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"Development proceeds from a few prearranged conditions, that are
given in the structure of the egg, and these conditions, by reacting on

- each other, produce new conditions, and these may in turn react on the
first ones, etc. With every effect there is at the same time a new
cause, and the possibility of a new specific action, i.e., the development
of a specific receiving station for stimuli. In this way there develops
from the simple conditions existing in the egg the complicated form of
the embryo."

Thomas Hunt Morgan on embryonic development in Regeneration (1901)
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ABSTRACT

Here I report a molecular and genetic analysis of the pair-rule gene odd-paired (opa).
Genetically, opa is essential for the appropriate level and timing of en and wg expression
in all parasegments, but opa activity alone does not determine the restricted spatial
domains of these genes. I summarize some of the pair-rule circuitry through which opa
acts to regulate en and wg expression in parasegment border cells. In addition, I describe
how the opa cuticle phenotype is generated by cell signalling interactions between en-
and wg- expressing cells late in development. I also describe molecular characterization
of the opa gene and embryonic expression of opa mRNA and protein. I present models
describing how Opa might interact with other pair-rule proteins to regulate target gene
expression in the context of the genetic and molecular data described here. Finally, I
propose further experiments to address: (1) how opa expression might be controlled, (2)
the possible function(s) of Opa expression during different stages of embryogenesis, and
(3) specific molecular mechanisms by which Opa might interact with other proteins to

directly regulate target gene expression.



Introduction

A basic problem in developmental biology is understanding the conversion of the
apparently uniform egg into a more patterned adult. This patterning arises from the
establishment and subdivision of the anteroposterior (AP) and dorsoventral (DV) axes of
the embryo body. Throughout embryogenesis, this patterning occurs as cells within the
embryo adopt discrete fates. Thus, somehow the uniform cells of the early embryo (or
nuclei of a syncytial embryo) must distinguish themselves from their neighbors along
these axes as development proceeds.

In insect embryos, several classical embryological experiments revealed that AP
axis specification is completed early in development. Ligation experiments demonstrated
that communication between morphogenetic signalling centers at the egg termini generate
patterning. If this communication is blocked, then normal patterning is disrupted. For
example, if developing embryos are ligated prior to cellularisation, neither embryo half
develops body segments normally present in the embryo midsection (Schubiger et al.,
1977a), and embryos ligated earlier lack more parts than those ligated later (Vogel, 1977;
Schubiger et al., 1977a). Ligation causes a membrane to form which physically separates
the two halves of the treated embryo. If this membrane is punctured soon after ligation this
restores continuity of the egg and a complete embryo can then form ‘(Schubiger et al.,
1977b).

Other experiments implied that these signals are carried by localized cytoplasmic
components at the ends of the egg. For example, Drosophila embryos from Bicaudal (Bic)
mutant females have a mirror image abdomen in the place of anterior structures (Bull,
1966). The Bic mutation could be phenocopied in other insect species by either
centrifuging embryos or irradiating anterior egg cytoplasm (Kalthoff, 1971; Kalthoff, 1977,
Yajima, 1983). Conversely, irradiation of posterior egg cytoplasm creates double-headed
embryos in many insects (Kalthoff, 1978; Yajima, 1983). Together, these data demonstrate

that progressive interactions between cytoplasmic signals located at the embryo poles



generate AP polarity. Formal models designed in the context of these experiments
prc;posed that this patterning might arise through the formation of one or more morphogen
gradients peaking at the ends of the egg (Wolpert, 1968; Crick, 1970; Gierer et al., 1972).
After the AP axis is set up in the insect embryo, the body plan is subdivided into
cephalic, thoracic, and abdominal segments. Early experiments demonstrated that this
segmentation is completely determined by formation of the cellular blastoderm. Embryos
ligated after cellularisation form complete pattern of segments, but prior to cellularization
ligation results in loss of segments from the middle of the embryo (Schubiger, 1976).
Consistent with this, marked cells from halves of blastoderm stage embryos develop into
distinct adult structures with positional character corresponding to that of specific
segment primordia along the blastoderm AP axis (Chan et al., 1971; Schubiger, 1976).
How might this segmentation be generated? Numerical and computer graphic models
proposed interactions that might form and stabilize axial subdivisions to generate a
periodic, segmented pattern from an intially aperiodic one (Turing, 1952; Cooke, 1976).
Although these approaches described how different egg components might
interact to generate body pattern, they did not address what these components were or
the specific biochemical mechanisms behind their interactions. Initial direct biochemical
experiments attempted to answer these questions, but this strategy proved somewhat
limiting. For instance, the Bic mutation mentioned above could be phenocopied in the
midge by injection of RNase into the anterior of wildtype embryos (Kandler-Singer et al.,
1976). This pointed to a localized RNA being important for anterior patterning, but such
an approach did not identify the source of this RNA, how it was anteriorly localized, or
its mechanism of action. In contrast, a concerted molecular and genetic approach to
studying pattern formation has identified specific genes and biochemical pathways crucial
for patterning in a number of organisms (Redei, 1970; Nusslein-Volhard et al., 1987;
Kimmel, 1989; Meyerowitz et al., 1989; Jurgens et al., 1991). In particular, the early

genetic experiments of Ed Lewis (Lewis, 1978) and Christiane Nusslein Vollhard



(Nusslein-Volhard et al., 1987) identified specific maternal and zygotic genes which
interact to generate pattern in Drosophila embryos. Further molecular characterisation of
these genes revealed the biochemical mechanisms underlying these interactions (for
recent reviéws see [St. Johnston et al., 1992; Hoch et al., 1993; Tabata et al., 1993]).

Below I summarize how proteins encoded by the bicoid and hunchback genes set
up the AP axis in Drosophila. Coarse division of this axis arises via exi)ression of
discrete domains of gap gene expression. The first evidence of metameric subdivision of
the fly embryo then occurs when the pair-rule genes are expressed in periodic patterns of
stripes. I describe mechanisms by which this periodic expression is established and
refined through a network of pair-rule genetic interactions. These interactions, in turn,
serve to precisely activate expression of the segment polarity genes wg (Baker, 1987) and
en (Kornberg et al., 1985) in discrete, periodic striped domains across the AP axis. These
domains subdivide the embryo into intervals roughly four cells in width called
parasegments (PS) (Martinez-Arias et al., 1985).

Here I report that activity of the pair-rule gene odd-paired (opa) is essential for
the appropriate level and timing of en and wg expression in all parasegments, but opa
activity alone does not determine the restricted spatial domains of these genes. I report
Janet Mullen's work in which she describes how opa acts through the pair-rule genes odd
and ftz to regulate even PS domains of en expression. In addition, I describe how post-
blastoderm cell signalling interactions between en- and wg- expressing cells generate the
opa cuticle phenotype. I also describe molecular characterization of the opa gene and
embryonic expression of opa mRNA and protein. I present models describing how Opa
might interact with other proteins to regulate target gene expression in the context of
Janet Mullen's genetic data. Finally, I propose further experiments to address: (1) how
opa expression might be controlled, (2) the possible function(s) of Opa expression during
different stages of embryogenesis, and (3) specific molecular mechanisms by which Opa

might interact with other proteins to directly regulate target genes.



