 22C). Therefore, the antiGp150 antibody is a specific and reliable reagent for detecting Gp150 expression in vivo.

A

WT

B

C

gp1504

GMR-gp150

Fig. 22. The anti-Gp150 antibody is a specific in vivo marker.
Eye disks stained for the Gp150 protein (A-C). Genotypes of the disk are indicated in lower left hand
corner. Arrowhead indicates MF and anterior is to the left in all panels.

3.3.2 Gp150 detection during embryogenesis and third instar larval
development using the enhancer trap P-alleles
Expression of gp150 was first examined via the enhancer trap/ P-alleles, gp150P8 and
gp150P15. The P-element construct P[lacW] contains a lacZ gene which encodes βgalactosidase (β-Gal) 3' to a minimal promoter (Bier, et al, 1989). Therefore, if the Pelement inserts downstream of an enhancer element, the enhancer will direct expression
of the lacZ gene which represents that of the endogenous gene. Expression of β-Gal is
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detected via a color reaction which shows β-Gal protein activity, or via an antibody
directed toward β-Gal. One P-allele, gp150P15, shows excellent β-Gal staining. These
results were repeated using the gp150P8 allele, albeit to a lesser intensity.
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Fig. 23. gp150P15 enhancer trap detection

Anti-β-Gal staining (A) and β-Gal color reaction detection. Stage 12 gp150P15 embryo stained for β-Gal.
gp150P15 third instar imaginal disks [eye (B), wing (C), leg (D) and brain lobes (E)] stained for β-Gal
activity. SOP-sensory organ precursor.

During embryogenesis the β-Gal expression within both gp150P8 and gp150P15 is very
dynamic. In stage 12 embryos, high levels of β-Gal staining were detected within the
segmental grooves (Fig. 23A). This staining reports that of the endogenous Gp150 as
detected by the anti-Gp150 antibody (Fig. 16C). In the eye disc, strong expression is
detected within and posterior to the MF (Fig. 23B). In the wing imaginal disk, β-Gal is
expressed within the SOP cells of the presumptive thorax (Fig. 23C). Within the wing
pouch, staining is detected along the wing margin at the locations where the margin
bristles form (Fig. 23C). Furthermore, staining is detected in both the leg and brain disks
(Fig. 23D,E). The significance of the leg and brain disk staining is unknown, as defects
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within these tissues have not been examined. In conclusion, the correlation between the
indirect detection via the enhancer elements of the effected gene and the phenotypes
produced by the loss of gene function are strong.
3.3.3 Detection of Gp150 expression within the eye imaginal disk using the antiGp150 antibody
The Lai lab's expertise is in the development of the Drosophila eye; therefore, the
expression analysis of Gp150 was focused on the third-instar eye imaginal disk. Within
this tissue the levels of the Gp150 protein are elevated with respect to bordering tissues
several cell widths anterior to the MF and within the MF (Fig. 24A). At the posterior
edge of the MF, Gp150 appears to be restricted to undefined clusters of cells. Double
labeling with Atonal, reveals that the elevated levels of Gp150 expression overlap the
area of Atonal restriction to founder R8 cells (Fig. 24). These data are consistent with the
proposed role of Gp150 during early ommatidial patterning. High levels of Gp150 cover
the initial anterior Atonal stripe. Gp150 also appears to be elevated in cells between
proneural clusters and single Atonal expressing cells. Further posterior to the MF, Gp150
expression produces a lattice pattern, which surrounds the developing ommatidial clusters
(data not shown). The cellular localization of Gp150 (discussed later) makes the exact
determination of the cell types in which Gp150 is expressed difficult. Therefore, we are
uncertain whether Gp150 is, or is not, expressed within the presumptive R8.
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Fig. 24. Double labeling of WT eye disks with anti-Gp150 and anti-Atonal
20X magnification of a WT eye disk (A-C) and 65X magnification (D-F). Disks stained with anti-Gp150
(red) (A,C,D,F) and anti-Atonal (green) (B,C,E,F). In all panels, the arrowheads mark the MF and anterior
is to the left.
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3.3.4 Cellular localization of Gp150
To examine cellular localization of Gp150, both the Drosophila eye disk and a
Drosophila cell line [Schneider(S2) cells] were utilized. Under high magnification, it
becomes evident that Gp150 staining appears as small punctate spots within the WT eye
disk (Fig. 19D). No plasma membrane staining of Gp150 is detected within the eye disks
or in S2 cells with relatively low levels of Gp150. However, plasma membrane staining
becomes evident in S2 cells when relatively high levels of Gp150 expression occurs. The
same phenomenon occurred within eye disks of sev-Gal4/+; UAS-gp150/+ flies (data not
shown). A possible explanation for this is that mislocalization of the Gp150 protein
occurs due to the overloading of the protein sorting mechanisms.
What are the punctate structures which are positive for Gp150? To address this, colocalization experiments were conducted with markers for the Golgi apparatus and
endosomes/multi-vesicular bodies (MVB). Both of these cellular structures produce
similar punctae when antibody stained. A UAS-fringe-ADD-myc line was used to
visualize the Golgi apparatus. This line expresses a mutant form of the Fringe protein, a
resident of the Golgi (Munro, and Freeman, 2000). The GMR-Gal4 and scaT3 lines were
used separately to express the mutant protein within the eye imaginal disk (Hay et al.,
1994; Kramer et al. 1995). scaT3 drives expression within proneural clusters and the
presumptive R8 cell. In eye disks, which express fringe-ADD, minimal co-localization
was detected between Myc and Gp150 (Fig. 25). These data suggest that Gp150 does not
reside exclusively within the Golgi.
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Fig. 25. Immunostaining of eye disks to locate Gp150 with respect to a Golgi marker
Use of the UAS-fringe-ADD-myc Golgi marker to investigate Gp150 cellular localization. Gal4 drivers
used were GMR-Gal4 (A-C) and the scaT3 driver (D-F). Panels A,C,D,F show Gp150 staining in red.
Panels B,C,E,F show Golgi staining (anti-Myc) in green. Colocalization in panels C and F is yellow.
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For endosomal and MVB localization, co-localization between Gp150 and the Delta
protein, and Gp150 and the late endosomal marker DRab7 was investigated (Entchev,
2000). In WT third instar larva eye disks and S2 cells, Delta staining appears in small
endosomal structures while only small amounts of Delta are detected on the plasma
membane (Parks et al., 1995; Baker and Yu, 1998). When transiently transfected S2 cells
and WT eye disks were stained for both Gp150 and Delta, their expressions colocalize. In
figure 26, it is evident that the majority of Gp150 positive vesicles colocalize with the
Delta positive vesicles in S2 cells. In thirteen S2 cells that were positive for both Gp150
and Delta expression, Gp150 and Delta proteins were found to colocalize in 60 out of 66
intracellular vesicles examined (91%). In the eye disk, the majority of co-localization
between Gp150 and Delta is within cells of the MF region (Fig. 26D-I). Further posterior
to the MF, this co-localization is lost and the presence of vesicles positive for only Gp150
or Delta is detected (Fig. 26F). However, the co-localization within the furrow suggests
endosomal localization of Gp150. Further confirmation that Gp150 resides within
endosomes comes from the fact the Gp150 colocalizes with the late endosomal resident,
DRab7. Eye disks which overexpress a GFP-DRab7 in a GMR pattern were stained for
GFP and Gp150. In these disks, extensive overlap of Gp150 and the GFP marker is
evident (Fig. 27). Co-localization is especially prevalent in the relatively larger vesicles.
These data suggest that a portion of the Gp150 protein is localized to endosomes.
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Fig. 26. Gp150 co-localizes with Delta
S2 cells stained for Gp150 (red) and Delta (green) (A-C). WT eye disk stained for Gp150 and Delta (D-I).
Close up of boxed areas in D-E (G-I) to show Gp150and Delta colocalization. Colocalization in panels C, F
and I is in yellow. In all panels D-F, arrowheads mark the MF and anterior is to the left in D-I.
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Fig. 27. Immunostaining of eye disks to locate Gp150 with respect to the late
endosomal marker DRab7. Two different tissues double labeled for Gp150 (red) and GFP-DRab7
(green) (A-F). Tissue 1 is (A-C) while tissue two is (D-F). Arrowheads represent the MF and anterior is to
the left. Co-localization in panels C and F is yellow.

