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ABSTRACT

Fushi tarazu (FTZ) acuwity is essential for proper Drosophila
segmentation. Null fi= mutantss have a ftz cuticular phenotype; embryos lack
even-numbered parasegments. When FTZ is ectopically expressed, the
opposite, anti-ftz, cuticular phenotype is observed; embrvos lack odd-
numbered parasegments. [t has been proposed that endogenous FTZ
expressed in the even-numbered parasegmented primordia may activate a
signalling pathway that represses ectopic FTZ activity in the odd-numbered
parasegments ( Argiropoulos, 1997). My aim was to 1dentityv factors that are
components of this signaling pathway; however, my attempts were
unsuccessful.

Previous observations suggested that the tyrosine residues in the
terminal regions of FTZ are important in the generation of the anti-fiz
phenotvpe (Percival-Smith, unpublished). However. ectopic expression of
two FTZ denivatives with a 32 tyrosine tail, resulted in ftz and wg cuticular
phenotvpes. Furthermore. the frequency of these phenotvpes was affected by
the duration of heat shock. EN and fiz enhancer expression was also
repressed when these FTZ derivatives when ectopically expressed.
Therefore, I propose that FTZ*'**YT and FTZ""***T are behaving as

dominant negative molecules that repress FTZ regulated genes.

Key Words: fushi tarazu, FLP-DFS technique, anti-ftz phenotype, pair-rule

genes, segmentation



Now this is not the end. [t is not even the beginning of the end. But it is

perhaps, the end of the beginning.

Winston Churchill (1874-1965)
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INTRODUCTION

1.1 Developmental Genetics

After fertilization and nuclear fusion, the single celled zvgote begins
the process of developing into a complex multicellular organism. All of the
information necessary tor generating the many cell tyvpes. tissues, organs, and
organ svstems 1s contained within the maternal and zvgotic genomes.
Theretore, the process of development requires a highly, spatially and
temporailv, regulated expression ot genes.

Betore the differenuation ot specific structures occurs. a three-
dimensional body plan is determined. The process or segmentation in the
trutt tlv. Drosophila melanogaster, embryo provides an excellent model for

studyving the molecuiar controls necessary for the patterning of the body plan.

1.2 Drosophila melanogaster as a Developmental Model

Drosophila melanogaster has successfully been used as a model
organisim tor the study of development tor many vears. Since the eggs are
easily harvested. each stage of its life cycle, from tertilization to adult, has
been well characterized. Embrvogenesis has been described in great detail,
both morphologically and at a cellular level (reviewed in Campos-Ortega and
Hartenstein. 19835). Extensive study has provided a broad knowledge base of
Drosophila genetics and the available molecular tools unique to Drosophila
make it an excellent model for the study ot development, as well as other

biological processes.
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When considering a model organism for the study of development, an
important consideration is the accessibility of the embryos needed for
investigation. Drosophila females are sexually active just 12 to 14 hours
after eclosion, and a single mating can result in sufficient insemination for the
female to lay fertile eggs for 6 to 8 days. A female can lay up to 100 eggs per
day, and as many as 3000 in a lifetime (reviewed in Ashburner, 1989). These
numbers, coupled with the fact that the eggs are laid extemally, allow for the
rapid collection of a large number of eggs.

The Drosophila life cycle has been thoroughly characterized (reviewed
in: Campos-Ortega and Hartenstein, 1985; Bate and Martinez-Arias, 1993).
After fertilization, during the syncytial blastoderm stage, the embryo
undergoes 13 synchronous nuclear divisions. At approximately the tenth
division, a group of nuclei migrate to the posterior pole of the embryo and
cellularize, giving rise to the germline, or pole cells. Later, the remaining
nucle1 migrate to the periphery of the embryo and cellularize. It is during the
cellular blastoderm stage that segmentation of the embrvo begins. At the end
ot the cellular blastoderm stage (almost 3 hours after fertilization), the basic
body plan of the embryo is determined; all three body axes are established,
and the signals determining the segmentation pattern are active. The embryo
then undergoes gastrulation, during which time the three germ layers are
formed through the movement of the blastoderm cells to new positions in the
embryo. Organs are formed during the stages of germband extension and
retraction. Embryogenesis ends approximately 24 hours after fertilization
with the hatching of a first instar larva. After two subsequent larval stages

(second and third instar), the Drosophila enters a pupal stage during which
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metamorphosis takes place, and an adult fly emerges approximately 5 days
later.

Through extensive investigation, using classical genetic analysis,
mutant alleles in thousands of Drosophila genes have been identified
(FlyBase. 1999). With the aid of balancer chromosomes. mutant alleles in
known genes. as well as gross chromosomal abnormalities, have been easily
maintained in Drosophila stocks. Non-lethal mutations identified throughout
the genome provide geneticists with a myriad of genetic markers. Also
available to Drosophila researchers, is a detailed cvtogenetic map developed
using the polyvtene chromosomes tfound in the salivary glands ot third instar
larva.

One of the most interesting milestones in Drosophila research is the
determination of the complete DNA sequence of the euchromatic regions of
the Drosophila genome (Berkelev Drosophila Genome Project. unpublished).
This knowledge will allow the study of the coordinate function of the
complete genome in Drosophila biology. In addition to the sequence of the
venomic DNA. the sequence ot the transcribed regions and the sequence of
the insertion sites of P-element induced lethal alleles are also being
determined (FlyBase, 1999). These sequencing projects will result in
genome-wide tools for the study of Drosophila development.

P-element mediated transformation of the germline is one of the most
important molecular tools available to Drosophila geneticists, allowing for
the stable reintroduction of DNA into the Drosophila germline (Rubin and

Spradling, 1982). P-element mediated transformation permits the study of the



etfect of ectopic expression, both spatially and temporally, of known genes

and the study of recombinant genes in vivo.

1.3 Segmentation

The proper development of Drosophila melanogaster depends on the
early segmentation of the embryo into metameric units called parasegments.
Parasegments include cells that will give rise to the posterior part of one
larval/adult segment, and the anterior part of the next posterior larval/adult
segment (Martinez-Arias and Lawrence, 1985). The establishment of the
segmental body plan in Drosophila requires the coordinate function ot the
protein products encoded by segmentation genes (Carroll and Scott, 1986).
The action of various sets of segmentation gene products involved in the
determination of the anterior-posterior axis of the embryo is organized in a
hierarchy. This hierarchy begins with the action of the protein products
encoded by the matemnal coordinate genes bicoid and nanos, which are
involved in the establishment of the basic anterior-posterior axis of the
embrvo (Driever and Nusslein-Volhard, 1989; Driever er a/. 1989: Wang and
Lehmann, 1991). The products of the matemnal coordinate genes regulate the
expression of a subset of segmentation genes known as the gap genes , such
as giant, hunchback, Kriippel, knirps, and tailless (Eldon and Pirrotta, 1991;
Lehmann, 1984; Wieschaus et al. 1984; Knipple et al. 1985; Heder et al.
1998; Nauber ez al. 1988; Liaw and Lengyel, 1993). These genes are
expressed in broad domains across the anterior-posterior axis of the embryo,
dividing the embryo into sections which will give rise to more than one

segment. Loss-of-function mutations of gap genes result in the loss of



contiguous groups of segments. The protein products encoded by gap genes
regulate the expression of the pair-rule genes, such as even-skipped. fushi
tarazu, hairv, paired. and runt (Goto et al, 1989; Harding er al/, 1989: Hafen
et al. 1984: Carroll and Scott, 1986: Howard er a/. 1988: Kilchherr er al.
1986: Gergen and Butler, 1988). These genes are expressed in bands of cells,
one segment wide. that divide the embryo into fourteen segments. Through
this on/otf expression pattern, pair-rule gene products are responsible for
pattern formation in pairs of segments. Loss-of-function mutations in pair-
rule genes result in the loss of sections of every other segment. Pair-rule gene
products regulate the expression ot segment polarity genes. which include
wingiess and engrailed (Baker. 1987 Komberg ¢r al. 1985: DiNardo ez al.
1985). These genes are expressed in a portion of each segment, and assign
polarity to the tourteen segments. Loss-of-function mutations in segment
polarnity genes atfect polanty within each segment. leading to deletions.
duplications and reversals of polarity. In addition to the establishment of the
segmented body plan. segmentation genes are also required for the

specification ot the identity of each segment (reviewed bv Akam. 1987).