The Bicoid morphogen gradient establishes AP polarity in the Drosophila embryo

In Drosophila, establishment of the anteroposterior (AP) axis begins with
deposition of maternal gene products in gradients across the embryo body. Subdivision
of the axis proceeds via a regulatory hierarchy of gene expression up to the time of
cellular blastoderm formation (Nusslein-Volhard et al., 1980) (for reviews, see [Nusslein-
Volhard et al., 1985; Carroll et al., 1986; Ingham, 1988a]). First, a morphogen gradient
forms through diffusion and uniform degradation of the maternally encoded Bicoid (Bcd)
homeoprotein (Driever et al., 1988a; Driever et al., 1988b; Struhl et al., 1989b). This
gradient peaks at the embryo anterior, and altering Bed distribution along this gradient
directly alters embryonic patterning. For instance, embryos from bcd mothers lack
anterior head and thoracic structures, as do wildtype embryos which have lost anterior
cytoplasm (Frohnhofer et al., 1986). Such mutant embryos can be rescued by anterior
injection of wildtype anterior cytoplasm or bcd mRNA, and injection elsewhere in the
embryo induces ectopic head structures at the site of injection (Driever et al., 1988a;
Driever, 1990). Altering the absolute amount of Bicoid in the gradient also affects
patterning. Injection of large amounts of wildtype cytoplasm into the anterior of bed
mutant embryos leads to formation of head structures while injection of lower amounts
generates more posterior pattern elements (Frohnhofer et al., 1986). Changing bcd
dosage genetically can also affect anterior patterning, as embryos with half the normal
amount of Bcd develop reduced head and thoracic structures (Frohnhofer , 1986; Berleth
et al., 1988). Conversely, embryos from female flies containing 4 copies of bicoid have
expanded anterior structures extending into the embryo posterior (Driever et al., 1988a).

The hunchback (hb) gene is also maternally transcribed, but the b transcript is
uniformly distributed throughout the embryo body (Tautz et al., 1987). Translation of
this message is repressed by Nanos in the embryo posterior (Hulskamp et al., 1989; Irish
et al., 1989). Zygotic transcription of Ab is activated in the embryo anterior by high

concentrations of Bicoid (Tautz et al., 1987; Schroder et al., 1988; Tautz, 1988; Driever



et al., 1989a; Struhl et al., 1989b). As a result of these interactions, the Hb morphogen is
translated in a gradient peaking at the embryo anterior and extending to the midpoint of
the embryo. In contrast to bicoid, altering this gradient alters posterior patterning in the
embryo. For example, in nanos (nos) mutant embryos, Hb accumulates in the embryo
posterior, giving rise to embryos lacking posterior segments (Tautz et al., 1987; Struhl,
1992). Together, both the Bed and Hb gradients help to set up the Drosophila AP axis

prior to its segmentation later in embryogenesis.

Gap genes roughly subdivide the AP axis

The gap genes tailless (tll), hunchback (hb), Kriippel (Kr), knirps (kni) and giant
(g?) are transcribed in restricted domains in response to different threshold concentrations
of Hb and Bcd across the AP axis (Knipple et al., 1985; Strecker et al., 1986; Gaul and
Jackle, 1987; Lehmann et al., 1987; Nauber et al., 1988; Kraut et al., 1991a; Kraut et al.,
1991b). This transcription is thought to be due to direct interactions of Hb and Bed on a
given gap gene promoter. For example, Kr expression is activated by different
concentrations of both Bed and Hb binding to multiple sites within a 730 bp element to
its promoter (Hoch et al., 1990). Mutations in either the Bicoid homeodomain or this
element result in aberrant Kr expression (Hoch et al., 1991; Hoch et al., 1992).
Refinement of this initial domain is thought to occur via antagonistic binding of other
activators or repressors to these sites (Gaul et al., 1987; Eldon et al., 1991; Steingrimsson
et al,, 1991; Kraut et al., 1991a; Kraut et al., 1991b; Capovilla et al., 1992; Hoch et al.,
1992). The gap gene kni, on the other hand is initially activated throughout the entire
embryo at low levels (Nauber et al., 1988; Pankratz et al., 1992). Later, Hb and Tll
repress kni expression in the embryo anterior and posterior, respectively, to generate the
single central striped domain of kni occurring just posterior to the Kr domain (Pankratz et
al., 1989; Hulskamp et al., 1990; Pankratz et al., 1992; Struhl, 1992). This has been

shown by examining kni expression in either 4b or #/l mutant embryos. In hb mutant



embryos the kni domain expands anteriorly (Nauber et al., 1988; Hulskamp et al., 1990).
Loss of Hb binding sites in the kni promoter also results in anterior expansion of kni
expression (Pankratz et al., 1989; Pankratz et al., 1992). Conversely, kni expression is
expanded posteriorly in 7/l mutant embryos (Jackle et al., 1986). Mutually repressive
interactions such as these refine initial patterns of expression of the other gap genes as

well (Jackle et al., 1986; Bronner et al., 1991).

Gap genes regulate primary pair-rule stripe expression

In addition to mutually refining their own expression, domains of gap gene
expression serve as short range gradients which activate transcription of the primary pair-
rule genes, hairy (h), even-skipped (eve), and runt (run), each of which is expressed in a
striped pattern (Ingham et al., 1985; MacDonald et al., 1986a; Frasch et al., 1987; Carroll
et al., 1988; Gergen et al., 1988; Goto et al., 1989; Stanojevic et al., 1989; Pankratz et al.,
1990). Consistent with this, eve expression is altered relative to wildtype in hb, Kr, or gt
mutant embryos (Frasch et al., 1987). All of the pair-rule genes are expressed in
dynamic, striped patterns with each stripe encompassing two to four cells (Hafen et al.,
1984a; Ingham et al., 1985; Kilchherr et al., 1986; MacDonald et al., 1986a; Gergen et al.,
1988; Coulter et al., 1990; Grossniklaus et al., 1992). This restricted, periodic expression
is necessary for proper segmental subdivision of the embryo, as embryos mutant for 4,
eve, or run have severe segmentation defects (Nusslein-Volhard et al., 1980).