3.3.5 How does Gp150 arrive at the endosomal compartments?
Several scenarios can occur in order for a protein to become associated with endsomal
compartments. After a protein is produced, it may be directly shuttled to a specific
endosomal compartment or it could travel to the plasma membrane; then, upon
endocytosis the protein becomes associated with the endocytic machinery. To determine
the path that Gp150 takes to become associated with the endocytic pathway, Gp150
localization was evaluated within protein trafficking mutants.
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Figure 28. Gp150 does not accumulate on the plasma membrane in shits1 mutants.

Expression of Gp150 (red) and Delta (green) were monitored in the endocytosis mutant shits1 (D-F). In all
panels, arrowheads mark the MF and anterior is to the left.
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Within the WT eye disk, the majority of the Delta protein is localized to endosomes
and MVB (Parks et al., 1995). This localization is dependent upon the endocytosis
machinery as mutations within shibirie, a small GTPase critical for endocytosis, results in
the inability to clear Delta from the plasma membrane (Parks et al, 2000) (Fig. 28E).
However, this is not the case for Gp150 (Fig. 28D). These data suggest that the path that
Gp150 follows to arrive within the intracellular vesicles does not include the plasma
membrane or require endocytosis.
3.3.6 Conclusions
In this section, I report the generation of a mouse polyclonal antibody which
recognizes amino acids 5-192 of Gp150. This antibody works extremely well for western
analysis and whole mount stainings. With this antibody, Gp150 expression has been
visualized within ovaries (Margret Rorhbaugh, data not shown), embryos and eye disks.
Furthermore, from enhancer trap analysis results, gp150 indirect expression was detected
in wings, notum, legs and brain tissue. The enhancer trap detection of gp150 is most
likely indicative of endogenous staining, since the enhancer trap mimics endogenous
protein expression within the eye and embryo tissues. Taken together, the expression of
gp150 correlates well with the areas in which gp150 mutant phenotypes are manifested.
During Drosophila eye development, a rigorous investigation was performed on
gp150's expression pattern and cellular localization. High levels of Gp150 are found
within the MF and in a lattice pattern surrounding the ommatidia posterior to the MF.
The high levels within the MF overlap with Atonal expression, which supports a role of
Gp150 in ommatidial patterning. Within eye disk cells, Gp150 appears as small punctae.
This cellular distribution is corroborated by the vesicular expression pattern seen in S2
cells which express gp150. The vesicular structures appear to be endosomal since they
colocalize with two endosomal markers, Delta and DRab7. Furthermore, Gp150
localization was not affected in endocytosis defective eye disks. These data suggest that
Gp150 might be directly transported from the Golgi to its vesicular location where it
possibly plays a role in endosomal trafficking. However, since it is possible that small
amounts of Gp150 on the membrane might not be detectable, further experimentation is
necessary to confirm the above results. For example, a cell-surface biotinylation assay,
which biotinylates all proteins that reach the plasma membrane, can be applied to eye
disks or S2 cells to see if Gp150 becomes biotinylated (e.g. Powell et al., 2001; Lee et
al., 2001).
Additional data supporting localization of Gp150 to the endocytic pathway was
generated using fluorecently labeled dextrans. Eye disk tissuses were dissected and
incubated in cell culture medium with labeled dextran, which through endocytosis labels
the endocytic pathway (Entchev et al., 2000). The fluorecently labeled endocytic
compartments resembled the punctea seen for Gp150 staining. Double labeling
suggested overlap between dextran-positive vesicles and Gp150 –positive vesicles;
however due to the presense of detergent necessary for Gp150 detection, the dextran
diffused through the vesicle compartments making documentation of the colocalization
unfeasible.
A possible role of Gp150 within the Golgi apparatus or secretory vesicles can not be
excluded. In the eye disk, partial overlap was detected between Gp150 and the Golgi
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marker, Fringe-ADD. To clarify this co-localization between additional markers for the
golgi apparatus, such as the Drosophila Golgi marker 120-kDa protein, must be
performed (Stanley et al., 1997). Also, co-localization experiments should be performed
using markers for secretory vesicles. Possible markers include DRab3, DRab26 and
DRab27 (Pereira-Leal and Seabra, 2001). Furthermore, immuno-electron microscopy
might provide insight into the nature of the Gp150 protein. However, it is important that
we do not limit the breadth of Gp150 localization to endosomes, since intracellular
compartments are notoriously mosaics of shared membranes (Gruenberg, 2001).
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3.4 Clonal analysis of gp150
3.4.1 The use of the FRT/FLP system to generate clones to determine in which
cells gp150 is required
Clonal analysis refers to the production of genetically mutant cells in an otherwise
heterozygous background. Another name for clonal analysis is mosaic analysis, because
the animals examined contain a mixture of cells of different genotypes. Clonal analysis is
very useful in studying lethal mutations and, also, in uncovering the cellular requirement
of a gene's function, i.e. whether the gene is autonomously or non-autonomously required
in a specific cell type.
During normal cell division of a heterozygous cell, after DNA synthesis, alleles are
segregated so as each daughter cell obtains one WT allele and one mutant allele.
Normally, no recombination occurs during mitosis. When recombination is ectopically
induced it causes improper segregation of alleles between daughter cells (Fig. 23). The
product of a cell division whose chromatids underwent mitotic recombination is a
homozygous WT daughter cell and a homozygous mutant cell. These cells can be
distinguished through positive markers on either the WT or Mut chromosome. For
instance, if the w+ gene for red eye color designates the WT chromosome, all
heterozygous and homozygous WT eye cells will contain red pigment. Therefore, all
cells lacking pigment granules will be mutant.
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Fig. 29. Induction of mitotic recombination using the FLP/FRT system.
Schematic represention of allele segregation during cell division if mitotic recombination does not occur
(A) and if mitotic recombination is induced (B). Heterozygous for the WT locus (pink), homozygous WT
(red), and homozygous mutant cells (white). In A, normal allele segregation causes two heterozygous
cells to be produces from the heterozygous mother cell. In B, induction of mitotic recombination at the
FRT sites by the Flipase (FLP) enzyme causes improper segregation of alleles. Daughter cells produced
are homozygous WT and homozygous mutant. In this example, genotypes are marked using the w +, eye
pigment gene.
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Here, clones were induced via the FRT/FLP method of mitotic recombination (Fig. 29)
(Xu and Rubin, 1993). In order to generate mutant clones, several genetic tools are
required to induce mitotic recombination within the somatic cells of a heterozygous
animal. The tools necessary are not endogenous to Drosophila. Therefore, through Pelement mediated transformation, the yeast target sequence and enzyme needed for
mitotic recombination were integrated into the Drosophila genome. The target sequence
for recombination, FRT, is required on both the WT and mutant chromosome of the
heterozygous cells (Fig. 29). The FRT must be located on the same arm of the
chromosome as the mutation of interest and ideally would be located near the centromere.
The enzyme necessary for mitotic recombination, Flipase (FLP), is expressed under any
heterologous promoter of your choice. There is a large array of possible FLP expression
lines available, i.e. heat shock, ubiquitin, eyeless promoter; these tools enable the
researcher to control mitotic recombination within the fly. In order to distinguish
homozygous mutant cells from heterozygous or homozygous WT cells the WT
chromosome (or vise versa) is differentially marked. Common markers include
endogenous pigment markers such as the white or yellow genes; antigen tags, such as
Myc or HA; or the Green fluorescent protein (GFP).
Within the Drosophila eye, the FRT/FLP system enables one to establish in which Rcells a gene product is required. To do this, one first determines if an R-cell is WT or
mutant by the presence or absence of pigment granules located at the base of the R-cells
(Fig. 30A). One then looks at phenotypically WT ommatidia, i.e. contain the full
complement of R-cells, but which are genotypically mosaic, i.e. a mixture of WT and
mutant R-cells. By determining the genotype of each R-cell subclass, R1-R8, it is
possible to determine if a gene product is necessary for proper ommatidial development
to occur. For example, let us consider the R4 subclass. If a gene product is NOT required
in R4 for proper ommatidial development, then R4's genotype is not a factor when
building a WT ommatidium. Therefore, in WT mosaic ommatidia, R4 can be either WT
or Mut. However, if the gene product is required in R4 for proper ommatidia
development, then R4 must be WT in a phenotypically normal mosaic ommatidium.
This analysis was performed for gp150. A total of 148 (67 from gp1501 and 81 from
gp1502 clones) phenotypically normal but genetically mosaic ommatidia were identified
and analyzed. The genotype of R8 cells could be unambiguously scored in 11 mosaic
ommatidia for gp1501 and 12 ommatidia for gp1502 mutations. WT and mutant gp150
genotypes were detected in all R-cells (R1-R8) examined (Fig. 30B). Therefore, the
function of gp150 does not appear to be required in photoreceptor cells for normal
ommatidial development. Unfortunately, it is unclear which cells require gp150 activity
due to the lack of available markers in the non photoreceptors cells of the ommatidia.
However, the non-requirement of gp150 within R-cells suggests that gp150 might be
required in precursor cells during ommatidia assembly.
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Fig. 30. Mosaic analysis of gp150.
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Mosaic clone of gp150 marked by the absence of the w+ gene (A). Phenotypically WT ommatidia at the
borders of the clone (circle) are analyized. Geneotype of the R-cell is distinguished by the presence or
absence of pigment granuales at the base of the R-cell (arrowhead). Table breaking down the percentage
of mutant R-cell subclasses within phenotypically WT ommatidia (B). Example: in phenotypically WT
omatidia of gp1501, the R1 cell was mutant 33% of the time and WT 77% of the time.
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3.5 Genetic modifiers of loss of function gp150 mutants
3.5.1 Screening of genes involved in early ommatidial patterning for genetic
modification of gp150- phenotypes
Two approaches were used to uncover genetic modifiers of gp150 mutant phenotypes.
Both approaches utilized sensitized genetic backgrounds with the intent of isolating
dominant modifiers, enhancers or suppressors of the gp150- phenotypes. In the first
assay, the sensitized genetic background was gp150P8/gp1502. gp150P8 is a weak
hypomorphic allele, while gp1502 is considered a molecular null. When the adult eyes of
gp150P8/gp1502 are examined at the cellular level, they show ~19% mutant ommatidia.
Ommatidia which contained too few or too many R-cells were designated as mutant
ommatidia. When compared to a stronger allele combination such as gp1502/gp1503,
which possess 35% mutant ommatidia, gp150P8/gp1502 provides a reduction but not a
total elimination of gp150 gene function. This situation provides an adjustable amount of
gene function to test if changes in exogenous gene dosage are able to alter the gp150
phenotypes. Relatively weaker allelic combinations might not be responsive to
alterations in exogenous gene dosage due to the abundance of gp150 activity, while
strong allelic combinations might be unalterable due to the total absence of gene activity.
The second assay was a double-heterozygous assay. For most loss-of-function
mutations, often one WT gene dose is capable of providing enough gene activity to
produce WT phenotypes. Therefore, one examines the presence of a phenotype when the
gene dose of two separate loci is reduced. Production of a phenotype in double
heterozygotes suggests a possible molecular interaction of the loci's gene products. Since
loss of gp150 caused defects in early ommatidial patterning, genes involved in this
patterning were tested for their ability to dominantly modify gp150- phenotypes.
Members of the Notch and DER pathways were examined.
In the sensitized assay, Notch and Delta were uncovered as dominant modifiers of
gp150- eye phenotypes. Reduction of Dl function within the gp150 sensitized background
increases the percentage of mutant ommatidia by 2-3 fold (Table 6 and Fig. 31). In
gp150P8/gp1502; Dl9P/+ adult eyes, ommatidial organization is severly altered (Fig. 31).
The majority of ommatidia possess incorrect numbers of photoreceptors and often
extremely large ommatidia arise containing multiple small R7/R8-like rhabdomeres.
Furthermore, large misshapen rhabdomeres exist. These phenotypes are consistent with
loss-of-function Delta phenotypes (Parks et al., 1995). The same assays performed
between gp150 and Notch show a positive interaction, although not as strong as the
interaction between gp150 and Delta (Table 6 and Fig. 31). N55ell/+; gp150P8/gp1502
adult eyes show ~42% mutant ommatidia.
The sensitized assay results were supported by the double-heterozygous assay. When
gp1502 heterozygotes are also heterozygous for Dl9P, 2.7% of the ommatidia examined
are mutant versus 0% in the Dl9P heterozygotes (Table 7 and Fig. 32). For all gp150
alleles tested in the double heterozygous assay with Delta, a positive genetic interaction
was detected. Furthermore, the combination of gp150 and Dl6B, a temperature sensitive
allele of Dl, showed a more severe phenotype at the restrictive temperature (Table 7).
The eye is not the only place where an observable genetic interaction occurs between
Delta and gp150. In gp150-/+; Dl-/+ double heterozygotes, the 'deltas' at the end of wing
veins II and III are enhanced when compared to either mutation alone (Fig. 32). Taken
together, these data show a strong genetic interaction between gp150 and Delta. The
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double-heterozygous assay with Notch showed a weaker interaction between gp150 and
Notch than gp150 and Delta. However, the N-/+; gp150-/+ showed an increase in the
number of mutant ommatidia compared to the gp150 heterozygotes (Table 7), but loss of
gp150 did not enhance the Notch-/+ nicked wing phenotype (data not shown).