1.4 Pair-Rule Genes

Nusslein-Volhard and Wieschaus ( 1980) first identified the pair-rule
class of segmentation genes, which includes even-skipped. fushi tarazu, odd-
skipped. paired, odd-paired, sloppy paired. hairy and runt. These genes and
their protein products are expressed and required in single segment wide
domains during morphogenesis. The domains of pair-rule gene requirement

were deduced from each gene’s mutant phenotype; loss-of-function mutations



of pair-rule genes result in defects of every other segment (Nusslein-Volhard
and Wieschaus, 1980). Pair-rule genes have been extensively studied, and
found to encode transcription factors (reviewed in Bate and Martinez-Arias,
1993). Ininally, it was proposed that only the gap genes regulated the
expression of these transcription factors (Nusslein-Volhard and Wieschaus,
1980). Similarly, the sole targets of the pair-rule gene products were thought
to be segment polarity genes. However, further studies have shown that a
“primary” subset of pair-rule genes (even-skipped, hairy, and runt) respond
to gap gene regulation, and in turn regulate “*secondarv™ pair-rules (fusAi
tarazu. odd skipped. paired, odd paired. and sloppy paired) (Pankratz and
Jackle. 1993). Combinations of pair-rule gene products then regulate the
expression of segment polarity genes, such as engrailed. (DiNardo and

O’Farrell, 1987)

1.5 fushi tarazu: Structure and Function

The name of the pair-rule gene fushi rarazu (fiz), originates trom a
Japanese phrase which means segment deficient, and describes the gene’s
loss-of-function mutant phenotvpe (Wakimoto and Kautman. 1981). Since its
identification in 1980 (Nusslein-Volhard and Wieschaus 1980: Wakimoto and
Kaufman, 1981), the pair-rule gene fushi rarazu has been cloned and its
molecular structure has been characterized. The DNA sequence ot fi-
contains a 1239 bp open reading frame, interrupted by a 150 bp intron
(Laughon and Scott, 1984). Translation of the FTZ open reading trame
results in a 43 kDa protein consisting of 413 amino acids. The DNA

sequence of fiz contains a homeobox, that, when translated, encodes a



homeodomain (HD). A homeodomain is a 60 amino acid DNA binding
protein domain which contains a helix-tum-helix motif found in many DNA
binding proteins (Laughon and Scott. 1984). Other domains of the FTZ
protein include a protein degradation site, the PEST sequence. and an «FTZ-
F1 binding site (Kellerman er a/. 1990:; Guichet er a/. 1997). In addition, the
FTZ protemn is heavilv phosphorvlated suggesting that signal transduction
pathways play a role in directing tissue-specific FTZ activities (Krause and
Gehring, 1989: Dong er al. 1998). Furthermore. the phosphorvlation of FTZ
residue threonine 263 by protein kinase A, is necessary for normal
segmentation (Dong er al. 1998). Phosphorvlation or this threonine residue,
in the N-terminal arm of the homeodomain of FTZ. is not necessary tor
proper FTZ function in the CNS (Dong and Krause, 1999).

Through deletion analysis Hiromi and Gehring (1983) identitied three
c1s-acting regulatory elements of f1z. The first is the zebra element. which is
sutficient to dnive 17z expression in eight evenly spaced stripes. Second. the
neurogenic element is responsible for normal fi= expression in the developing
nervous svstem. Finally, the upstream element is required for FTZ auto-
regulatory activity. The upstream element contains two independent
enhancers: the distal enhancer directs expression of seven mesodermally
restricted stripes. and the proximal fiz enhancer directs expression in stripes
that span both the ectoderm and the mesoderm (Pick er a/. 1990). The
proximal enhancer is required for stripe establishment pnor to the onset of fiz
autoregulation. Direct interaction between the fiz enhancer and the FTZ
protein is required for autoregulatory fiz enhancer activity (Schier and

Gehring, 1992: Hvduk and Percival-Smith, 1996). However, it has been



demonstrated that a FTZ polypeptide with a deletion of the homeodomain is
still able to activate the 72z enhancer, although it does not rescue the fiz
cuticular phenotype in 7= null murants (Hyduk and Percival-Smith, 1996;
Furukubo-Tokunaga er al. 1992). Hyduk and Percival-Smith (1996)
proposed a model whereby the FTZ protein has two activities that operate at
different times during embrvogenesis. Initially FTZ HD-dependent
transcriptional activation upregulates fi- expression through an autoregulatory
mechanism mediated through the fiz enhancer. However. by the end of the
cellular blastoderm stage, and during gastrulation. FTZ actuivates FTZ-
dependent Engrailed (EN) expression and establishes FTZ-dependent cuticle,
through HD-independent FTZ actuivity. HD-independent FTZ actuivity
suggests that other proteins are involved in regulating the activity ot FTZ.
Protein-proten interactions between FTZ and the pair-rule protein Paired
(PRD) have been shown to have a svnergistic etfect on regulation of an
engrailed-dnven promoter (Ananthan er al. 1993). [n addition, a direct
interaction between FTZ and PRD is required for the repression of wingless
(Copeland er af. 1996). A member of the steroid receptor supertamily,
aFTZ-F1 interacts specifically and directly with FTZ. through the «FTZ-F1
binding domain of FTZ (Guichet er a/. 1997). The deletion of the «FTZ-F1
binding domain inactivates the FTZ protein, and null aftz-F7/ alleles produce
a ttz-like phenotype (Guichet er al. 1997). Thus, «FTZ-F1 is a FTZ cofactor.
A modified veast two hybrid screen was used to identifv a novel FTZ
cotactor candidate, tentatively named Ftz Interacting Protein 2 (Yu et al.

1999). It is currently in the process of being characterized.



1.6 The role of fusii tarazu in Drosophila Development

Normal /= gene expression requires the activities of the gap genes
Kriippel. knirps, hunchback, giant, and ratlless, and the pair-rule genes hairy,
runt, and even-skipped (Carroll and Scott, 1986: Ingham and Martinez-Arnias,
1986: Hiromi and Gehring, 1987). A recent modified veast two hybrid screen
pertormed bv Yu and colleagues (1999) identitied several other candidate fiz
regulators. Two of these regulators are novel genes, vet to be characterized.
The tirst of the known proteins, Sloppy paired, was shown to directlv repress

iz transenption.  The second. Tramtrack, was shown to have a potential to
activate transcnption via the proximal enhancer in veast cells. This tinding is
opposite to previous evidence suggesting that Tramtrack is a repressor of fiz
gene expression (Hamson and Travers 1990; Brown and Wu, 1993). These
conflicting tindings suggest that Tramtrack may be either activating the
transcription of a #i= repressor, or it may have a dual function of repression
and activation of transcription. based on its interaction with other proteins
(Yueral. 1999).