What are some of the molecular mechanisms which generate pair-rule expression
in discrete, confined domains? Restricted primary pair-rule gene expression arises in
response to different concentrations of various gap proteins in nuclei across the AP axis
of the syncytial embryo (Howard et al., 1988; Warrior et al., 1990; Riddihough et al.,
1991; Small et al., 1991; Small, 1992). At least tWo of the primary pair-rule genes, 4 and
eve contain stripe specific promoter elements which direct expression of a given stripe

(Howard et al., 1988; Goto et al., 1989; Harding et al., 1989; Lardelli et al., 1993). For



instance, the 4 promoter contains elements which activate transcription in response to
different concentrations of maternal, gap, and pair-rule proteins across the AP axis. Each
of these elements can direct expression of lacZ in a domain closely approximating a given
h stripe (Riddihough et al., 1991). Expression of individual stripes is abolished when
these elements are mutated (Howard et al., 1988). The primary pair-rule gene eve is also
regulated in a stripe specific fashion at blastoderm (Goto et al., 1989; Harding et al.,
1989). Small, et al. (1992) showed that expression of the eve stripe 2 is controlled by a
480 bp promoter element. This element can direct expression of lacZ in a domain
corresponding to that of eve stripe 2, and this expression depends upon cooperative
interactions between Bcd, Hb, Kr,and Gt binding at this element (Goto et al., 1989;
Stanojevic et al., 1989; Small et al., 1991; Stanojevic, 1991; Small, 1992). Presumably,
Bcd and Hb initially activate transcription of this stripe. Gt and Kr repress expression at
the anterior and posterior of this domain, respectively, to generate the restricted stripe
(Harding et al., 1989; Small et al., 1991; Stanojevic, 1991). eve stripe 3 expression is
also discretely activated by a specific promoter element (Goto et al., 1989; Harding et al.,
1989). This enhancer is located on a 500 bp element 1.7 kb upstream of the stripe 2
element. Proper spacing between these enhancers is crucial for wild type expression of
eve, as when the enhancers are brought together in tandem, stripe 2 is more intense in

expression than wild type and is expanded posteriorly (Small et al., 1993).

Primary pair-rule proteins regulate secondary pair-rule gene expression

The primary pair-rule proteins, probably with assistance from the gap proteins,
activate the secondary pair-rule genes, fushi tarazu (ftz), paired (prd), oddskipped (odd)
and sloppy-paired (slp) (Carroll et al., 1986; Howard et al., 1986; Frasch et al., 1987;
Baumgartner et al., 1991; Grossniklaus et al., 1992). The stripe-specific control of
primary pair-rule gene expression is in marked contrast to that of the secondary pair-rule

genes. For instance, ftz is expressed in a broad domain across all segment primordia prior



to cellularisation (Edgar et al., 1986b; Karr et al., 1989). At this stage, many other
Drosophila genes are generally transcribed throughout the embryo (Edgar et al., 1989).
Perhaps the activators responsible for this general activation drive initial ftz expression.
At cellularisation, initial broad expression of f#z evolves into a pattern of seven discrete
stripes of ftz expression with double segment periodicity (Hafen et al., 1984a; Carroll et
al., 1985). Presumably these stripes form via repression of interstripe regions by a
repressor translated prior to cellularisation, as ftz remains broadly expressed in precellular
embryos injected with cycloheximide (Edgar et al., 1986b). The ffz promoter contains
three primary cis-regulatory elements (Hiromi et al., 1985). When fused to a lacZ
reporter gene and transformed into Drosophila embryos, each drives expression of lacZ in
a distinct pattern. The neurogenic element drives lacZ expression in specific neuronal
cells in the developing central nervous system (Carroll et al., 1985; Hiromi et al., 1985).
The zebra element activates striped lacZ expression in primordial mesodermal tissue
(Hiromi et al., 1985; Hiromi et al., 1987). The remaining element, the upstream element
(Hiromi et al., 1985; Hiromi et al., 1987) contains two distinct enhancers. The distal
enhancer, directs /acZ expression in 7 mesodermally restricted stripes, while the proximal
enhancer drives lacZ expression in both ectodermal and mesodermal tissues (Pick et al.,
1990). Expression of upstream element-lacZ constructs is reduced in ffz mutant embryos
(Hiromi et al., 1987). In addition, each enhancer within the upstream element is
independently capable of being positively autoregulated by Ftz (Pick et al., 1990).

Once the 7-stripe pattern is initiated, stripe expression is maintained by at least
two different mechanisms. The ffz mRNA is short-lived, and continuous transcriptional
activation is required to maintain the steady state levels of expression seen in'wildtype
embryos (Edgar et al., 1987). The zebra element contains binding sites for the Ttk/Ftz-F2
zinc finger protein and the Ftz-F1 steroid hormone receptor-like protein (Harrison et al.,
1990; Ueda et al., 1990; Brown et al., 1991; Lavorgna et al., 1991). When the Ftz-F1

binding sites are mutated in these constructs, expression is reduced relative to wildtype



(Ueda et al., 1990). Repressors binding to other sites on the zebra element also contribute
to the interstripe repression which generates the final striped pattern (Hiromi et al., 1985;
Dearolf et al., 1989; Brown et al., 1991; Topol et al., 1991). In contrast, a zebra element-
lacZ construct is expressed throughout the embryo when Ftz-F2/Ttk binding sites are
mutated (Brown and Wu, 1993). Together, these autoregulatory and other cis- and trans-
activating inputs serve to establish and maintain wildtype levels of ftz expression within

all stripes of its seven striped domain.

Pair-rule genetic interactions restrict en and wg expression to single cell-wide stripes

After initial broad expression of the secondary pair-rule genes is established,
mutual interactions refine this pattern into more restricted striped domains. Refinement
of the initial pattern results in narrowing of the initial domains of expression. For
instance, the eve and ftz stripes of expression are initially broad with indistinct borders
(Frasch et al., 1987; Goto et al., 1989). Mutually repressive interactions restrict these
stripes to narrow domains of seven alternating stripes with cells expressing neither gene
in between (van den Heuvel et al., 1989).

The distribution of protein within individual stripes also changes during
development. The initial bell-shaped distribution of mRNA and protein within a given
stripe changes such that concentration peaks in the anteriormost cell of each stripe. This
creates stripes with sharp anterior borders and fuzzy posterior edges (van den Heuvel et
al., 1989). Throughout cellularization the stripes become more narrow and uniform such
that by the end of cellularization the stripes are sharply defined and 1-2 cells wide. This
sharp on-off periodicity of the stripes is generated by a combination of pair-rule genetic
interactions and autoregulatory processes for a given pair-rule gene. Rapid changes in fiz
transcription are seen in embryos in which eve is ectopically expressed, suggesting a

direct effect on f#z transcription by Eve (Manoukian et al., 1992). Sharpening of the
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initial eve striped pattern of expression also requires interactions from the other pair-rule
genes, as late eve stripes do not form properly in £ mutant embryos (Goto et al., 1989).

eve stripe expression is also reinforced by positive autoregulatory input from the
Eve protein itself binding to sites within its own promoter (Goto et al., 1989; Harding et
al., 1989; Jiang et al., 1991). When these sites are mutated in eve promoter-lacZ fusions,
lacZ expression is greatly reduced (Jiang et al., 1991). Similarly, embryos containing
mutations in the Eve homeodomain which disrupt DNA binding show abnormal eve
expression (Frasch, 1988). These mutations as well as ffz mutations which result in
abnormally perduring Ftz protein also disrupt the uniform spacing between ftz and eve
stripes (Kellerman et al., 1990). Embryos with either of these mutations develop with
abnormal spacing of segment primordia later in embryogenesis.