Genotype

# of ommatidia
examined

% Mutant

gp150P8/gp1502

578

19.2 ± 2.7

gp150P8/gp1502; Dl9P/+
gp150P8/gp1502; Dl6B/+

544
460

67.6 ± 3.9
44.6 ± 9.2

N55e11/+; gp150P8/gp1502

629

42.3 ± 7.5

Su(H)AR9, gp150P8/+, gp1502

642

16.6 ± 4.4

Su(H)SF8, gp150P8/+, gp1502

691

17.8 ± 2.2

gp150P8/gp1502; E(spl)r16/+
gp150P8/gp1502; grob32.2/+

578
710

21.8 ± 4.5
43.2 ± 4.4

+, gp150P8/scaBP2; gp1502

559

23.6 ± 5.2

gp150P8/gp1502; Rase2F/+
gp150P8/gp1502; Rase1B/+

362
620

17.0 ± 5.5
25.3 ± 4.8

rlS-135, gp150P8/+, gp1502

497

16.9 ± 4.8

Table 6. gp150 sensitized assay.
Ommatidia with too many or too few R-cells were considered mutant. Flies were raised at 25oC.

Interestingly, when performing the double-heterozygous assay, gp150- heterozygotes
show a very mild phenotype of ~0.2% mutant ommatidia. This phenotype is attributed to
haplo-insufficiency, i.e 50% of gene activity is unable to produce WT phenotypes, since a
deficiency chromosome Df(2R)02311 in which gp150 is completely deleted exhibits the
same phenotype (Table 7).
Other alleles tested include transducers of the Notch pathway, Supressor of Hairless
(Su(H)), and Enhancer of Split (E(spl)). Surprisingly, alleles of Su(H) were negative in
both the sensitized and double-heterozygous assays (Table 6 and data not shown).
Several possibilities are put forth as an explanation for these results. Unfortunately, the
loss-of-function alleles, Su(H)AR9 and Su(H)SF8, are not complete nulls. Therefore, it is
possible that the activities of Su(H) are not sufficiently diminished. Another possibility is
that the activities of Gp150 and Su(H) are distant with respect to one another within the
Notch pathway and that intervening factors buffer their loss. The E(spl) complex proteins
are transcriptional targets of the Notch pathway. The complex is made of 7 different
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bHLH transcription factors required to mediate the neuronal inhibitory aspects of Notch
signaling. Two different alleles of E(spl), E(spl)r16 and grob32.2, were analyzed and gave
two different results. The E(spl)r16, which is a small deletion of a subset of E(spl)
complex genes (m6,m7,m8 and a portion of gro), showed no genetic interaction with
gp150. On the contrary, grob32.2, a deletion of the entire E(spl) complex, showed an
enhancement of the gp150 phenotypes. This suggests that in order to see an enhancement
by E(spl) one must delete more members of the E(spl) complex than are deleted by
E(spl)r16. It is interesting to note that an indirect target of the E(spl) complex is Delta
(Heitzler et al., 1996). It is possible that the genetic interaction detected between E(spl)
and gp150 is actually due to an increase in Delta transcription.