Once transcnbed and translated, F7Z mRNA and FTZ protein tirst
accumnulate i a broad domain at the svncytial blastoderm stage (Hafen er al.
1984). Dunng the cellular blastoderm stage, the broad domain of FTZ
expression is resolved into seven stripes that correspond to the even-
numbered parasegments. These even-numbered parasegments are missing in

[tz embryvos, demonstrating the importance of fi= expression in their
development (Hafen er a/. 1984; Hiromi er al. 1985). Furthermore, reciprocal

shift experiments of the temperature-sensitive allele of fiz (fiZ*"*) show that
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the temperature-sensitive period of FTZ requirement corresponds to the
cellular blastoderm and gastrulation stages.

The absence ot FTZ activity in an embryo homozygous for an
embryonic lethal null fiz allele results in the deletion of even-numbered
parasegments. This deletion by reflected by the absence of aiternating
segments in the first instar larval cuticle (Wakimoto and Kaufman, 1981).
The thoracic denticle belt T2, and the abdominal denticle belts Al, A3, AS,
and A7 are missing in fi= mutant first instar larval cuticles; these larval
segments are denivatives of the even-numbered parasegmental primordia.
Furthermore. it has been observed, that when FTZ is ectopically expressed,
the result is a reciprocal pair-rule phenotvpe (with denticle belts T1, T3, A2,
A4, A6, and A8 missing), termed the anti-ftz phenotvpe (Struhl, 1985).
These observations suggested that the orvoff pattern of FTZ expression is

important for segmentation.

1.7 fushi tarazu Regulates Engrailed Expression

FTZ target genes include engrailed, wingless, Ultrabithorax. Tenascin
major, and teashirt (Duncan, 1986; DiNardo and O’Farrell. 1987: [sh-
Horowich er al. 1989: Baumgartner er al. 1994; Core er al. 1997). The role
FTZ plays in the regulation of the segment polarity gene engrailed is very
well characterized. During the late cellular blastoderm stage, the EN protein
is expressed in fourteen evenly spaced stripes along the anterior-posterior
axis of the Drosophila embryo. These EN stripes mark the primordia of the
anterior part of each parasegment. In the absence of fiz expression, the even-

numbered EN expression stripes are lost, giving rise to a ftz EN expression
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pattern (DiNardo and O’Farrell, 1987). Conversely, when FTZ is expressed
throughout the embryo, or ectopically expressed, a 1-2 cell anterior widening
ot the FTZ-dependent EN stripes, the anti-ftz EN expression pattern, is
observed (Ish-Horowicz et al. 1989). Since the even-numbered stripes of EN
expression are FTZ dependent, the presence or absence of these bands is a
widely used indicator of the presence or absence of fiz gene expression and/or

FTZ protein activity (DiNardo and O’Farrell, 1987).

1.8 The Analysis of the Anti-ftz Phenotype: Rationale and Objectives

The interaction between FTZ ectopically expressed from a Tubulin al
promoterifiz tusion gene (P{w", fiz'*3<Tub al}), and endogenous FTZ was
previously studied by B. Argiropoulos and A. Percival-Smith (Argiropoulos,
1997). The analysis of the phenotypes caused by the expression of various
fusion genes trom the 7Tubulin al promoter resulted in a model for the
interaction between endogenous FTZ activity expressed in even-numbered
parasegments, and FTZ activity expressed ectopically in the odd-numbered
parasegments (Figure 1). The Tubulin al promoter was used because it is a
constitutive promoter, active in all cells; Tubulin a1 is a component of
microtubules (Robert and Hyams, 1979).

[t was proposed that endogenous FTZ activity, expressed in the even-
numbered parasegments, activates the expression of a non-cell-autonomous
signaling pathway that represses FTZ activity synthesized from the 7ubulin
al promoter:ftz fusion gene in the odd-numbered parasegments
(Argiropoulos, 1997). This model for the generation of the anti-ftz phenotype
is based on two observations. First, when two copies of the FTZ fusion gene

are present in an otherwise wild-type fly, only a low frequency of anti-ftz



Figure 1. The model for the generation of the anti-ftz phenotype as proposed
by Argiropoulos (1997). Endogenous FTZ (blue) is expressed in even-
numbered parasegments only, whereas ectopic FTZ is expressed in every cell
of the embryo. Endogenous FTZ, in even-numbered parasegments, 1s
required for the expression of a secreted signalling factor that represses

ectopic FTZ activity in odd-numbered parasegments.
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phenotypes was observed. However, when two copies of P{w", fiz'*"*<Tub
«!} and only one copy of the endogenous fiz gene are present, the anti-ftz
phenotvpe was fullv penetrant. Hence, the reduction of endogenous FTZ
activity resulted in an increase in ectopically expressed FTZ activity. Second,
ectopic expression of FTZ*'*"*% from the Tubulin a/ promoter generates a
strong anti-ftz phenotype, suggesting that the deleted region is responsible for
negative regulation of ectopic FTZ activity by endogenous FTZ activity
(Argiropoulos. 1997). My aim was to identifv the component(s) ot the cell-
non-autonomous signalling pathway by which endogenous FTZ represses
ectopic FTZ. [ screened zygotic lethal matemal eftect mutant alleles using
the FLP mediated Dominant Female Sterile (FLP-DFS) technique for possible
candidate genes whose products function downstream of endogenous FTZ in
the pathway responsible for the repression of ectopicallv expressed FTZ
activity.

Secondly, a systematic deletion analysis of the FTZ polvpeptide has
been pertormed by Percival-Smith and colleagues (unpublished). These
deletions of FTZ were assayed for their ability to induce the ant-fiz
phenotype. The analysis showed that the FTZ-F1 binding site was essential
for the generation of the anti-ftz phenotvpe (Guichet er @/. 1997). In addition,
these experiments suggested that the terminal regions of the FTZ polypeptide
played an important role in the generation of the anti-ftz phenotype. The
ectopic expression of full length FTZ from a hear shock promoter results in
the anti-fiz phenotype, as does the expression of FTZ*'°, FTZ*'"'%, and
FTZ*%=1 (Figure 2 A-D). However, when more than one of these sections
is deleted, as in the case of FTZAI7100, FTZ21-50. 380413 pT751-100. 380413

FTZ_HNG-HS’ FTzdl-IOO. 380-—413, FTzdl-lOO. 15113 (Flgu-re 2 E_‘I)’ the antl-ﬁZ



Figure 2. Diagrammatic representation of FTZ derivatives. All these
derivatives have been ectopically expressed from a heat shock promoter
fusion gene. Solid block indicates the position of the homeodomain, and
superscript numbers indicate the amino acid number. The ability to induce

the anti-ftz phenotype i1s shown in the right hand column.
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phenotype 1s not detected. Since these regions are rvrosine rich as compared
to the rest of the FTZ protein (Figure 3), it has been proposed that the number
of tyrosine residues at the N and/or C tenminal regions ot FTZ is important for
the induction of the anti-ftz phenotvpe (A. Percival-Smith, personal
communication). Tyrosine richness has also been conserved in the
Drosophila virulus FTZ homologue. which has been shown to rescue FTZ
activity in Drosophila melanogaster. Ectopic expression of the 7ribolium
FTZ homologue, which has a significantly lower tvrosine content than FTZ,
does not result 1n the anti-ftz phenotvpe (Krause and Percival-Smith.
unpublished result). This observation indicates the importance ot tvrosines in
the ¢eneration of the anti-ttz phenotvpe. By ectopicaily expressing FTZ
constructs with a tyrosine residue tail {YT), my objective was to establish
whether the tvrosines in the FTZ terminal regions are important tor the

generation of the anti-ftz phenotype.