All of these mechanisms generate the refined pair-rule gene expression patterns
required for precise activation of wg (Baker, 1987) and en (Kornberg et al., 1985) in
fourteen single cell-wide striped domains at blastoderm. These wg and en domains
subdivide and maintain the body plan into small, repeating units called parasegments (PS)
(Martinez-Arias et al., 1985). The expression of both of these genes must be controlled
with single-cell precision for this to occur (Poole et al., 1988; Noordermeer et al., 1992).
wg is expressed in the row of cells that defines the posterior edge of each PS (Ingham,
1991b; Dougan et al., 1992), while en is expressed in the row of cells that defines the
anterior edge of each PS (Lawrence et al., 1987; Carroll et al., 1988).

Gergen et al. (1986) first proposed that the pair-rule genes act in combination to
specify cell position within the embryo. Several models suggest combinatorial
interactions among pair-rule proteins restrict activation of wg and en to single cell-wide
stripes (Howard et al., 1986; DiNardo et al., 1987; Ingham et al., 1988b; Morrissey, 1991;
Manoukian et al., 1992; Manoukian et al., 1993). Fig. 1 summarizes the pair-rule genetic
interactions originally thought to regulate the expression of wg and en at the PS border

cells. For instance, paired (prd) is required for odd PS en expression, as in prd mutant
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Fig. 1 Original model for expression and activity of opa at blastoderm.

Two complete PS are shown, with en-expressing cells (filled nuclei) at the anterior and
wg-expressing cells (filled cytoplasm) at the posterior of each PS. Interactions (=
activating, L = repressive) involving opa are in boldface solely for emphasis and do not
reflect magnitude of interaction. In the even PS, fiz is expressed in a gradient similar to
eve. fiz eventually retracts to the anteriormost cell of the PS. opa was postulated to assist
ftz in activation of en in the even PS (Ingham et al., 1988). The prd domain straddling the
even/odd PS border activates wg (filled cytoplasm) in the even PS (Ingham et al., 1988).
eve is expressed in a graded manner across the odd PS as it retracts to the anteriormost
cell of the PS. The anteriormost eve-expressing cell overlaps with one domain of prd
expression, and eve and prd together appear to activate en expression (filled nuclei) in
these PS (Morrissey et al., 1991). opa activates wg in the odd PS (thick arrow) in a
fashion analogous to that of prd in the even PS and was postulated to be expressed in a

restricted pattern similar to that of prd (Ingham et al., 1988).
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embryos en fails to be expressed in the odd PS (DiNardo et al., 1987; Baumgartner et al.,
1991). Both frz and opa activity are required for normal en expression in the even PS
(Howard et al., 1986; DiNardo et al., 1987; Ingham et al., 1988b). It was hypothesized
that opa would be expressed or active in restricted domains, such that ftz- and opa-
expressing cells would overlap in a single-cell wide stripe in each even PS (DiNardo ,
1987; Ingham, 1988a). ern would then be activated only in cells expressing both proteins.
The restricted expression of wg was also thought to involve the position-specific
expression or activity of the opa gene (Ingham et al., 1988b). In prd mutant embryos,
even PS wg expression is missing. In opa mutant embryos, wg expression is missing in
the odd PS (Ingham et al., 1988b). This suggested a symmetrical, position-specific role
for opa in generating odd PS wg expression analogous to that of prd in the even PS. In
contrast, ftz and eve are genetic repressors of wg, as in either fz or eve mutant embryos,
wg expression is greatly expanded (Ingham et al., 1988b). Thus, it was thought that cells
expressing prd or opa but not ftz or eve would expréss wg. Overall, these models pointed
to opa having a functional domain restricted to the PS border cells and acting as the odd

PS counterpart to prd with regard to its effects on wg expression.

BACKGROUND
Body pattern defects in opa mutant embryos

The segmental pattern of wildtype embryos is easily visible at the end of
embryogenesis in the cuticle secreted by embryonic epidermal cells. Late in
development, these cells undergo dramatic shape c‘hanges as a result of changes in
cytoskeletal architecture (Lohs-Schardin et al., 1979; Pesacreta et al., 1989) . During this
period, they secrete a mixture of chitin, various proteins, and phenolic compounds which
hardens into the larval exoskeleton, itself textured to shape of underlying cells at the time
of secretion (Hillman et al., 1970). At the end of embryogenesis the body pattern consists

of 11 body segments. There are three thoracic (T1-T3) and eight abdominal segments
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(A1-A8) (Fig. 2, panel A) visible on the ventral embryo surface. The anterior part of each
segment has several rows of cuticular projections, or denticles, comprising a denticle belt.
The remainder of each segment consists of smooth cuticle. Each segment has a pattern
unique to its position on the AP axis, and for a given segment, this pattern is invariant
from embryo to embryo.

In opa null mutant embryos, only half the number of denticle belts are present due
to the deletion of portions of denticle bands from T2, A1, A3, A5, and A7 (the even PS)
and portions of smooth cuticle from anteriorly adjacent segments T1, T3, A2, A4, A6,
and A8 (the odd PS) (Jurgens et al., 1984). Fig. 2 shows the ventral cuticle patterns of
wildtype (Fig. 2, panel A) and hypomorphic and null opa mutant embryos (Fig. 2, panels
B, C.). Note the increasing loss of pattern elements (severity of denticle fusions) with

increasing loss of opa activity. All opa mutant embryos have severe head defects.

opa activity is required for optimal levels of en and wg in all PS

At cellular blastoderm in wild type embryos, wg is expressed in 14 single-cell
wide stripes defining the posterior borders of PS 0-13 ((Baker, 1987); Fig 3, panels A, C).
In opa null embryos (for sources of all stocks, see Materials and methods), wg expression
never initiates in the odd PS, as previously reported for EMS-induced opa alleles (Ingham
et al., 1988b). In the even PS, wg expression is severely delayed except in PS O and 2
(Fig 3, panel B). As development proceeds, wg expression initiates in the even PS 4-12
and approaches normal levels, although it remains spotty (see Fig 3, panel D). We
conclude that opa function is essential for the initiation of wg in the odd PS, and is
important for normal wg expression in the even PS. Similarly, opa is required for normal
en expression in all PS. In wild type embryos, en is expressed in 14 single-cell wide
stripes by the onset of gastrulation ([Kornberg et al., 1985]; Fig 3, panel E). In opa null
mutants at gastrulation, little en expression is visible (Fig 3, panel F). en expression is

severely delayed, but eventually appears in both the odd- and even PS, indicating that opa
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Fig. 2 Body pattern defects of opa mutant embryos.

A. Wild type cuticle, anterior up, ventral view. B. opa hypomorphic cuticle, 0pa13D/Df
(3R) 107. Note gaps between incompletely fused denticles. C. opa null cuticle, Df(3R)
63/Df(3R) 107, only half of the segments develop. Most of each odd abdominal denticle
belt is deleted, e.g., compare denticle fusions of A4/A3 and A2/A1 with those in panel B.
The anterior half of each even segment is fused to the posterior remnant of each odd

denticle belt (Ingham et al., 1986).
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Fig. 3 The regulation of wg, en, odd and ftz expression by opa.