A

B

C

D

SEM

E

Section

*
gp150P8/gp1502

gp150P8/gp1502; Dl9P/+

N55e11/+; gp150P8/gp1502

Fig. 31. gp150 sensitized phenotypes are enhanced by Delta and Notch loss-offunction mutations. SEM of adult Drosophila eyes (A,B) and adult eye sections (C-E). Reduction of
Dl function strongly enhances the gp150 phenotypes (B,D). Ommatidia abnormalities include too many Rcells (arrow in D), too few R-cells (arrowhead in D) and rhabdomeres with an abnormal morphology
(circled asterisk in D). When Notch is reduced (E) ommatidia with too many (arrow) and too few
(arrowhead) R-cells are evident.

To show that gp150 is specific to the Notch pathway, members of the Epidermal
Growth Factor (DER) pathway were genetically tested. Loss-of-function mutations in
Ras1 (Rase2F and Rase1B), a small GTPase central to DER signal transduction, do not
effectively alter gp150 phenotypes (Table 6). Also, alleles of the Drosophila Mitogenactivated protein kinase (Map-Kinase) gene, rolled (rlS-135), were negative. Together
these results suggest a specific link between gp150 and the Notch pathway.
Scabrous (sca) is another molecule which possesses similar eye, wing, and bristle
phenotypes as gp150 and has been shown to have a role in ommatidial patterning (Baker
et al., 1990). However, no genetic interaction was detected between scabrous and gp150
(Table 3.7 and discussed in detail in results chapter 3.8).

59

Genotype

# of ommatidia
examined

% Mutant

Df(2R)02311/+

645

0.15 ± 0.24

gp1502/+

1051

0.19 ± 0.30

gp1503/+
gp1504/+

556
577

0.53 ± 0.50
0.17 ± 0.25

Dl9P/+
gp1502/+; Dl9P/+
gp1503/+; Dl9P/+

655
852
533

0
2.70 ± 1.39
2.25 ± 1.80

gp1504/+; Dl9P/+

1035

0.68 ± 0.41

Dl6B/+
gp1502/+; Dl6B/+

534
558

0
0.18 ± 0.28

Dl6B/+ @29oC

539

gp1502/+; Dl6B/+ @29oC

330

0.37 ± 0.43
1.52 ± 0.63

gp1503/+; Dl6B/+ @29oC
gp1504/+; Dl6B/+ @29oC

517
252

1.17 ± 0.31
1.19 ± 0.86

N55e11/+
N55e11/+; gp1502/+

599
769

0
0.65 ± 0.53

Table 7. gp150 double-heterozygous assay.

Ommatidia with too many or too few R-cells are considered mutant. Flies were raised at 25oC unless
otherwise indicated.
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gp1502/+

Dl9P/+

gp1502/+; Dl9P/+

A

B

C

D

E

F

G

H

I

Adult eye
section

Adult wings

Wing vein III

Fig. 32. In the double-heterozygous assay, Delta enhances gp150 phenotypes within
the eye and wing. Adult eye sections (A-C) and adult wings (D-I). A mild eye phenotype is associated
with gp150 heterozygotes (A). gp150 heterozygous eye defects are enhanced by loss of Delta (C). Also,
gp1502/+; Delta9P/+ wings display a widened wing vein II (F) and an expanded wing vein junction at vein
III (arrow in F and I) compared to either mutation alone. Boxed areas in (D-F) are enlarged in (G-I).

3.5.2 Screening of kinase/phosphatase genes known to biochemically alter Gp150
and genes involved in protein trafficking for genetic modification of gp150phenotypes
Fashina and Zinn (1997) showed that Gp150 is phosphorylated by Dsrc and
dephosphorylated by DPTP10D and DPTP99A; therefore, mutations within these genes
and other Drosophila kinases and phosphatases were tested for their ablility to
dominantly modify gp150 sensitized phenotypes. Of the kinases tested (Table 8A) none
showed a dramatic effect upon the gp150 sensitized background. Within the
phosphatases (Table 8B), a possible suppression of gp150 phenotypes by mutations
within DPTP99A and DLar was detected. However, further experimentation is needed to
confirm these results. Also, a negative result in these assays for either the kinases and
phosphatases could be misleading as the multiple kinases and phosphatases within
Drosophila often serve redundant functions (Sun et al., 2001).
Other mutations tested with the sensitized assay include mutations within protein
trafficking molecules. Testing of these mutants was prompted by results showing that
gp150 is localized to intracellular vesicles (chapter 3.3). None of the mutations had an
effect on the gp150 sensitized background. This is not surprising as the protein
trafficking mutations alone do not affect differentiation within the eye (Kramer and
Phistry, 1999; Sevrioukov et al., 1999; Lloyd et al., 1999).
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Genotype

# of ommatidia
examined

% Mutant

gp150P8/gp1502

578

19.2 ± 2.7

gp150P8/gp1502; Abl1/+

201

23.9 ± 2.8

A gp150P8/gp1502; Abl1,dabM54/+

278

29.5 ± 5.8

Src42Ak10108, gp150P8/gp1502

196

15.8 ± 4.0

gp150P8/gp1502; DPTP69D1/+

290

26.2 ± 3.1

gp150P8/gp1502; DPTP99A1/+

295

11.9 ± 1.8

DPTP10D1/y, gp150P8/gp1502

359

17.8 ± 4.3

Lare55, gp150P8/gp1502

352

8.2 ± 2.2

car1/y, gp150P8/gp1502

316

19.3 ± 3.5

dor4/y, gp150P8/gp1502

334

30.2 ± 1.0

g2/y, gp150P8/gp1502

303

20.5 ± 0.2

hk11, gp150P8/gp1502

313

20.1 ± 5.0

B

C

Table 8. Screening of kinase, phosophatase, and vesicle trafficking genes for their
effects on the gp150 sensitized background. All flies were raised at 25oC and ommatidia with
too few or too many were considered mutant. Group A- kinase genes, group B-phosophatases, and group
C-vesicle trafficking genes.

3.5.3 Conclusions
Strong genetic evidence has been generated which genetically links gp150 to the
Notch pathway. Two independent assays revealed mutations within Notch and Delta as
enhancers of gp150 phenotypes. Interestingly, the genetic interaction between Delta and
gp150 was stronger than that between Notch and gp150. Taken together with the colocalization results between Gp150 and Delta, these data suggest an intimate relationship
between gp150 and Delta. This is also supported by the complete phenocopy of Dl loss
of function eye mutations by the gp150P8/gp1502; Dl9P/+ genotype. Therefore, the
reasons for the weaker genetic interaction between gp150 and Notch may possibly arise if
gp150's link to Notch were mediated through Dl.
The effect of gp150 appears to be specific to the Notch pathway since mutations
within the major intracellular components of the DER pathway had no effect upon gp150
mutations. However, because the gp150 mutants strongly interacted with the ligand and
receptor of the Notch pathway, the DER null allele (Egfrf2) should be tested to completely
dismiss interactions between gp150 and the DER pathway.
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For completeness, alleles of kinases, phosphatases and protein trafficking molecules
were tested within the gp150 sensitized assay. No absolute positive interactions were
detected within these genes.
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3.6 Overexpression of gp150 and gp150 deletion constructs
3.6.1 Overexpression of gp150 in the eye disrupts normal retinal development
The UAS/Gal4 system was used to overexpress gp150 (Brand and Perrimon, 1993). The
transgenic lines generated include UAS-gp150 (full length), UAS-gp150∆ICD (deletion of the
intracellular domain), and UAS-gp150∆ECD (deletion of the extracellular domain). Using the sevGal4, sca73/1, and ey-Gal4 drivers, gp150 overexpression gave reproducible, dose dependent
phenotypes.
The sev-Gal4 driver directs high levels of gene expression in the R7, R3 and R4 precursor
cells, and lower levels in the cone cells, the mystery cells, and R1 and R6 of the developing eye
(Tomlinson et al., 1987; Banerjee et al., 1987; Bowtell et al., 1989). Overexpression of gp150
using sev-Gal4 produces a myriad of defects (Table 9 and Fig. 33). These defects are dosedependent as sev-Gal4/+; #4UAS-gp150/+ (sev-1xgp150) eyes show similar phenotypes, but are
less severe than sev-Gal4/+; #4UAS-gp150/#4UAS-gp150 (sev-2xgp150) (Table 9). The most
prominent defect in sev-2xgp150 eyes is that ommatidial polarity is completely lost. To a lesser
extent, many cell fate changes occur including the lack of the R7 photoreceptor, the lack of R6 or
an unidentifiable outer photoreceptor, or occasionally an R3→R4 or vise versa transformation.
Altogether, cell fate changes occur in ~17% of ommatidia in the sev-2xgp150 eyes (Table 9).
% of ommatidia
% of ommatidia with cell fate
changes
No R7
Missing
No R7 and
6 outer
outer
missing outer
% WT
R-cells
R-cells
R-cells
disorientated R3→R4 R4→R3
o
o
o
o
o

with normal cell
fates

Genotype

Number of
ommatidia
%WT
scored
o

1 x UAS-gp150

489

2 x UAS-gp150

96.1

2.7

0.6

0

0.2

0.4

0

667

0

0.3

0.3

4.2

9

3.6

∆ECD

603

99.8

0

0

0

0.2

0

0

2 x UAS-gp150∆ICD

473

99.4

0

0

0

0

0.4

0.2

2 x UAS-gp150

82.6

Table 9. Defects caused by gp150 overexpression using the sev-Gal4 driver.