Figure 3. Amino acid sequence of FTZ. The functionally redundant regions
important for the induction of the anti-ftz phenotype: 1-50 (blue), 51-100
(green), 316-379 (cyan), and 380-413 (purple). Region 1-50 contains 10
tvrosine residues. Therefore 20% of the region is composed of tyrosine (Y)
residues. Region 51-100 contains 6 tyrosine residues (12% Y). Region 316-
379 contains 5 tyrosine residues (8% Y). Region 380-413 contains 6 tyrosine
residues (18%). The remainder of the protein (black) contains only 10

tvrosine residues (less than 5%). Tyrosine residues are shown in red.
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MATERIALS AND METHODS

2.1 Fly Strains and Maintenance
Table 1 lists the genotypes of all ot the fly stocks used in this study, as
well as their source. Flies were maintained at 25°C and 80% humidity, on

standard commeal agar media supplemented with Baker's veast (Sang, 1978).

2.2 Using the FLP-DFS Technique to Study the Epistatic Relationship
Between Two Alleles

The development of the FLP-DFS technique has led io the
identitication ot new loct whose gene products are required maternally for
proper segmentation (Pernimon er a/. 1996). The FLP-DFS technique was
used to screen 16 ot these loci found on autosomes, and two loci on the X
chromosome tor candidate genes involved in the repression of ectopic FTZ
activity by endogenous FTZ, and/or the generation of the anti-ftz phenotype
(Frgure 4). Eggs derived from egg chambers homozyvgous for one ot the 18
loct were tertilized with sperm from one of the following: wild tvpe males,
males carrving tuli-length fi= fused to the Tubulin ai promoter (BA103), or
males carrving iz with a deletion of amino acids 151 to 209 fused to the
fubulin al promoter (BA108). If a gene product coded for by one of the 18
loct screened is required for the repression of ectopic FTZ activity, or
generation of the anti-ftz phenotype, then the phenotype of its loss-of-function

will be altered by ectopic expression of FTZ'™"? or FTZ #P'*%



Table 1. Names, genotypes and origins of fly stocks used in this study. The

genotypes are written in the nomenclature described in FlyBase (1999).
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Figure 4. Summary of the FLP-DFS technique. A genotype is produced that
carries the lethal mutant on one chromosomal arm, and ovo®' on the
homologous arm. Also carried in the genotype is the FLP gene fused to a
heat shock promoter. FLP recombinase binds to the FRT sites located near
the centromeres, and mediates site specific recombination at the FRT sites.
Recombination results in the production of two germ cell populations. The
first cell population is homozygous for the dominant female sterile allele
ovo®'. The second population is homozygous for the lethal allele and does
not have the ovo®' allele. This population of cells forms eggs which are

tertilized by sperm carryving Tubulin al fiz fusion genes.
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Since P{w". fir"""<Tub al} can be maintained as a stable stock,
males from BA 103 were collected. However, ectopic expression of FTZ *P*"
% is lethal. Hence, generation of sperm carrving {w". fi=*"*'*<Tub e/}
required the separation of FTZ*"'"* from the Tubulin al promoter by the
vellow gene tlanked by two FLP recombinase target (FRT) sites. Crossing
virgin females from the stock containing P{w™. fi=P12%<y™ Tup @il
(BA108) to males containing P{f3; Tubulin-FLP) resuits in the excision of the
vellow gene and the expression of FTZ*"*'*% by the Tubulin ai promoter.
Since the J:.Tubulin promoter is sperm specific. the expression of FLP
recombinase and subsequent excision of the vel//ow gene will occur oniy
during spenmnatogenesis in the malies without the need of heat shock. When
an egg 1s tertilized with the resulting sperm, every cell of the embrvo will
ectopically express the FTZ!'™'? or the FTZ*1312%

Stocks carrving the 18 maternal effect mutations linked to an FRT site
were obtained from N. Permimon (1996). Virgin females from stocks with the
mutation on the X chromosome (zeste white 3 and hopscotch) were crossed
to males trom stock 1813. The progeny of the cross were heat shocked at
36.5°C for | hr on day 3 and day 4 after egg layving (AEL), which
corresponds to the third instar larval stage. Virgin females with Bar eves
were then collected and crossed to wild type (v w) males, or males that
produced sperm carrving either P{w", fiz!*<Tub al} or Piw". fir*P>"
*®<Tub al}. First instar larval cuticles were prepared from these final
Crosses.

In the case of mutant alleles on the second chromosome, virgin females

from the FRT stocks carrying the mutations (P944, P936, P1407, and P1469)



were crossed to males from the stock 1929. Virgin Scutoid (Sco) females
with curly wings (CyQO), having a mutation located on the left arm (2L) of the
second chromosome (P944 and P936), were crossed to CyO. non-
Stemopleural (Sp) males from the stock 2121. When the mutation was
located on the right arm (2R) of the second chromosome (P1407 and P1469),
the virgin Sco, CyO females were crossed to CyQO, non-Sp males from the
stock 2125. The progeny from these crosses were heat shocked as previously
descnibed. Virgin non-CyO females were collected and crossed to the same
set of 3 males as for the X chromosome. First instar larval cuticles were
prepared from these final crosses.

[n the case of mutations on the third chromosome. virgin females from
the FRT stocks carrving the mutations (P1633, P1572, P1598, P1639, P1590,
P1605, P1594, P1539, P1711, P2144, P1681, and P1523) were crossed to
males from the stock 1970. Virgin non-Dichaete (CxD) females with a
mutation on the left arm (3L) of the third chromosome (P1633, P1572,
P1598) were crossed to Stubble (Sb), non-ebony (&), males from the stock
2139. In stocks with the mutation located on the nght arm (3R) of the third
chromosome (P1639, P1590, P1605, P1594, P1539, P1711, P2144. P1681,
and P1523), the virgin non-CxD females were crossed to Sb, non-e’, males
from the stock 2149. The progeny from these crosses were heat shocked as
described above. Virgin non-Sb females were collected and crossed to the
same set of 3 males as for the X chromosome. First instar larval cuticles

were prepared from these final crosses.



2.3 Preparation of First Instar Larval Cuticle

After a 30-minute interval, embryos were collected and allowed to
develop tor 24-26 hours at 25°C and 80% humidity. The first instar larvae
were dechononated in a 3% sodium hypochlorite solution for | minute, and
dewvitellinized by shaking in a 1:1 mixture of heptane and methanol. The
larvae were then mounted in 1:1 Hover’s mountant:lactic acid. and incubated
at 60°C until the soft tissue was digested leaving the cuticle (24-48 hours)
(Van der Meer. 1977). The resulting cuticles were visualized using darkfield

OptICs.

2.4 Generating FTZ Polypeptide Constructs

Four iz constructs were generated for ectopic expression experiments
(Figure 5). Three constructs contain a 32 amino acid tyvrosine tail (YT). The
YT was constructed by multiple rounds of Linker Tailing of the tyrosine rich
double stranded sequence
3'GTACCCGGGGTAGTAGTAGTAGTAGTAGTAGTAGTAGTA
(Vetrogen). [n the tirst round the double stranded oligonucleotide. which
contains phosphates only in phosphodiester linkages, was ligated into the
Smal restriction enzyme site of pBC SK (Stratagene). The ligated plasmid
DNA was purified from the unligated oligonucleotides using sepherose
column chromatography (Spectra/Gel A6, Spectrum). The purified plasmid
DNA was heated to 96°C in a heat block, then allowed to reanneal by turning
off the heat block and cooling it slowly to room temperature. The annealed
product was then transformed into £. coli cells (HB101, Gibco). A colony

containing the plasmid and insert (in the correct orientation) was selected,



Figure 5. Diagrammatic representation of FTZ derivatives constructed for
this study. The black box indicates the position of the homeodomain, and
superscript numbers indicate the FTZ amino acid number. The gray box
indicates the attachment of the tyrosine tail (YT) to the FTZ sequences.
Ectopic expression of each construct was expected to result in anti-ftz
cuticular phenotype . The sequence of the YT is as follows: TSGSPYY
YYYYYYYYPYYYYYYYYYYPYYYYYYYYYYPGYGYRPLV.
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propagated, and the plasmid was purified (Maxi DNA prep, Qiagen). The
Smal site of pBC SK was destroyved during the ligation of the tirst
oligonucleotide into the plasmid, however. an additional Smal site in the
insert allowed for a second round of Linker Tailing in the same manner as
noted above. The second round resulted in a plasmid containing two copies
of the tvrosine rich oligonucleotide linked in the same orientation. This
procedure was then repeated to link a third tvrosine rich sequence to the first
two. leading to the generation of a DNA fragment containing 32 tyrosine
codons.