All embryos shown here and throughout are oriented anterior left, ventral down. All opa
mutants shown are null unless otherwise indicated. Staging is after Campos-Ortega, et
al., (1985). A - D. Embryos labelled in situ for wg and lacZ RNA. A. Wild type at
cellular blastoderm, wg is expressed in PS 0-13, and lacZ is expressed anteriorly from the
hb-lacZ transgene on the balancer chromosome. B. opa at cellular blastoderm, wg is
expressed only in PS 0 and 2. The anterior patch of wg expression and the head "blob"
(obscured by lacZ in A), and the posterior ring are established normally in opa mutants.
C. Wildtype stage 8. D. opa stage 8, note only seven stripes are present and less intense
than those in wildtype. E-H. labelled in situ for lacZ and En. E. Wild type stage 7, En is
expressed in 14 stripes. F. opa stage 7, En is expressed only in PS 4. G. Wild type stage
8, En stripes are well-established. H. opa stage 8, En is just appearing, first in PS 4 and
8, then in PS 6 and 10. The previous analysis of en expression in opa mutants suggesting
that these were the odd en stripes is incorrect (Inghamet al., 1986; DiNardoet al., 1987).
opa embryos doubly labelled for wg and en expression confirm that these En stripes
correspond to the even PS (see Fig. 4). I - N. Embryos doubly labeled for odd RNA
(blue) and Ftz protein (brown). I. Wild type stage 8, odd stripes in the even PS have
narrowed to single-cell width, while Ftz stripes are roughly 2 cells wide. The secondary
odd stripes have appeared in the odd PS. J. opa stage 8, secondary odd stripes never
appear, clearly marking the mutant embryos. odd expression persists at relatively high
levels in PS 2, where en induction is lowest (see H). K. Magnified view of PS 4-10 of
wild type in I. Each Ftz stripe extends 1-2 cell widths anterior to each primary odd stripe.
L. Magnified view of PS 4-10 of opa embryo from panel J. Ftz remains strong and broad
in PS 4, rather than narrowing (compare with K). odd expression is beginning to clear
from anteriormost Ftz cells of PS 4 and 8, where en expression appears first in opa
mutants (see F.). odd expression remains coincident with Ftz cells in PS 6, where en
expression is more severely delayed (see H). M. Wild type stage 9, Ftz stripes have
retracted to ~1 cell wide, just anterior to the primary odd stripes. N. opa stage 9, Ftz
fades early in PS 2. High level odd persisting in PS 2 (see J.), may cause early loss of
Ftz, since odd represses ftz expression in wild type (Janet Mullen and Steve DiNardo, in
preparation). Early loss of Ftz in PS 2 could be the cause of very weak En expression in
this PS (see H.). Ftz is quite broad in PS 4 and 8, and odd has faded from PS 4 and 8,
correlating with the broadening of En in these PS at this stage (see P.). O. Wild type
stage 9, En is expressed in 14 evenly spaced stripes.



P. opa stage 9, En is broad in PS 4 and 8. En expression in the odd PS is established,
although all stripes are stronger ventrally than dorsally. In older opa embryos, en
expression in the even PS decays, as previously reported (see Fig. 4 below) (Ingham et
al., 1986; DiNardo et al., 1987).
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is required in all PS for the timely activation of en (Fig 3, panel P). The defects in both
wg and en expression demonstrate that opa is required in the cells that flank each PS
border, and not only in the cells flanking alternate PS borders, as was previously thought
(DiNardo et al., 1987; Ingham et al., 1988b). In the earlier analysis of EMS-induced opa
alleles, some en expression was detected in the even PS. Although this was assumed to
be due to residual opa activity, we have found that in opa null embryos, en is expressed in
the correct position in these PS (see below and Fig 3, panels H, P). This result indicates
that although opa is required for the proper timing of en activation, it is not required for

either activation of, or proper positioning of en expression in the even PS.

The position of en expression in the even PS is determined by fiz and odd

It has been suggested that, in the even PS, the position of en expression is defined
by the presence of the activator ftz, and the absence of odd, a presumed repressor of en
(DiNardo et al., 1987; Howard et al., 1988; Manoukian et al., 1993). We investigated
whether opa mutants exhibited changes in the expression of Ftz protein and odd mRNA
that could account for the defects in en expression. During cellularization in wild type,
Ftz is expressed in 7 stripes approximately three cells wide, corresponding to the
anteriormost cells of the even PS (Carroll et al., 1985). At the same time, odd transcript
appears in seven broad primary stripes that overlap completely with the cells expressing
Ftz (Coulter et al., 1990; Manoukian et al., 1992). By gastrulation, odd expression (blue
color in Fig. 3, panel K) is repressed in the anterior-most Ftzt cells (brown color in Fig.
3, panel I), leaving each Ftz stripe extending one or two cell diameters anterior to each
primary odd stripe. It is these anterior-most Ftzt cells that activate en ([Lawrence et al.,
1987; Carroll et al., 1988]; see[Fig 3, panel E]). After cellularization, odd expression is
initiated in secondary stripes within the odd PS (Coulter et al., 1990); panels I, K).

In opa mutants, the secondary odd stripes fail to appear (compare Fig 3, panels I

and J), indicating that opa is required for the activation of odd expression in the odd PS.

14



In addition, the expression of odd in its primary stripes remains coincident with the Ftz+
cells at a stage where, in wild type, odd expression has been lost from these anterior-most
Ftz* cells (Fig 3, panels K and L). Indeed, although the odd and Ftz expression patterns
are somewhat variable, Janet Mullen observes en expression in opa mutant embryos
strongly correlates with the presence of Ftz and the absence of odd. This suggests that the
delay in activation of en in even PS is due to persistent odd expression. A continued
correlation between coincident odd and Ftz expression and the delay in en activation in
opa mutants supports this notion.

During early germband extension in opa mutants, odd expression is lost from the
anteriormost Ftzt cells of PS 4 and 8 (Fig 3, panel L). About this time, en expression
first appears in PS 4 and 8 (Fig 3, panel H). The close timing of these events suggests
that Ftz can activate en in the anterior-most cells of its domain only after odd activity is
removed. Around mid-germband extension, the Ftz stripes become particularly broad in
PS 4 and 8, and odd expression in these PS is no longer detectable (Fig 3, panel N).
Shortly thereafter, the en stripes in PS 4 and 8 broaden to about twice wild type width
(Fig 3, panel P) correlating with the presence of Ftz and the absence of odd in these cells.
This supports the model of Manoukian and Krause in which the position of en expression
1s determined by the offset of the expression domains of odd and Ftz (Manoukian et al.,

1993).