All crosses were performed at 29oC. Types of mutant ommatidia are represented by a shematic drawing
within each column.

Defects were also observed when gp150 was expressed using the sca73/1 and ey-Gal4 drivers
(Fig. 33 and 34). sca73/1 is a scabrous mutation caused by a Gal4 insertion, which results in a
sca-Gal4 line expressing a Gal4 pattern reflecting the endogenous Scabrous protein (Lee et al.,
1998). Overexpression of gp150 with sca73/1 results in adult flies which display a blistered wing
phenotype (Fig. 34). These phenotypes most likely occurred post-developmentally, since mild
phenotypes displayed normal wing vein patterning (data not shown). Surprisingly, no eye or
bristle phenotypes were detected in sca73/1/ UAS-gp150; +/#4UAS-gp150 (sca73/1-2xgp150) flies,
although the sca73/1 driver directs expression within these tissues. Overexpression of gp150 by
ey-Gal4, which maintains expression throughout eye morphogenesis, produced a reduced eye
phenotype. These phenotypes were dose dependent as ey-Gal4/+; #4UAS-gp150/#4UAS-gp150
(ey-2xgp150) eyes showed a much more severe phenotype than ey-Gal4/+; #4UAS-gp150/+ (ey1xgp150)(Fig. 33).
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2 x gp150

1 x gp150

WT
A

B

C

D

E

F

sev-Gal4

ey-Gal4

Fig. 33. Overexpression of gp150 using the sev-Gal4 and ey-Gal4 causes dosedependent phenotypes. Adult sections (A-C) and adult SEMs (D-F). Experiments were performed

at 29oC. Overexpression of gp150 produces more severe phenotypes when two copies of the transgene are
expressed (D). In sev-1xgp150 and sev-2xgp150, disoriented ommatidia arise (arrow in B and complete
disorganization in C). Also, cell fate transformations occur (circles in B and D). Overexpression of gp150
by the ey-Gal4 driver causes a reduced eye phenotype (F).

3.6.2 Both the extracellular and intracellular domains of Gp150 are functionally significant
To gain an understanding of the importance of the Gp150 protein domains, the truncated
forms of Gp150 were expressed to test if they recapitulated the results from the full length
Gp150. In the sev-Gal4 assay, neither the sev-Gal4/2xUAS-gp150∆ICD nor the sev-Gal4/2xUASgp150∆ECD flies exhibited phenotypes comparable to overexpression of the full-length gp150
(Table 9). This suggests that both the extracellular and intracellular domains of Gp150 are
crucial for Gp150 activities. These results were repeated using the sca73/1 driver and the ey-Gal4
driver. sca73/1-2xgp150 wings appear degenerate, often they contain large puffs of tissue.
However, the sca73/1/UAS-gp150∆ICD; +/UAS-gp150∆ICD (sca73/1-2xgp150∆ICD) wings have a
normal morphology, but the wings display a held-out phenotype. The sca73/1/UAS-gp150∆ECD;
+/UAS-gp150∆ECD wings also appear normal (Fig. 34). With the ey-Gal4 driver, neither
gp150∆ICD nor gp150∆ECD displayed the reduced eye phenotype of ey-2xgp150 (Fig. 34).
Although it is unclear how overexpression of gp150 generates the wing and eye phenotypes,
these results stress the importance of both the extracellular and cytoplasmic domain.
Another supporting experiment is that the full-length gp150 gene effectively rescues gp150
mutant eye phenotypes using the GMR promoter (Hay et al., 1994) (See results chapter 1). In
contrast, gp150∆ECD failed to do so (Dhulkotia et al., 2000), thus suggesting an importance of the
extracellular domain for Gp150 function. Interestingly, GMR -gp150∆ICD adult eyes contain
abnormally differentiated R-cells with degenerating rhabdomeres. This phenotype can be
dominantly enhanced by the reduction of endogenous gp150 activity. However, in GMR -
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gp150∆ICD third instar eye discs, no apparent ommatidia defects were detected. Therefore, it is
possible that Gp150 has a function during late stages of eye development, and this function is
disrupted by gp150∆ICD in GMR-gp150∆ICD flies.
2 x gp150∆ECD

2 x gp150∆ICD

2 x gp150
A

B

C

D

E

F

G

H

I

sev-Gal4

sca73/1

ey-Gal4

Fig. 34. Truncated forms of gp150 do not produce overexpression phenotypes.
Adult eye sections (A-C), adult wings (D-F) and adult SEMs (G-I). The sev-Gal4 (A-C) and ey-Gal4 (G-I)
experiments were performed at 29oC, while the sca73/1 (D-F) experiment was done at 25oC. All
experiments reveal the requirement of the full length gp150 to produce severe overexpression phenotypes.
Full length gp150 (A,D,G), gp150 without the intracellular domain (B,E,H) and gp150 without the
extracellular domain (D,F, I).

3.6.3 Conclusions
Within this section, several means of gp150 overexpression are described which generate
reproducible phenotypes. These phenotypes are gene dose dependent and require the full length
gp150 protein to be generated. The phenotypes produced by the sev-2xgp150 and ey-2xgp150
resemble phenotypes produced by overexpression of Notch variants (Fortini et al., 1993; Kurata
et al., 2000). For example, overexpression of an activated form of Notch by sev-Gal4 generates
many of the ommatidial defects seen within sev-2xgp150 (Fortini et al., 1993). Also, Kurata et
al. (2000) has reported an extremely reduced eye when a dominant negative form of Notch is
overexpressed using the ey-Gal4 driver. As for the sca73/1-2xgp150, it is unclear how these
phenotypes might arise; however, the results still convey an importance of the full-length gp150
in generating overexpression phenotypes. Other Gal4 drivers which express within the bristle
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lineage (31:1Gal4) and the wing (C96 and dpp-Gal4) fail to produce phenotypes (data not
shown).
Since such a high level of gp150 expression is required for gp150 effects, it is possible that a
nonspecific interference of Gp150 generates the effects. Evidence presented within the next
chapter suggests differently (Results chapter 7). Caution should be used when interpreting the
results from the structure function analysis of the Gp150 protein domains, since positional
information surrounding the transgene inserts often influence gene expression. Therefore, the
levels of expression between different transgenic lines will differ thus never producing the exact
parameters for each expression construct used. I was able to check the levels of the gp150∆ICD
expression and they were comparable to gp150 expression when using the sev-Gal4 driver (data
not shown). Unfortunately, without an antibody directed to the cytoplasmic domain of Gp150 it
was not possible to examine gp150∆ECD expression. The ultimate solution would be a complete
rescue of gp150 phenotypes by expression of the gp150 cDNA under its endogenous promoters.
This assay would guarantee that expression levels are equal among gp150 variants and would be
a better test for endogenous Gp150 protein activity.
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3.7 Investigation of gp150's involvement in the Notch Pathway
To this point, it has been demonstrated that the Gp150 protein is required for early
ommatidial development and proper cell-fate specification in the eye. Gp150 is
localized to intracellular vesicles, which colocalize with Delta. Furthermore, Gp150
genetically interacts with Notch and Delta.
In the next sections, how Gp150 modulates the Notch pathway is investigated.
3.7.1 Examination of Notch and Delta expression within gp150 mutant eye disks
To examine if loss of gp150 function affects levels and patterns of Notch and Delta
expression in the developing eye, Notch and Delta antibodies were used for
immunostaining experiments. In wild-type eye disks, Notch is ubiquitously expressed at
the cell surface with a few Notch proteins being detected in subcellular vesicles (Fig.
35). Cells within the MF, particularly cells between Delta-positive clusters, accumulate
relatively high levels of Notch. Delta protein is located on the plasma membrane within
cells which are anterior to the furrow. Posterior to the furrow, the majority of Delta is
subcellular. The posterior expression of Delta is restricted to ommatidial clusters and
the protein levels vary depending upon the ommatidial cluster's distance from the MF.
About three to four rows posterior to the furrow, both the cell surface and endosomal
expression of Delta persist. After three to four rows, Delta levels drop off in rows 4-8,
then once again elevate in more posterior rows (Parks et al., 1995; Baker and Yu, 1998).
Within gp150 mutants, both Notch and Delta expression are aberrant. Notch expression
in the gp150 mutant appears reduced and the elevated expression of Notch between
Delta-positive clusters is less apparent (Fig. 35B1,B3). For the Delta protein, down
regulation posterior to the furrow was disrupted (Fig. 35B2,B3). High levels of Delta
were found in clusters distributed over six to seven rows posterior to the furrow. In
addition, regular spacing between Delta-positive clusters is disrupted. Thus, gp150
function is required for proper temporal and spatial expression of Notch and Delta.
Delta