Four constructs (Figure 3) were made using poivimerase chain reaction
(PCR)-mediated mutagenesis (Fitzpatrick ez al. 1992). High fidelity Pfu
DNA polymerase (Stratagene) was used in all PCR reactions. Primer
sequences are listed in Table 2. Primers APS18 and BJBY3. APS35 and
BJBYS. or APS335 and BJBY7 were used in PCR reactions containing the fiz
open reading frame to amplify DNA fragments encoding the amino acids
FTZ' FTZ" or FTZ'"!'° (Figure 6). At the 3’ end of each of these
DNA fragments. a Notl restriction enzyme site was introduced during the
PCR. Similarly, at the 3’ end of each of these DNA fragments. a sequence of
9 nucleotides complementary to the YT was introduced during the PCR.
DNA fragments containing the polytyrosine stretch were amplified in PCR
reactions containing tyrosine construct DNA and primer BJBY1 plus primer
BJBY2. BJBY4, or BIBY6 (Figure 6). At the 3’ end of the DNA fragment, a
9-nucleotide sequence complementary to the fiz DNA was included during
the PCR. At the 3’ end of each of these YT DNA fragments, a Notl

restriction enzyme site was introduced during the PCR. The fiz DNA



Table 2. Sequences of PCR primers used in the generation of the fiz fusion

genes encoding the FTZ derivatives made for this study.



o
N

Primer

Sequence (5-3)

BI3Yl
BIBY2
BIBY3
BIBY4
BIBYS
BIBYG6
BIBY7
BIBYSY
BIBYY
BIBY 10
BIBY I
APSI18
APS35

GOGATCCAGCGGCCGCTACCCGTACCCGGGGTAG
AAGGATCGCACTAGTGOGATCCCCCTAC
TCCACTAGTGCGATCCTTCTTCGACTEC
CTCAATGATACTAGTGGATCCCCCTAC
TCCACTAGTATCATIGAGCAGGCCATAAC
ACCOCCAGCACTAGTGOGATCCCCCTAC
TCCACTAGTGCTGGCOGGTGACCTTOGGTG
AAGOGATCOCATOGGCCACCACAAACAGC
GGTGGCCATGCGATCCTICTTCGACTTC
CGCAGATCTGCGGCCGCUGAAGCAGCATCATCTTCG
CGCAGATCTGCGGCCGCG
GCTATGCGGCCGGCAGGAGAAGCTAGCTATAAAC
GCTATGCGOGCCGCAAACATGATCATCGCCGCCGTGGAGG




Figure 6. Diagrammatic representation of the PCR strategy used to construct
the fusion genes that encode the FTZ denvatives used in this study. Primer
names/numbers are circled, and primer direction and target sequence 1s
shown with arrows. The Notl sites used to clone the constructs into the P-
clement carrving vector pNMT4 are also shown. The black box indicates the
position of the homeobox, and superscript numbers indicate the amino acid
number. The gray box indicates the attachment of the tyrosine tail (YT) to

the ft- sequence.
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fragments were joined to the YT in PCR reactions containing the two
fragments to be joined, the primer used to amplify the 5’ of the FTZ fragment,
and the primer used to amplify the 3’ of the YT fragment in previous reactions
(Figure 6). These constructs were then digested with Notl, gel isolated, and
cloned behind the heat-shock promoter of the expression vector pNMT4
(Schneuwly er al. 1987).

A fourth construct was made to test the functional redundancy of the
terminal regions of the FTZ polyvpeptide through the substitution of amino
acids 316-416 by the amino acids 1-100 (Figure 3). A PCR reaction
containing primers APS18 and BJBY9, and the fiz open reading frame. was
used to amplifyv the DNA encoding the amino acids FTZ"*'¢ (Figure 6). At
the 3" end of this DNA fragment a Notl restriction enzyme site was
introduced during the PCR. Similarly, at the 3’ end of this DNA fragment,
the 9 nucleotides that encode the first 3 amino acids of FTZ were introduced
during the PCR. A PCR reaction containing primers B/JBY8 and BJBY 10
and the 71z open reading frame was used to amplify the DNA encoding the
amino acids FTZ"'% (Figure 6). At the 3’ end of this DNA fragment. a 9-
nucleotide sequence encoding the last 3 amino acids of the FTZ
homeodomain was introduced during PCR. Similarly, at the 3’ end of this
DNA fragment, a NotI restriction enzyme site was introduced during the PCR
(Figure 6). The two FTZ DNA fragments were then joined together in a PCR
reaction containing the two fragments to be joined, and the primers BIBY11
and APS18. This fourth construct was also subsequently digested with Norl,
gel isolated, and cloned behind the heat-shock promoter of the expression
vector pPNMT4 (Schneuwly et al. 1987).
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Two of the fusion genes, FTZ''$"YT and FTZ!"**YT (Figure 5) were
then successfully transformed into the genome of ~~°¢ flies by P-element
mediated transformation (Rubin and Spradling, 1982). Successful
transformation was verified by PCR amplification of the constructs from

genomic DNA (Figure 7).

2.5 Embryo Collection and Heat Shock

Embryos were collected at 30-minute intervals on apple juice plates,
and incubated at 25°C and 80% humidity (Wieschaus and Nusslein-Volhard,
1986). At 2:35 hours AEL, the embryos were coilected from the plates onto
a mesh screen. The embrvos were heat shocked at 37°C for 15 minutes by
placing the screen into a 2 ml microcentrifuge tube and submerging it into a
circulating waterbath. After heat shock, the embryos were incubated at 25°C
and 80% humidity untl they were fixed, or until cuticles were prepared. For
experiments assaying the dosage effect, embryos were treated as above, but

heat shocked for 3, 7.5, 10, 12.5, and 15 minute intervals.

2.6 ftz Enhancer Activation

To test the effect of ectopic expression of the FTZ constructs on the
pattern 77z enhancer activation, males from the stocks BIB101, BJB102,
BA103 or OreR were crossed with virgin females from the stock DH502
(Hyduk and Percival-Smith, 1996) (Table 1). A P-element inserted on the
first chromosome of the DH502 stock contains a FTZ-dependent enhancer
element fused to a bacterial lacZ gene. Activation of the enhancer results in

the expression of Sgalactosidase. Embryos collected from this cross were



Figure 7. PCR detection of hear shock promoter/ftz fusion gene constructs
inserted into the Drosophila genome. Lane 1 contains fiz'3'**YT DNA
(expected length is 1072bp) amplified from genomic DNA using primers 18
and BJBY1. Lane 2 contains fiz'®"**YT DNA (expected length is 990bp)
amphified from genomic DNA using primers 35 and BJBY1. The molecular
size standard is the 100bp ladder (Pharmacia). The bright band in the
standard i1s 800bp 1n length.
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heat shocked as previously described, and the chromogenic substrate X-gal
{ 5-bromo-4-chloro-3-indolvl-D-galactosidase) was used to detect /-
valactosidase activity in the embrvos (Bellen er al.. 1989). At the germband
extension stage (4.5 hours AEL), the embrvos were dechorionated in a 3%
sodium hvpochlorite solution for | minute and fixed 1n a scintillation vial
containing 3 ml heptane. 4.5 ml PBS (35 mM sodium phosphate, 120 mM
sodium chlonde. pH 7.4), and 0.5 ml 37% formaldehyvde for 20 minutes.
Subsequently, the embrvos were stained in 0.5 ml of staining buffer
containing 12.5 ul of 8% X-gal in dimethvl sulfoxide. After staining, the
embryvos were devitellinized in a 1:] mixture of heptane and methanoi.
mounted on slides using 80% glvcerol in 20 mM Tris (pH 8.0), and visualized

under brightfield illumination.