Even PS en expression decays late in opa mutants

Given opa has functions in many cells across each PS, and not just in the PS
border cells, how is the opa cuticle phenotype generated? Given its widespread function
in the blastoderm embryo, one would predict that opa mutant embryos would lack all
segmentation. The cuticle phenotype in opa mutant embryos can be explained if one
takes into account post-blastoderm cell signalling interactions betweenen and wg

expressing PS border cells. In wildtype embryos, the single cell-wide en and wg
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Fig. 4 Even PS en expression decays late in opa mutant embryos.

All embryos are stained for wg RNA (blue stripes), lacZ RNA (head staining), and En
protein (brown stripes). A. Germband elongated wildtype embryo. Note uniformity of
En stripes apposed to adjoining wg stripes. B. Germband elongated opa null embryo of
the same age as that in A. Although stripes are not consistent, all fourteen En stripes are
clearly evident. C. Slightly older germband elongated opa null embryo than that in panel
B. Compare En stripes 6 and 8 from this embryo with those from panels A and B.
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expression domains abut each other at the PS borders ([Lawrence et al., 1987; Carroll et
al., 1988; Ingham, 1991b; Dougan et al., 1992], and Fig. 4, panel A). After the pair-rule
genes initiate wg and en expression in PS border cells, mutual positive feedback
maintains expression of each gene in its respective domain. In opa mutant embryos, pair-
rule gene activation of en is delayed and somewhat deranged, but en is expressed in cells
at both even and odd PS borders late in embryogenesis (Fig 4, panel B). In contrast, wg is
expressed only in even PS border cells in opa mutant embryos. Even PS en expression
fades later in embryogenesis due to loss of positive input from the adjoining odd PS
border cells (Fig 4, panel C, note especially weak staining stripes 4 and 8. Compare with
those from Fig 4, panel B). As a result of this decay in en expression, these PS border
cells are destabilized. Ultimately this leads to fusion of alternate PS and subsequent
deletion of odd denticle belts at the end of embryogenesis.

Overall, opa's effects on wg, En, Ftz and odd expression demonstrate that opa
activity is required at cellular blastoderm not only in the cells that flank each PS border,
but also in most cells within each PS. Thus, opa 1s required throughout the segmented
region of the embryo and not in discrete domains, distinguishing opa from all the other
pair-rule genes. To understand how opa may execute its roles, we cloned and sequenced

the opa gene, and analyzed the expression of both transcript and protein.

RESULTS
Localization of the opa mutation

The opa mutation was originally mapped to the 82A-E interval on the right arm of
chromosome three (Jurgens et al., 1984). Steve DiNardo and Steve Wasserman further
refined the opa position by generating deficiencies within this interval (Fig. 5, Letsou et
al., 1990). Complementation tests between Df(3R) 6-7 and Df(3R) z-1 localized the opa
mutation to the interval 82 Dss-82Es.. Fig. 5 depicts deficiencies used to localize opa as

well as the chromosome walk. Df(3R)107 and Df(3R) 63, though not cytologically
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Fig. 5 Deficiency maps and cDNA structure of opa.

Deficiency chromosomes in the cytological interval 81F - 83A. Solid lines indicate
missing DNA. The Sal I sites in the region cloned from 82D/82E, are shown below. The
chromosome walk, which was initiated to the left of Df(3R) 6-7, is represented by phage
clones 1-8. The opa transcript spans phage clones 6-8. The exons depicted are located in

the restriction fragments shown on the Sal I map, but are not drawn to scale.
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visible, were useful later in isolating the gene using molecular experiments (see Fig.6
below). We obtained a phage containing DNA homologous to sequences on the
centromere proximal border of Df(3R) 6-7 (see Fig. 5). This probe was used to initiate a
chromosome walk towards the gene. I used polytene hybridization of phage DNA to
Df(3R) 6-7 chromosomes to monitor progress of the walk into the deficiency. Fig. 6A
shows a polytene chromosome prepared from larvae heterozygous for Df(3R) 6-7
hybridized to a probe prepared from phage 1 of the walk (Fig. 6A.) and a probe from
phage 6 of the walk (Fig. 6B.). The chromosome preparations have been stained with
Giemsa to show different banding patterns specific to different regions of the
chromosomes. Poor pairing of the wildtype and deficiency homologs causes them to
asynapse during preparation, as seen in each panel. The phage 1 probe in panel A.
hybridizes to sequences on both homologs, indicating sequences within this phage lie
outside of Df(3R) 6-7. In contrast, phage 6 lies within Df(3R) 6-7, as in this preparation,
only one homolog, the wildtype, contains sequences homologous to those within the
probe.

In addition, phage were assayed for sequences present within the region
uncovered by the noncytologically visible deficiency Df(3R) 63. Fig. 6C shows
sequences from phage 4 hybridizing to both homologs of a polytene preparation from a
larva heterozygous for Df(3R) 63. In contrast, phage 6 lies within the deficiency (Fig
6D). Fig. 6E depicts quantitative Southern blots performed with probes prepared from
phage 4, 6, and 8 used on genomic DNA blots prepared from Df(3R) 63 or Df(3R) 65
heterozygous flies. Df(3R) 65, used as a control, is a stock isogenic to Df(3R) 63 which
contains a deletion on 3R outside of the interval containing opa. All lanes were genomic
DNA digested with Bgl II and BamHI and the panels represent serial hybridizations of the
same blot. Phage 4, which lies within Df(3R) 6-7 and does not lie within Df(3R) 63
hybridizes to identical bands of equal intensity in both the Df(3R) 63 and Df(3R) 65

lanes. In contrast, phage 6 lies within Df(3R) 63, hybridizing with ~1/2 intensity to
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Fig. 6 Phage 6 and 8 lie within Df(3R) 63.

Panels A-D, polytene chromosome in situs stained with Giemsa and labelled in situ with
various probes. See Fig. 5 for positions and relative sizes of deficiencies. A. Df(3R) 6-
7/+ chromosome probed with phage 1 probe. Probe hybridizes to both homologs. B.
Df(3R) 6-7/+ chromosome probed with phage 6 probe. Phage 6 sequences hybridize to
only wildtype homolog. C. Df(3R) 63/+ chromosome probed with sequences from phage
4. Probe hybridizes to both homologs. D. Df(3R) 63/+ chromosome probed with
sequences from phage 4. Only one homolog contains hybridization signal. E. Southern
blot hybridized to whole phage sequences from (left to right) phage 4, 6, or 8. In each
panel the left lane contains genomic DNA from flies wildtype for opa, the right, DNA
from flies heterozygous for Df(3R) 63. Asterisks denote polymorphic bands missing

from the mutagenized chromosome which lie beneath the probe.
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sequences within the Df(3R) 63 lane. In addition, polymorphisms on one homologue lie
within the region deleted in the Df(3R) 63 (asterisks). Phage 8 which is contiguous with
phage 6 also displays quantitative differences in hybridization indicating that it, too, lies

underneath Df(3R) 63.