Notch

Notch + Delta

A1

A2

A3

B1

B2

B3

WT

Mut

Fig. 35. Notch and Delta expression within the gp150 mutant eye disk.

WT (A1-A3) and gp1502/gp1503 (B1-B3) eye disks stained for Notch (red) and Delta (green). High levels
of Notch are detected in cells intervening Delta positive cells (arrow A1,A3,B1 and B3). In WT disks,
Delta levels persist in ~3 rows posterior to the furrow (Bracket A2). In gp150 mutants, levels of Delta
persist for ~6-7 rows posterior to the furrow (Bracket B2).
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3.7.2 The use of gp150 overexpression phenotypes to better understand Gp150's role
in Notch signaling
3.7.2a. Notch and Delta's role in R3/R4 formation
Experiments have shown that the Notch pathway plays an inductive role during
R3/R4 photoreceptor development within the Drosophila eye. Groups have
demonstrated that in order to differentiate the R4 from the R3 cell type, Notch activation
must occur within R4 (Fig. 36) (Cooper and Bray, 1999; Fanto and Mlodzik, 1999).
Presumably, an unknown signal is received from the dorsal/ventral midline at a higher
concentration in the presumptive R3 photoreceptor compared to the pre-R4. This signal
is intercepted by the Frizzled transmembrane receptor. Upon Frizzled activation,
transcription of Delta occurs within the pre-R3 cell. High levels of Delta in the pre-R3
cause inactivation of Notch within the pre-R3 and activates Notch within the pre-R4.
Therefore, if Notch signaling is inhibited within the pre-R4, an R4→R3 cell fate
transformation occurs. R4→R3 ommatidial clusters contain two long sides of the
trapezoid compared to the shape of WT photoreceptor clusters. If Notch is active within
both the pre-R3 and pre-R4, an R3→R4 transformation occurs. These ommatidia show a
more rounded shape.

A

B

C
N*

Dl

R3
R4

Dl
FZ

Signal X
Fig. 36. Differentiation of R3 and R4 by Notch activation within R4
Schematic representation of R3/R4 development. Unknown signal from the midline is received by the
Frizzled receptor (FZ) triggering Dl expression within the pre-R3 (A). Delta protein within the pre-R3
activates Notch within the pre-R4 and inhibits Notch activation within the pre-R3 (B). Activation of Notch
within R4 differentiates R4 from R3 (C). Anterior is to the left.

3.7.2a.1 Loss-of-function Dl mutations affect the sev-1xgp150 phenotypes.
The sev-Gal4/+; #4UAS-gp150/+ (sev-1xgp150) possess mild alterations of
ommatidial clusters (Table 10). These flies were used to test if heterozygosity at certain
locuses has a dominant effect on the sev-1xgp150 genotype. The majority of mutations
tested show no effect on the sev-1xgp150 phenotype; however, mutations in Dl
dominately enhance the gp150 overexpression effects. The most striking effect of Dl- on
sev-1xgp150 phenotypes is the increase in the percentage of R3→R4 and R4→R3
transformations (Table 10 and Fig. 37). The phenotypes produced suggest that gp150 has
both a positive and negative influence on the Notch pathway. Surprisingly, loss of Notch
function had no effect on the sev-1xgp150 genotype.
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% of ommatidia
% of ommatidia with cell fate
changes
No R7
7 outer Missing
outer
7 outer
% WT
R-cells
R-cells
R-cells
disorientated R3→R4 R4→R3
o
o
o
o
o
o

with normal cell
fates

Genotype
1 x UAS-gp150

Number of
ommatidia
%WT
scored
o
489

96.1

2.7

0.6

0

0

0.2

0

No R7
No R7 and
6 outer missing outer
R-cells
R-cells

0.4

0

1 x UAS-gp150;
1013
73.8
13.5
4.4
4
1.1
0.2
1.1
0.1
1.8
Dl9P/+
N55e11/+; 1 x UAS145
97.9
1.4
0
0.7
0
0
0
0
0
gp150
scaBP2, Su(H)AR9, Dor8, hk11, car1, abl1dabM54, DPTP10D1, LarTW84, DPTP99A1, DPTP69D1 showed no external phenotypes in this assay
therefore, I did not section them.

Table 10. gp150 overexpression phenotypes are affected by loss of Dl function.

All crosses were performed at 29oC. Types of mutant ommatidia are represented by a shematic drawing
within each column.

A

B

C

Fig. 37. Examples of cell fate defects of sev-Gal4/+; /#4UAS-gp150/Dl9P flies.
A normal ommatidia is represented by a trapezoid. Ommatidia showing the R3→R4 phenotype are labeled
by a hexagon, and a quadrilateral represents the R4 →R3 phenotype (all panels). Arrow points to an
ommatidium with a missing R7 (B). The arrowhead points to an ommatidium missing an outer R-cell (C).
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3.7.2b. Notch and Delta's role in early eye development
During the second-instar eye development, cell growth occurs at the dorsal/ventral
midline of the eye disk. Within the dorsal/ventral stripe of cells, high levels of Notch
activity become localized due to positive and negative interactions between Notch and its
ligands, Delta and Serrate (Dominguez and de Celis., 1998; Cho and Choi, 1998;
Papayannopoulos, et al., 1998). This process mimics that of Notch activation within the
dorsal/ventral midline of the Drosophila wing pouch (reviewed in Irvine and Vogt, 1997;
Irvine, 1999). In both scenarios, compartmental expression of the Notch ligands occurs
resulting in a restricted area of Notch activation. In the eye disk, Wingless expression in
the dorsal compartment triggers the Iroquois homeobox genes (mirror, araucan and
caupolican) to be transcribed (McNeill et al., 1997) (Fig. 38). These transcription factors
inhibit the expression of the Fringe molecule in the dorsal compartment (Dominguez and
de Celis, 1998; Cho and Choi, 1998). Fringe is a glycosyl transferase protein, which
modifies both the Notch receptor and the Notch ligands (Moloney et al., 2000; Bruckner
et al., 2000). These modifications result in disabling Serrate's ability to activate Notch,
while potentiating Delta's (Fleming et al., 1997; Panin et al., 1997). Furthermore, both
Ser and Dl have autonomous inhibitory activities in cells with high levels of ligand (de
Celis and Bray, 1997; Jacobsen et al., 1998; de Celis and Bray, 2000). Therefore, in the
dorsal and ventral compartments where Dl and Ser levels are high, Notch signaling is
inhibited. These restrictions limit Notch activation in areas where ligands are juxtaposed,
so hypothetically Dl activates Notch on the ventral side and Ser activates Notch on the
dorsal side.
A

B

C

Wg
Chirality
Iro-C

Growth

N

Dl

N*
Fng

N

Ser

Fng

Growth
Chirality

Fng

Fig. 38. Notch activation is required at the dorsal/ventral midline of 2nd instar eye
disks for tissue growth. Schematic of 2nd instar eye disk development. Wingless (Wg) in the
dorsal compartment is required for expression of the Iroquois gene complex (Iro-C) which inhibits
expression of Fringe (Fng) within the dorsal compartment (A). Due to dorsal expression of Fng and
differential expression of the Notch ligands, Delta (Dl) and Serrate (Ser) (B), Notch activation (N*) is
limited to the dorsal ventral midline of the eye (C). (Irvine, 1999)