2.7 Immunolocalization of Engrailed

To detect and localize the expression of Engrailed protein, embryos
were dechorionated and fixed at 4.5 hours AEL as described above. and
immunostained with a 3-fold dilution of a mouse ant-Engrailed monoclonal
antibody (Mab 4D9: Patel er al. 1989). The embryos were then treated with
a secondary antibody (rabbit anti-mouse antibody conjugated to biotin:
Vector Laboratories) at a 1:200 dilution. The resuiting antibody complex was
detected with a 1:100 dilution of avidin bound to biotinylated horseradish
peroxidase (ABC reaction), which was developed with 0.1 mg/ml
diaminobenzidine tetrahydrochlonde (DAB) in 50 mM tnis, pH 7.2, 0.4%
nickel chioride and 0.01% hyvdrogen peroxide. Kellerman and colleagues

(1990) describe the protocol indicated above in detail.
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RESULTS

3.1 The Gene(s) Involved in the Pathway Responsible for Repression of
Ectopic FTZ Activity were not Identified Using the FLP-DFS Technique
[n veast, FLP recombinase catalyzes site specific recombination

between two 600 bp FLP recombination target (FRT) sites (Broach and
Hicks. 1980). This site specific recombination system is used with the
dominant female-sterile (FLP-DFS) technique to generate germ-line mosaics
in Drosophila (Chou and Perrimon, 1992: Chou and Permimon, 1996). The
FLP-DFS technique is summarized in Figure 4. The FLP-DFS technique
allows the identification and study of the maternal effect of recessive zygotic
lethal mutations on the autosomes and X chromosomes. In the FLP-DEFS
technique. tlies are heterozvgous for the zygotic lethal mutation. which allows
them to live to adulthood. On the other homologous chromosome, female
adult flies carrv the ovo®' mutation, which results in dominant female sterility
due to an inability to produce eggs. Both homologous chromosomes carry
FRT sites closely linked to the centromere. I[nduction of FLP recombinase
expression trom the /1sp-FLP fusion gene results in site specific
recombination at the FRT sites, causing exchange of the chromosome arm. In
the germ-line. this exchange produces cells homozygous for the lethal
mutation and ovo™. These homozygous germ cells form egg chambers whose
germ line derivatives, the oocyte and nurse cells, are homozygous for the
lethal mutation. [f the lethal mutation has a maternal effect phenotype, it will

be observed after the egg is fertilized and laid.
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B. Argiropoulos (1997) proposed a model in which endogenous FTZ
expressed in the even-numbered parasegments represses FTZ activity
ectopically expressed in the odd-numbered parasegments trom the Tubulin al
promoter-fiz tusion gene. This model suggests that FTZ *"*'?% gjves a strong
anti-ftz phenotype, not observed with FTZ'™*"_ because a regulatory region,
which mediates the negative regulation by endogenous FTZ activity, 1s
missing in FTZ*"*""% Hence. a strong anti-ftz phenotype should result from

the ectopic expression of FTZ!™'

1f a mutation removes a component of the
cell non-autonomous signaling pathway that mediates the repression of
ectopically expressed FTZ by endogenous FTZ expressed in the even-
numbered parasegments. The FLP-DFS technique was used to test whether
anv of the genes required for normal segmentation patterning, identified by
Perrimon and colleagues (1996), are involved in the pathway which mediates
endogenous FTZ repression of ectopic FTZ activity. Eggs denived from
mutant egg chambers were tertilized with wild-tvpe (v w) sperm. or sperm
containing either P{w", ftz'*13<Tub al} or P{w". fir**"%<Tub al}.
Fertilization with P{w", fiz'*"*<Tub al} containing sperm should provide a
positive result, represented by the modification ot the segmental phenotype of
the mutant, to an anti-ftz phenotype, thereby identifying a maternal etfect
mutation of a gene involved in the proposed pathway. Also of interest is the
possible modification, by maternal effect mutations, of the anti-ftz phenotype
produced when the eggs are fertilized with P{w", fiz*">'*®<Tub al}
containing sperm.

The resuits of the screen are shown in figure 8. As expected, the

cuticular phenotype of the maternal effect mutation was observed when the



Figure 8. Cuticular phenotypes of embryos homozygous for a maternal
effect lethal mutation, and ectopically expressing one of three FTZ proteins.
These embrvos were generated with the use of the FLP mediated Dominant
Female Sterile Technique (Chou and Perrimon, 1992; Chou and Perrimon,
1996). Each row represents one lethal mutation carried by the egg. This
maternal etfect lethal mutation is shown to the left of each row. The maternal
effect mutant eggs were fertilized by sperm carrying Tubulin «l.fiz fusion
genes. The Tubulin «l. fiz fusion genes that the eggs were crossed to are

shown at the top of each column.
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eggs were tertilized with wild type sperm (Perrimon er al. 1996). All 18
mutants showed no change in phenotvpe when the eggs were tertilized with
sperm carrving a P-element containing Tubulin a/ promoter driven fiz'="
(P{w", fiz**B<Tub al}). The anti-fiz phenotype which is observed when
i1 is expressed in a wild type background. and also observed in first
instar larval cuticles derived from egg chambers homozygous tor 17 of the 18
lethal mutations. The only exception was a null mutant allele in the afrz-F!

i,_\151-209

gene. which resulted in a fiz phenotype, even when / was ectopically

expressed. Guichet and colleagues (1997) observed similar results in their
previous analvsis of «Ftz-F1. However, ectopic expression of FTZ*!*!% in
a FF1=-F°1*" background, caused rescue of the Ftz-F1 phenotype in a previous
study (Argiropoulos, 1997). These observations suggest that unlike the af1z-
I allele used in this study the «FTZ-f1** alleles are hypomorphic.
Consequently, the 18 loci required for proper segmentation, isolated by

Permmon and colleagues (1996), are not involved in the pathway responsible

for the repression of ectopic FTZ activity.