Isolation of opa genomic sequences

As contiguous phage 6 and 8 lie beneath Df(3R) 63, they were then assayed to see
if they contained sequences expressed at blastoderm. DNA prepared from (whole) phage
1, 6, and 8 was individually digested with Sau 3A, individually labelled with digoxigenin
and used as in situ hybridization probes on whole mount wildtype blastoderm stage
embryos. Each probe contained 15-20 kb of genomic sequences and 29 kb of phage
vector sequences (see Materials and methods). The results of these experiments are
shown in Fig.7. Panel A shows an optical cross section of an embryo labelled with
sequences from phage 1. No staining in the ectoderm is seen, though there is some
background staining of the embryo interior. In contrast, embryos labelled with sequences
from phage 6 or phage 8 show ectodermal staining in a domain encompassing ~20-80 %
egg length (arrowheads, Fig.7,.panels C and D). The character of the signal is consistent
with that of other pair-rule genes as it is localised to the apical cytoplasm of ectodermal
cells (panel B, edge of embryo) (Davis et al., 1991). The nuclearly localized, punctate
appearance of the signal is representative of hybridization to nascent transcripts (Fig.7.,
panel D.). To identify sequences within these phage responsible for this hybridization,
DNA was prepared from phage 6 and 8, electrophoresed after restriction with Bam HI and
BgllIl. Purified fragments were then individually used as templates for digoxigenin
probes. Figure 8A is a map of the genomic region in the vicinity of phage 6 and 8
showing the locations of these fragments (denoted a-g) relative to the opa gene. Three
fragments (asterisks) generated 20-80% egg length hybridization signals when used to

label whole mount blastoderm stage embryos (data not shown). All fragments were then
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Fig. 7 Phage 6 and 8 contain sequences expressed in blastoderm embryos.

All embryos shown are wildtype. A. Optical section of embryo hybridized in situ with
whole phage DNA probe from phage 1. B., C. Optical section of embryos hybridized
with whole phage sequences from phage 6 and 8, respectively. Arrows denote boundaries
of hybridization signal extending 20-80% egg length. Compare with embryo hybridized
with sequences from phage 1 in panel A. D. Magnified surface view of embryo in panel
C. Note punctate nature of signal, indicating hybridization of probe to nascent

transcripts.
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Fig. 8 Sequences from phage 6 and 8 are homologous to a ~3 kb mRNA
expressed at blastoderm.

A. Map of genomic probes from phage 6 and 8 and their location relative to opa coding
sequences. Restriction enzymes are denoted as follows: B = Bam HI, G = Bgl II, S = Sal
L. Each probe fragment was individually labelled with either digoxigenin or 32P and used
to screen both embryos (data not shown) and Northern blots, respectively, for expressed
sequences. Probe fragments a, e, and f were homologous to sequences expressed from
20-80% egg length in blastoderm stage embryos (data not shown). B. Northern blot
hybridization of poly A* mRNA isolated from 2.5-5.0 h old embryos hybridized with
opaC (leftmost panel) or individual genomic restriction fragments from phage 6 and § in
conjunction with a probe for the pair-rule gene eve (subsequent panels). Note
hybridization of Fragments a and e to a ~3 kb message in these experiments. These
fragments were subsequently pooled, labelled, and used as probes in the isolation of
c¢DNA opaC (Materials and methods).
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individually labelled with 32P and used to separately probe Northern blots prepared with
polyA* mRNA from 2.5-5.5 h old embryos. These were hybridized in parallel with a
probe to another pair-rule gene, eve, generating a 1.4 kb signal. Fig.8B shows the results
from this experiment. Two fragments, a and e, hybridized to an ~3kb message (Fig. 8B).
The weak signal seen in the blot probed with fragment ¢ was an artefact not seen upon
further washing. Fragments a and e were subsequently pooled, labelled with 32P and used
to screen a plasmid cDNA library prepared from 0-4h embryos obtained from Nick
Brown (Brown and Kafatos, 1988). 38 positives were obtained from a total of 2.5x105
colonies screened. 4 of the 38 were colony purified. When DNA from these colonies
was purified and used in in sifu hybridization and Northern blotting experiments results
identical to those obtained with the probe fragments a and e were seen (data not shown

and see Fig.8B, blot probed with opaC).

opaC encodes a full length cDNA

Restriction and sequence analysis of the four cDNAs indicated that three of them (B,C,D)
are 5' deletions of the longest cDNA, opaC (see below). Prior to testing whether opaC
was functional in vivo, a primer extension experiment with a primer spanning nucleotides
+148 to +119 of opaC was done to see if opaC encoded a full length cDNA. The primer
was annealed to sequences within 2.5-5.5 h polyA* mRNA, extended and electrophoresed
in parallel with sequence reactions as size standards. Fig. 9 shows the two major
extension products of 147 and 148 nt as well as a low abundance product of 149 nt that
resulted from this experiment. As the extended products were not sequenced, however,
the 5' end of opaC may correspond to another alternatively spliced species from the same
locus. Excepting this possibility, the primer extension and sequencing data indicate that

the gene corresponding to the opaC transcript may initiate at more than one site, and

suggest that opaC encodes a full length cDNA.
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Fig. 9 Primer extension experiments using opaC.

Primer extension product generated using the primer tttcgctcttagatatttcgeatgegactt
(from positions +148 to +119 nt of opaC) annealed to sequences within 2.5-5.5 h polyA+
mRNA. A sequencing reaction was used as a sizing standard. The region between the
nucleotides marked with asterisks represents products from 144 to 155 nucleotides in
length. Two major products of 147 and 148 nt are visible. Upon further exposure, a low
abundance 149 nt product is also visible (data not shown).
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Rescue of the opa mutant phenotype

Two complementation assays were used to test whether opaC encoded a
functional opa gene. First, capped transcripts synthesized in vitro from opaC injected
into embryoé during the syncytial blastoderm rescued the cuticle phenotype of eight of
sixteen opa embryos (Janet Mullen performed these experiments). Janet Mullen then
constructed transgenic flies in which the opaC cDNA was placed under the control of the
hsp70 promoter. The stocks used were constructed such that cuticles of homozygous
mutant embryos were unambiguously marked (see Materials and methods). opadH
homozygous embryos have only four complete abdominal segments (Fig. 10A), although
occasionally the remnants of a fifth denticle belt are found. When transgenic embryos
were exposed to a 20 minute heat shock during cellularization, 38 of 75 (57%) of opa
mutants showed rescue as judged by the presence of at least five full denticle belts (panels
B, C). In some cases rescue approximated the wild type body pattern (panel C). No
rescue was found in heat shocked embryos ‘that did not harbor the transgene.