3.7.2b.1 Enhancement of the ey-1xgp150 by loss-of-function alleles of Notch and
Delta.
The ey-Gal4/+; #4UAS-gp150/+ (ey-1xgp150) flies show an approximately WT sized
eye. These flies were crossed to mutations within genes involved in early eye
development in hopes of finding enhancers of the mild phenotype. Fig. 39G lists the
mutations and the effects of the mutants on the ey-1xgp150 genotype. Of the mutations
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examined, only Notch and Delta mutations produced effects on the gp150 overexpression
phenotype (Fig. 39). All 66 of the N55e11/+; ey-Gal4/+; #4UAS-gp150/+ eyes examined
exhibited a slightly reduced eye. Of those eyes, 29(44%) of the eyes showed a 50% or
more reduction in eye size (Fig. 39C). The majority of the severely reduced eyes, 24 out
of 29, showed a smaller anterior domain compared to the posterior domain of the eye.
For Delta mutants, the expressivity of the enhancement effect is less dynamic, as all of
the Dl- eyes examined showed an ~20% reduction in eye size (Fig. 39D). Furthermore,
the ey-Gal4/+; #4UAS-gp150/Dl9P eyes showed a roughened eye phenotype compared to
the control. It is worthwhile to note that mutations within the other major signaling
molecules, which regulate early eye development, had no effect on the ey-1xgp150
phenotype (Fig. 39E,G). These results strongly suggest specificity between gp150 and
the Notch pathway.
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Mutations tested
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55e11

Dl9P

f2

EGFR

WgIl1114
scaBP2

1xgp150

Effect
Reduced eye, often
ventral side smaller
than dorsal
Reduced eye, rougher
than ey-1xgp150 alone

Su(H)D47

hh1

C

D

N55e11/+; 1xgp150

Dl9P/+; 1xgp150

E

EGFRf2/+;1xgp150

Elaboration
All eyes reduced; 44% of eyes showed a 50% or
more reduction in eye size; 36% of eyes showed a
reduced ventral domain
All eyes ~ 20% reduced; eyes show a roughened
phenotype compared to ey-Gal4; 1xgp150 eyes

N/E -No Effect
N/E
N/E
N/E
N/E

Fig. 39. Loss of function Notch and Dl mutations enhance the ey-1xgp150
phenotypes. All flies were cultured at 29oC. One copy of the UAS-gp150 transgene had little effect on
adult eye size when driven by the ey-Gal4 driver (B). Enhancment of this phenotype was seen when Notch
or Delta activity was reduced (C,D). Table summarizes the results for the assay (G).

3.7.2b.2 Co-overexpression of gp150 and Notch pathway components show
synergistic/antagonist phenotypes
Due to the enhancement of gp150 overexpression phenotypes by loss-of-function
Notch and Delta alleles, the ability of gp150 overexpression to alter eye phenotypes
produced by overexpression of Notch signaling components was tested. The ey-Gal4
driver was used because the phenotypes produced via gp150 are easier to interpret than
the complex phenotypes produced by the sev-Gal4 driver. Also, results of
overexpression of Notch signaling components during the 2nd instar larval eye
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development has been well described by others (Dominguez and de Celis, 1998; Cho and
Choi, 1998; Papayannopoulos et al., 1998; Kurata et al., 2000; Kumar and Moses, 2001).
When a dominant negative form of Notch (NECD) and a constituatively active form of
Notch (NICD) are overexpressed using the ey-Gal4 driver, a reduced eye and an enlarged
eye are produced, respectively (Fig. 40B-D,E) (Kurata et al., 2000). The effects of NECD
on eye size is variable as reduced eyes formed in 55% (n=200) of the expected eyes
examined while 45% lacked an eye structure (Fig. 40B-D). When gp150 was coexpressed with NECD, the ability of NECD to reduce eye size was enhanced as only 11.5%
(n=200) displayed a reduced eye phenotype while 88.5% lacked an eye structure. The
effect of gp150 on NICD was the opposite as co-expression of gp150 was able to suppress
the NICD phenotypes (Fig 40E,F). Furthermore, co-expression of gp150 with Dl was able
to suppress the enlarged eye phenotype of Dl expression alone (Fig. 40G,H) (Dominguez
and de Celis, 1998). Interestingly, the reduced eye produced by co-expression of gp150
and Delta was often smaller than that of gp150 expression alone (compare Fig. 39B to
Fig. 40H). This suggests a possible synergistic interaction between gp150 and Delta in
reducing the eye size. Lastly, the reduced eye phenotype produced by Fringe
overexpression was enhanced by co-expression of gp150 (Dominguez and de Celis, 1998;
Cho and Choi, 1998; Papayannopoulos et al., 1998). Together these results suggest a
negative influence of gp150 overexpression upon the Notch pathway during 2nd instar
larva eye development.
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D