3.2 Ectopic Expression of FTZ''*YT and FTZ'*'~”*YT Did Not Resuit in
the Anti-ftz Phenotype

[t has been proposed that the number of tyrosine residues at the N
and/or C terminal regions of FTZ is important for the induction of the anti-ftz
phenotype (A. Percival-Smith, personal communication). The ectopic
expression of full length FTZ results in the anti-ftz phenotype, as does the
expression of FTZ4!™°, FTZ41-1% and FTZ*%8%13. However, when more

than one of these sections is deleted, as in the case of FTZ*!71%0, FTZz41-50.380-
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413. FTz.ﬁi—i(QO. 380-413‘ FTz..L’)Ié—H:\’ FTzAl—IOO, 380—-‘13’ and FTZ_\l—IOO. ]51—413’ the
anti-ftz phenotype is not detected (Figure 2). Also, ectopic expression of the
Tribolium FTZ homologue, which has a significantly lower tyrosine content,
does not result in the anti-fiz phenotype (H.M. Krause & A. Percival-Smith,
unpublished result). In order to address these observations, frz''¢*!71% was
constructed to test the redundancy of the terminal regions of FTZ. In order to
test whether the generation of the anti-ftz phenotyvpe is dependent on the
nvrosines in the N and C terminal regions of FTZ, the following fiz constructs

were made with the addition of a tail of 32 tyrosine residues (YT): fiz!=*16*YT,

WI=3T9-YT 5 -101=130YT  The |atter construct has the ability to test

and fiz
whether the «FTZ-F1 binding site and the tyvrosine tail are sufficient for
generating the anti-ftz phenotype. The fiz constructs were fused behind a
heat shock promoter and two of them P{w", fiz' YT <Tub Y and P{w",
ST < Ty af ), were integrated into the Drosophila genome. If the
tvrosine residues are required for the generation of the anti-ftz phenotype, the
addition of the tyrosine tail (YT) to the FTZ constructs should resuit in a
strong anti-ftz phenotype (Figure 3).

When FTZ'3' YT and FTZ'"*"**¥T were ectopically expressed, the
anti-ftz cuticular phenotype was not observed (Figure 5). Three independent

Zl-3[6+YT

transformant lines of FT and two independent transformant lines of

FTZ'"37YT \were tested. The ectopic expression of FTZ'?'*YT and FTZ'""

79T resulted in ftz and wingless (wg) cuticular phenotypes (Figure 9 E, F,
H, and I). The ftz cuticular phenotype is characterized by the deletion of the
denticle belts T2, Al, A3, AS, and A7 (Figure 9 E and H), while the wg

cuticular phenotype is characterized by a complete lack of segmentation. The



Figure 9. Ectopic expression of FTZ'*'*YT and FTZ'*'*""*T from the fear
shock promoter result in ftz and wingless phenotypes. A, Wild-type first
instar larval cuticles have 3 thoracic and 8 abdominal denticle beits. B, 14
stripes of EN expression were observed in wild-type germband extended
embryos. C and D, Embryos ectopically expressing FTZ show the anti-fiz
phenotype. Cuticles have only T2, Al, A3, AS, and A7 dentcle belts. The
even-numbered EN stripes are widened. E and F, Ectopic expression of
FTZ!- YT results in a tiz cuticular phenotype (the cuticle has only T1, T3,
A2. Ad. A6, and A8 denticle belts), or a wingless cuticular phenotype (one
broad patch of denticles, and no naked cuticle), respectively. G, Ectopic

S316+YT
Zi l

expression ot FT results in a loss of even-numbered EN stripes. H

Z19-37*YT recults in a ftz cuticular phenotype,

and I, Ectopic expression of FT
or a wingless cuticular phenotype, respectively. J, , Ectopic expression of

FTZ!"'"YT results in incomplete even-numbered EN stripes.
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we first instar larval cuticles have a patch of denticles and no naked cuticle
(Figure 9 F and I) (Nusslein-Volhard and Wieschaus, 1980). The frequency
of ftz and wg phenotypes observed, was dependent on the duration of heat
shock (Table 3 and 4). At shorter heat shock durations. ectopic FTZ!3!6*YT
activity resulted in a ftz cuticle (Figure 9 E). However, higher heat shock
durations resulted in a phenotype similar to the wg phenotype (Figure 9 F).
Similarly, the cuticular phenotypes resulting from ectopic expression FTZ'°"
ST \vere also affected by the duration of heat shock (Table 4). The activity
of FTZ"'™¥T \vas weaker than that of FTZ'>'*""T; longer heat shocks were
necessary to generate similar phenotvpes. When FTZV!7"¥T ag
ectoprcally expressed. ftz cuticular phenotypes were observed at low heat
shock times. and wg cuticular phenotypes were observed at high heat shock
times (Figure 9 H and [, respectively). Unlike ectopic FTZ expression (Table

5), the ectopic expression of FTZ''¢*YT and FTZ'%-"**YT at higher heat

shock durations, resulted in a failure to deposit cuticle (Table 3 and 4).

3.3 Effect of Ectopic FTZ'"*YT and FTZ'""“™*YT on the Expression of
Engrailed

The segment polarity gene engrailed (en) is expressed during
gastrulation in fourteen 1 to 2 cell wide stripes, perpendicular to the anterior-
posterior axis of the embryo (DiNardo and O’Farrell, 1987) (Figure 9 B). In
embrvos lacking FTZ activity, EN expression in the even-numbered
parasegments is lost; EN expression in the even-numbered parasegments 1s
dependent on the presence of FTZ activity. Furthermore, ectopic FTZ

expression results in the anti-ftz EN expression pattern, which is a 1 to 2 cell



Table 3. Distribution of the cuticular phenotypes observed when FTZ'?'"""

was ectopically expressed from a heat shock promoter after 5, 7.5, 10, 12.5,

and 135 minutes of heat shock.
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wi
ftz
wg
no cuticle

total

5 minutes
82 (70%)
33 (28%)
2 (2%)
0
17

7.5 minutes
69 (56%)
A2 (31%%)

10 (8%)
3 (2%)
124

10 minutes 2.5 minutes 15 minutes

55 (17%)
30 (26%)
19 (16%)
13 (11%)
17

39 (41%)

27 (28%)

17 (18%)

12 (13%)
05

40 (35%)
16 (13%)
29 (25%)
31 (27%)
16



Table 4. Distribution of the cuticular phenotypes observed when FTZ!°"

YT was ectopically expressed from a hear shock promoter after 5, 7.5, 10,

2.5, and 15 minutes of heat shock.



wit
ftz
wg
no cuticle

total

S minutes
110 (85%
16 (12%)
0
4 (3%)
130

7.S minutes
90 (75%)
22 (18%)

0
8 (7%)
120

10 minutes 12.5 minutes S minutes

86 (56%)
56 (36%)
0
12 (8%)
154

50 (41%)
42 (34%)
2 (2%)
28 (23%)
122

76 (52%)
36 (25%)
6 (4%)
28 (19%)
146



Table 5. Distribution of the cuticular phenotypes observed when FTZ'*"?

was ectopically expressed from a heat shock promoter after 5. 7.5, 10, 12.5,

and 15 minutes of heat shock.



A
gl

wit
anti-ftz
no cuticle

total

5 minutes
83 (78%)
24 (22%)
0
107

7.5 minutes
101 (71%)
42 (29%)

0
143

10 minutes 12.5 minutes 15 minutes

64 (53%)
56 (47%)
0
120

42 (41%)
61 (59%)
0
103

59 (42%)
81 (58%)
0
140
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anterior widening of the FTZ-dependent EN stripes (Ish-Horowich er al.
1989) (Figure 9 E). Ectopic expression of FTZ' 16°YT resulted in a lack of
EN expression in even-numbered parasegments, which is similar to the EN
expression pattern 1n a ffz embryo (Figure 9 G). Ectopic expression of
FTZ'"'=™¥T also resulted in a decrease in EN expression in even-numbered
parasegments (Figure 9 J). In addition, the ectopic expression of both FTZ"
H6YT and FTZ'%'7YT resulted in a significant proportion of embryos that

did not express EN (Table 6).