We next asked whether the rescue of body pattern correlated with the restoration
of wg and en expression (Fig. 11). In this case, marked balancer chromosomes conferred
B-gal staining in the cephalic region of wildtype embryos. Mutant embryos lack this stain
(see Materials and methods). In opa’N mutants, the wg stripes in the odd PS are missing
(compare panels A and B). In opa mutants carrying the hsopaC transgene, wg expression
was restored in odd PS 3-11 (Fig. 11,panel C). wg rescue was found in 25 of 40 (62%)
of the opa mutant transgenic embryos assayed. No rescue was found in heat shocked
embryos that did not harbor the transgene. en expression was also rescued in opa mutants
carrying the hsopaC transgene. About one hour after cellularization in opa mutants, en
expression is usually absent from PS 2, is spotty and broad in PS 4 and 8, and fails to
extend dorsally in all stripes (compare Fig. 11, panels D, E). In contrast, 29 of 54 (54%)
of the opa transgenic embryos exhibited en expression in PS2, narrower en stripes in PS 4

and 8, and more extensive dorsal expression in all stripes (Fig. 11, panel F). Although en
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Fig. 10 Rescue of opa body pattern by the hsopaC transgene.

Cuticles oriented anterior up, ventral to right, darkfield images. A. opaSH/OpaSH.
Embryos have four completely fused abdominal denticle belts resulting from loss of
alternate body segments; only three of these compound segments are visible in this photo.
Compare with wildtype in D. B. hsopa; opaSH/opaSH. Partially rescued embryo with
"splitting" of denticle belt fusions. Compare with hypomorphic opa embryo in Fig. 1B.
C. hsopa; opadH/opadH. Fully rescued embryo. All eight abdominal denticle belts are
present. D. Wildtype. Eight abdominal denticle belts are present.
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Fig. 11 Rescue of en and wg target gene expression by the hsopaC transgene.

A-C. Germband extended embryos labelled in situ for wg and lacZ RNA. A, Wild type.
wg is expressed in PS 0-13 and /acZ is expressed in the anterior from the hb-lacZ
transgene on the balancer chromosome. B. opa™/opaN. wg is not expressed in the
odd PS, and is expressed weakly in the even PS. C. hsopa; opa7N/0pa7N one hour after
heat shock. wg expression is restored to the odd PS 3-13. D-F. Germband extended
embryos labelled for En protein. D. Wild type. En is expressed in PS 1-14 and beta-
galactosidase in the head due to presence of the TM3 pthb-lacZ balancer chromosome.
E. opa’N/opa™N, En is expressed in PS 4 and 8 in broad stripes, and all En stripes are
weak dorsally. F. hsopa; opa7N/0pa7N, one hour after heat shock. En expression is

narrower in PS 4 and 8, and is more robust and extends more dorsally in all PS.
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expression was partially restored, some defects remained in the positioning of the stripes
such that odd PS appeared narrower than the even PS (Fig. 11, panel F). The Significant
rescue of both target gene expression and final body pattern demonstrates that this is the
opa gene. There are several possible reasons why rescue did not approach 100%
efficiency. First, through sequence comparisons with Dan Cimbora, we learned that the
opaC cDNA contains a frameshift resulting in a truncated protein which may have
affected the degree and frequency of rescue in transgenic mutant embryos (see below and
Materials and methods). Second, heat shock during cellularization may lead to
translation of opa after its normal peak requirement. Third, there may be a post-
blastoderm requirement for opa which was not be fulfilled by a single heat pulse during

cellularization.

Structure of the opa gene and deduced protein sequence.

Gene structure was determined using a combination of PCR and sequencing
comparisons between genomic and cDNA clones (see below and Materials and methods).
The transcription unit spans a total of 14.5 kb of genomic sequence with introns of
approximately 12 and 0.4 kb separating the three exons which span nucleotides 1-1243,
1244-1413, and 1413-2959, respectively (Figs. 4 and 12). The opa transcript is 2959 base
pairs in length, which corresponds well with the transcript size determined by Northern
blotting (see below). Sequence analysis at the 5' end of the opaC cDNA and of the
corresponding genomic region revealed a consensus cap site (gcagtectge) beginning 1
nucleotide upstream of opa. Three adjacent in-frame translation initiation codons are
found at nucleotide positions 294, 297, and 300 (Fig. 12) and the sequence surrounding
the first ATG matches the Drosophila translation start consensus (Cavener, 1987). In
addition, the 5' ends of the remaining partial cDNAs are indicated by underlined, boldface
nucleotides at positions 423, 1009, and 1293. There are two polyadenylation signals at

nucleotides 2859-2864 and 2920-2925. Conceptual translation of the 1827 nucleotide
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Fig. 12 Nucleotide and protein sequence of opa, a GLI-Kr class zinc-finger protein.

Conceptual translation of the opaC cDNA. Non-coding nucleotides (nt) are in lower
case. Start and stop codons are in boldface type at 294 and 2121 nt, respectively. The
first ATG is a good match to the Drosophila consensus (Cavener, 1987). Starting
nucleotides of cDNAs opaA, opaB, and opaD are shown underlined and in boldface at
403, 1009, and 1293 nt, respectively. Nucleotides flanking intron-exon borders are
depicted in underlined, boldface type at nt positions 1243/1244 and 1413/1414.
Polyadenylation signal sequences are present at 2858 nt and 2918 nt and are indicated by
bold underlined type. Within the amino acid sequence, the polyserine and polyglutamine
repeats are shown in single and double underlined type, repectively. Zinc finger domains

are depicted in boldface.
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Fig. 13 Amino acid alignment of zinc finger domains of Opa, GLI, CiD and Tra-1.

Interfinger linker regions are underlined. Identical residues are indicated by ' * ',
conservative substitutions by ' ', and residues corresponding to the GLI consensus finger
sequence are indicated by boldface type. As the GLI and GLI3 proteins share 88%
identity across their finger domains (Ruppert et al., 1990), only GLI is shown in the

alignment.
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open reading frame yields a protein of 609 amino acids. The predicted protein contains 5
C,H, zinc finger domains. Between several of the fingers, there are conserved stretches
of amino acids ([T/S]JGEKP), known as H/C links, that were first identified in the
Drosophila gap gene Kriippel (Preiss et al., 1985). The predicted opa protein also
contains stretches of polyserine and polyglutamine repeats, motifs common to many
transcription factors. In addition, the opa protein contains an alanine-rich region from
amino acids 94-122 (34% alanine rich). The zinc finger region, from amino acid
positions 210 to 380 was the only domain exhibiting significant homology to other
proteins. The most homologous zinc finger domain sequences found were Drosophila
CiD, human GLI and GLI3, and C. elegans Tra-1 (Fig. 13) (Eaton et al., 1990; Orenic et
al., 1990; Ruppert et al., 1990; Zarkower et al., 1992). Fingers three through five of Opa
fit the GLI consensus sequence (Y/FXCX,GCX;[F/YIX,LX,HX, ,H), and the H/C link
consensus ([T/S]JGEKP). There is 42% (70/167) identity between Opa and all the other
proteins for both consensus and non-consensus residues within the zinc finger region. All
four proteins lack a perfect consensus for the first finger and are missing consensus linker
residues between the first and second fingers. Opa has 21 conservative substitutions
compared to the GLI, CiD, and Tra-1 zinc finger sequences, indicating that these proteins
are more similar to each other than to Opa. We found no significant homology between

Opa and these proteins outside of the finger domains.

opa mRNA and protein expression during embryogenesis
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