B

NECD

G

E

NICD

Dl

H

F

NECD

I

NICD/ gp150

Fng

J

Dl / gp150

Fng / gp150

Fig. 40. Coexpression of gp150 with members of the Notch pathway causes
synergistic/antagonistic effects. All flies were cultured at 25 oC except (G, H) which were raised at
29oC. All UAS-lines are driven by the ey-Gal4 driver. UAS-lines used are shown within the panels. Within
NECD flies, the extent of eye reduction varies from about a 50% reduction to no eye (B-D). The increased
eye size caused by NICD (E) is supressed by coexpression of gp150 (F). Also, the increased eye size caused
by overexpression of Dl (G) is suppressed by gp150 coexpression (H). Coexpression of gp150 and Fng (J)
causes an enhancement of the phenotype caused by Fng expression alone (I).
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3.7.3 Conclusions
Expression analysis and overexpression experiments were attempted to gain a better
understanding of how gp150 might regulate the Notch pathway. The expression analysis
revealed that within gp150 mutant eye disks Notch and Delta expression is aberrant.
Within mutant disks, the expression of Notch is more diffuse and lacks the elevated
levels detected within the MF of WT disks. The lower levels of Notch expression could
be due to impaired Notch signaling as Notch is able to regulate its own expression
(Heitzler et al., 1996; Baker and Yu, 1998; Fehon et al., 1991; Kooh et al., 1993).
Another possibility is that due to the apparent failure of cell constriction within the MF, a
false sense of lessened Notch protein is perceived. A possible failure of cell constriction
within the MF was also detected by phalloidin staining. If gp150 does play a role in
cellular adhesion, an indirect role is favored since Gp150 protein is only detected within
subcellular vesicles of the eye disk. Interestingly, cellular adhesion roles have been
suggested for other regulators of the Notch pathway; therefore, a similar capacity of
gp150 can be imagined (Renaud and Simpson, 2001). As for Delta expression within the
gp150 mutant eye disks, the most notable difference is the persistence of Delta-positive
vesicles posterior to the MF. These data raise the possibility of gp150 modulating the
intracellular levels of the Delta protein. The co-localization between Gp150 and Delta
within vesicles of the MF strengthens this possibility. Experiments have demonstrated
that protein trafficking of the Delta ligand is critical for Notch signaling (Lai et al., 2001;
Pavlopoulos et al., 2001; Deblandre et al., 2001). One hypothesis suggests that
downregulation of Delta within the signal receiving cell allows for Notch signal
transmission (Lai et al., 2001). Although an intracellular trafficking role of gp150 is
attractive, a possible upregulation of Dl in gp150 mutant eye disks might result from
impaired N signaling as N signaling can often cause downregulation of Dl expression
within signal-receiving cells (Baker and Yu, 1998; Fehon et al., 1991; Kooh et al., 1993).
Further experimentation is required to strengthen these possibilities.
Also within this chapter mutations within both Notch and Delta have been shown to
be able to enhance gp150 overexpression phenotypes. In the sev-1x gp150 flies, removal
of Dl showed a substantial enhancement of the sev-1x gp150 phenotypes. One notable
phenotypic enhancement is the increase in the percentage of R3→R4 and vise versa
transformations. Albeit only a small percentage of ommatidia show such cell fate changes
(~8%), the data suggest an effect of gp150 on Dl's ability to properly differentiate the R3
from the R4 photoreceptor. Consistent with gp150's role in early ommatidial
development, the interaction of Dl with the sev-1xgp150 is able to generate both positive
and negative effects upon Notch signaling. Within the same assay, loss-of-function
Notch alleles had no effect on the sev-1x gp150 phenotypes. As in the sensitized assay,
where weaker enhancement effects were seen between Notch and gp150 compared to
those between Delta and gp150, these data suggest a possible intimacy between Dl and
gp150. In the ey-1x gp150 experiments, both the loss of Dl and Notch had effects on the
ey-1x gp150 phenotype. Each mutation enhanced the effects of the ey-1x gp150
genotype. These data suggest that overexpression of gp150 by ey-Gal4 inhibits Notch
activity within the eye. The differences of the effect of gp150 using the sev-Gal4 and eyGal4 can be attributed to the different developmental context in which the Gal4 drivers
express gp150.
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So a question arises whether endogenous gp150 has a role in R3/R4 development and
early eye development? For the question of R3/R4 development, a small percentage of
R4→R3 transformations (1.14%) were detected in gp1502/+; Dl6B/+ double heterozygotes
suggesting a possible role of gp150 within this process. Currently, a role of gp150 during
second instar eye development has not been investigated. Possible ways to address this
would be to examine if gp150 mutations are able to affect phenotypes produced by
overexpression of Notch pathway members. For instance, test if heterozygosity at the
gp150 locus is able to alter the effects of Dl overexpression by the ey-Gal4 driver. If any
positive interactions are established, the second instar expression pattern of gp150 should
be determined.
Consistent with the results found by removing a copy of Dl and Notch in the ey1xgp150 genotype, co-overxpression studies using gp150 and components of the Notch
pathway showed that overexpression of gp150 during second instar eye development has
a negative effect on Notch signaling. Experiments demonstrated that gp150 activity was
able to enhance conditions which reduced Notch signaling, while it was able to suppress
conditions which overactivated Notch signaling. These finding are consistent with the
reduced eye phenotype produced by higher gp150 expression in the ey-2xgp150
genotype. To further confirm these findings, the expression of an E(spl)-lacz reporter
which reflects Notch activation at the dorsal/ventral midline of second instar eye disks
will be examined (Cooper et al., 2000).
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4.1 Summary and Perspective
Through a molecular genetic approach, mutations within the Drosophila gp150 gene
were identified and isolated. Gp150 encodes an ~150kd transmembrane protein with an
extracellular domain composed of 18 LRR domains and a short cytoplasmic domain
containing three conserved tyrosine phosphorylation motifs (Tian and Zinn, 1994;
Dhulkotia, 2000). Loss of gp150 results in sub-viability with survivors possessing defects
within the eye, wing, and mechanosensory bristles. gp150 defects occur due to improper
cell-cell communication resulting in defective cell fate specification. Interestingly all cell
types examined are able to be specified within gp150 mutants; however, too many or too
few of particular cell types often occur. These data suggest both a negative and positive
influence of gp150 upon cell fate specification.
With an anti-Gp150 antibody, examination of developmental and cellular expression of
Gp150 was possible. Consistent with loss of gp150 being responsible for the eye wing
and bristle phenotypes, expression of Gp150 is detected within these tissues. Within the
eye disk, Gp150 was exclusively detected within intracelluar vesicles. It is thought that
Gp150 does not reach the plasma membrane, since the antibody conditions used in this
study are able to detect plasma membrane proteins. Also, an endocytosis defective
mutation which disables clearance of proteins from the membrane had no effect on
Gp150 localization. These experiments suggest that Gp150 travels to intracellular vesicle
via an intracellular route. The majority of the Gp150-positive vesicles are most likely
endosomes as they co-localize with Delta and DRab7, a late endosomal marker.
Throughout this analysis, a genetic link between the action of gp150 and the Notch
pathway has consistently been revealed. Two independent assays looking for genes
affecting gp150 phenotypes revealed Notch and Delta mutations as enhancers of gp150
phenotypes. These enhancements were seen for phenotypes produced by loss-of-gp150
function and gain-of-gp150 function. So one asks, how might Gp150 regulate Notch
signaling during development? Considering gp150's strong genetic link to Delta, the colocalization between Gp150 and Dl-positive intracellular vesicles, and the increased
levels of Delta within gp150 mutant eye disks, I propose that Gp150 might reduce
intracellular Dl levels by promoting fusion between Dl-positive vesicles with the
lysosomes. Other groups have shown that in order for proper Notch signaling, Dl must be
cleared from the membrane and in effect the intracellular levels of Delta are reduced
(Deblandre et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001). From these and other
experiments, hypothesis arose stating that if Delta levels are high within a cell, Delta
inhibits reception of the Notch signal autonomously yet activates Notch signaling in the
surrounding cells. If levels of Delta decrease within the cell, autonomous inhibition of the
Delta protein is reduced along with the ability of the cell to signal out. If gp150 is able to
reduce levels of Delta, as expression analysis of Delta within gp150 mutations suggests,
then gp150 in effect reduces both Delta's ability to inhibit Notch signaling within the
signal-sending cell and Delta's ability to activate Notch in adjacent cells. Therefore,
phenotypes due to increased Notch activity and decreased activity as those seen in lossof-function gp150 mutant ommatidia and bristles could occur. This proposal is supported
by the simultaneous presence of ommatidia displaying an R3→R4 and R4→R3
phenotypes within the sev-1xgp150. Possibly, overexpression of gp150 within the R3/R4
cells compromises the signaling between the two cell types and if Dl is further removed,
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loss of autonomous inhibition causes the R3→R4 phenotype, while the inability of Dl to
signal to R4 leads to the R4→R3 phenotype.
All data concerning the phenotype caused by overexpression of gp150 by ey-Gal4
suggest that overexpression of gp150 inhibits the Notch pathway. During the second
instar larva stage, a role of gp150 has not been described; therefore, many possibilities
arise to account for these phenotypes. If the above hypothesis is transferred from the
third instar eye disk to the second instar eye disk stage, it is possible that gp150 reduces
Dl levels below the requirement to activate the Notch pathway. Seeing that cooverexpression of Gp150 and Dl causes a reduced eye phenotype, it is unlikely that
Gp150 can cause degradation of such Dl levels unless Dl itself induces its degradation.
More plausible is that the actions of Dl and Gp150 combine to negatively regulate the
Notch pathway. Possibly Gp150 along with additional factors modify Dl in a way which
renders Dl as an inhibitor of the Notch pathway. Hopefully through the use of both the
second and third instar developmental systems a clear mechanism of Gp150's effect on
Notch signaling will surface.
Whatever gp150's effect on Notch signaling, it is for certain that other factors are
necessary for this activity, as overexpression of gp150 only causes defects in certain
developmental contexts. Furthermore, despite the evidence in favor of Gp150 as a
modulator of Delta levels, there is a possibility that gp150 modulates the Notch pathway
through alternative mechanisms. For instance, it is possible gp150 plays a role in
endosomal recycling to regulate ligand/receptor levels. For instance, if gp150 regulates
Dl recycling, alterations in Dl's ability to signal out and the ability to inhibit Notch can be
imagined. Also, a role of gp150 within the secretory pathway, or to recruit proteins which
modify Notch components is not unreasonable.
All this said, recently a role of the endocytic pathway in modulating cell-cell signaling
is becoming ever more clear. In specific relation to the Notch pathway, Notch is
recognized and ubiquinated by an E3 ubiquitin ligase Itch (Qui et al.,2000), suggesting
that Notch stability could be regulated through the proteasome-mediated pathway. An
Itch-related Drosophila protein, Suppressor of deltex, also negatively regulates Notch
signaling (Cornell et al., 1999). Another negative regulator of Notch, Numb, has recently
been shown to localized to the endocytic pathway. Also, Delta has been shown to be
mono-ubiquinated by the E3 ubiquitin ligase Neuralized, which triggers clearance of Dl
from the membrane and subsequent degradation of Dl (Deblandre et al., 2001; Lai et al.,
2001; Pavlopoulos et al., 2001).
Therefore, although the mechanism by which Gp150 regulates Notch signaling is
unknown, the evidence of Gp150 as a modulator of Notch signal is strong. These data
favor a role of Gp150 in protein trafficking of the Delta ligand; however, clarification of
the role of Gp150 within the Notch pathway is essential and should be interesting.
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