3.4 Activity of ftz Enhancer in Embryos Ectopicaily Expressing FTZ"
J6+YT and FTZIOI-379+YT

Autoregulatory activation of FTZ expression is required for the
maintenance of the seven bands of high FTZ expression at the late cellular
blastoderm stage, (Hiromi and Gehring, 1987). The fiz enhancer mediates
this autoregulatory FTZ activity. Activation of the 77z enhancer occurs in
seven stripes along the anterior-posterior axis of a wild-tvpe germband
extended embryo (Figure 10 A). These stripes are broader in embryos which
are ectopically expressing FTZ (Figure 10 B). Activity of the iz enhancer is
not detected in iz null mutants (Hiromi and Gehring, 1987). Ectopic
expression of FTZ!1"YT and FTZ'%"™*YT resulted a significant decrease, or

complete absence of fzz enhancer activity (Figure 10 C and D; Table 7).



Table 6. Distribution of embryonic phenotypes, assessed by
immunolocalization of the EN protein, observed when FTZ!"'*YT and

FTZ''37¥T were ectopically expressed.
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wild type ftz anti-ftz none total

control 84 (100%) 0 0 0 84

FTZ (1-413) 55 (52%) 0 51 (48%) 0 106
M7 (1-316+YT) 44 (54%) 18 (22%) 0 19 (24%) 81

TTZ (101-379+YT) 75 (65%) 20 (17%) 0 21 (18%) 16



Figure 10. Ectopic expression of FTZ!™""¥T and FTZ'*""*""T results in a
decrease in 77z enhancer acuvauon. A. [n wild-tvpe germband extended
embrvos the 72z enhancer 1s activated in seven bands ot cells. B. Ectopic rTZ
expression results in seven broad bands of fi= enhancer acuvation. C and D.
Ectopic expression of FTZ'™ 10='T and FTZ'"3 77 results in a decrease 1n 7=

enhancer activauon.
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Table 7. Distribution of embryonic phenotypes, assessed by detection of fiz
enhancer activity, observed when FTZ'3'*YT and FTZ'7*YT were

ectopically expressed.
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wild type  partial none anterior total

control 68 (63%) 0 0 40 (37%) 108

FTZ (1-413) 106 (59% 0 0 73 (41%) 179
FIZ (1-316+YT) 0 17(27%) 18(29%) 27 (44%) 62

"TZ (101-379+YT) 0 25(34%) 10(14%) 39(52 %) 74



DISCUSSION

4.1 Suppression of Ectopic FTZ Activity by Endogenous FTZ

A previous study has suggested that endogenous FTZ, which is
specifically expressed in even-numbered parasegments, plays a role in the
repression of ectopically expressed FTZ activity in odd-numbered
parasegments (Argiropoulos, 1997). This model for the repression ot ectopic
FTZ activity is based on the observation that when FTZ is ectopically
expressed from two copies of a Tubulin al promorerifiz fusion gene (P{w",
1z <Tub al?) in an otherwise wild-type fly, the result is a low frequency
of anti-ftz phenotypes. However, when two copies of P{w", fiz'*'*<Tub al}
and only one copy of the endogenous fiz gene are present, the anti-ftz
phenotvpe is fully penetrant. Furthermore, ectopic expression of FTZ*!*1-%
from the Tubulin al promoter generates a strong anti-ftz phenotype,
suggesting that the region deleted in the FTZ denvatives is responsible for
negative regulation of ectopic FTZ activity by endogenous FTZ activity
(Argiropoulos, 1997). The eighteen loci screened did not contain a candidate
gene required for the repression of ectopic FTZ activity. The loss-of-function
phenotypes of these matemal effect genes were not altered by ectopic

expression of FTZ!713

. Furthermore, the gain-of-function phenotype (anti-ftz)
caused by ectopic expression of FTZ*"!"2% was not altered in the null
maternal effect mutant background of any of the seventeen out of eighteen
genes. The ftz-like phenotype of the aftz-F] mutation was not rescued by

ectopic FTZ*"'2% a5 was previously observed by Argiropoulos (1997),
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suggesting that the af1z-F/ mutation used to make this observation was a

hypomorphic allele.

4.2 FTZ'7'*YT and FTZ""**YT Are Dominant Negative Molecules

The N and/or C terminal regions of FTZ are important for the induction
of the anti-ftz phenotype (Percival-Smith, personal communication). The
ectopic expression of full length FTZ results in the anti-ftz phenotype. as does
the expression of FTZ*'™% FTZ®!71% and FTZ*%~1 However, when
more than one of these sections is deleted, as in the case of FTZ*!"'% FTZ3!"
30, 380-413’ FTZ_\SI—IUO, 380—413’ FTZL\316413’ FTZ'_\I—IOO. 38()—313’ Zlnd FTZAI-IUO. 151~
*13 the anti-ftz phenotype is not detected. Also, the ectopic expression of the
Tribolium FTZ homologue, with its significantly lower tyrosine content, does
not result in the anti-ftz phenotype (Krause & Percival-Smith, unpublished
result). Therefore, the anti-ftz phenotype was expected when FTZ'?'¢*YT and
FTZ'9'27¥T \vere ectopically expressed. However, the ectopic expression of
FTZ''*YT and FTZ'"**"T resulted in a ftz-like phenotype at short
durations of heat shock, and a wg-like phenotype at long durations ot heat
shock. Therefore, [ propose that FTZ!'¢*T and FTZ'"'""**"T are dominant
negative molecules. My proposal is based on the observation that null loss-
of-function fiz alleles result in a ftz phenotype, whereas gain-of-function heatr
shock promoter:fiz fusion alleles result in the opposite, or anti-ftz, phenotype.
Ectopic expression of FTZ'1"YT and FTZ'%' YT resulted in a fiz-like
phenotype; the phenotype observed with null fiz alleles.

FTZ has both positive and negative regulatory activities; it is

responsible for EN expression and WG repression in even-numbered



65

parasegments (DiNardo and O’Farrell, 1987; Duncan, 1986). It appears that
FTZ!'® and FTZ'"'-*" are inactive due to the loss of N and C terminal
regions ot the protein, including the positive and negative regulatory regions.
The addition of the YT to both of these polypeptides results in the addition of
only the negative regulatory activity. The relationship between the number of
tvrosine residues and negative regulatory activity is visible when the
embrvonic effects of FTZ'™'%"YT and FTZ'"'*"**¥T are compared. FTZ"
M167YT \vhich has a total of 57 tyrosines, has more dramatic effects on the
developing embrvo, than FTZ'%™*¥T which has a total of 47 tvrosine
residues.

Both FTZ!18*¥T and FTZ!'""¥™*YT were ectopically expressed in wild-
tvpe flies that have a wild-type fi= gene. The possibility that the FTZ!~1¢*"T
and FTZ'"'7YT molecules could be inhibiting FTZ expression, has not been
ruled out. However, this model does not explain the observed wg
phenotypes. It is more likely that these FTZ dominant negative molecules
(FTZ“" bind to «FTZ-F1, and in tum this protein complex binds to the
regulatorv elements of FTZ regulated genes and shuts off their expression.
Both «FTZ-F1 and FTZ™ are expressed in every cell of the embrvo.
However, from examination of EN expression, it appears that the FTZ®
molecule has more negative regulatory effect on even-numbered EN
expression, than on odd-numbered EN expression. This ftz-like EN
expression pattern, and the ftz-like cuticular phenotype suggest that FTZ
regulated genes in the even-numbered parasegments are repressed
preferentially. This preferential repression may be responsible for the ftz-like

phenotype observed at short heat shock durations. However, higher heat
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shock durations resulted in a wg-like phenotype. Higher durations of heat
shock presumably lead to higher expression levels of the FTZ"* molecules.
At higher levels of FTZ®, these molecules are able to shut off FTZ regulated
genes in both the even-numbered, and the odd-numbered parasegments,
resulting in a wg-like phenotype. Further experiments are required to show
that «FTZ-F1 is required for induction of the wg phenotype, and that FTZdn

does not affect endogenous FTZ expression.
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