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ABSTRACT

The engrailed locus is a genetically defined region necessary for the

maintenance and possibly the initiation of correct segmentation in the fruit

fly, Drosophila melanogaster. Chromosomal breakpoint mutants revealing an

engrailed phenotype can occur within a large region of approximately 70 kb on

the second chromosome. This work is a study of the transcription of this

region in order to define and characterize the engrailed gene.

Northern analysis of the 70 kb reveals a single, small transcription

unit of approximately 5 kb. No other transcripts were detected within this

70 kb region. The three polyadenylated transcripts of this unit display

developmental and tissue-specific regulation consistent with the genetic and

developmental analyses of the engrailed locus. The primary transcript is

similar in abundance to those of scarce homeotic genes such as Ultrabithorax

and Antennapedia; it is approximately .01% of polyadenylated message. A

second transcriptional unit of similar sequence but unknown function

(invected) occurs within a region of 50 kb, downstream from the engrailed

gene. The engrailed complex region is defined as the 120 kb containing only

these two widely-spaced transcription units. None of the engrailed

transcripts are altered in size or gross amount in the chromosomal breakpoint

or apparent point mutants. The invected gene transcripts are also

unaffected. The engrailed phenotype of these mutants may result from

inappropriate spatial expression.

Northern analysis of 100 kb surrounding the engrailed complex detected a

large number of transcripts. The density of transcription differs by an

order of magnitude between the engrailed complex and its surrounding regions.

The extremely varied developmental profiles of these transcription units and
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their position relative to the engrailed breakpoint mutations suggests that

they are unrelated. These data suggest that the large transcription-free

region surrounding the engrailed and its related gene has some regulatory

significance and represents a novel gene structure.

º º al■ º
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CHAPTER 1

INTRODUCTION

The Genetics of Pattern Formation in Drosophila

One of the critical steps in the evolution of multicellular

organisms from their single-celled ancestors was the segregation of

groups of associated cells into repeated yet distinct units. This

allowed the division of labor and subsequent specialization necessary for

greater complexity. A similar process is carried out during the ontogeny

of higher organisms in which a single oocyte must subdivide into a

variety of individual cell groups. Morphological segmentation in

organisms such as annelids or insects is a visible testimonial to its

consequences. The mechanisms underlying division control and cellular

identity, however, remain mysterious.

In insects, at least, it has become clear that these developmental

mechanisms are genetically controlled and a large number of the relevant



genetic loci have been identified in the fruit fly, Drosophila

melanogaster. Mutations in these genes cause embryonic lethality but

with charcteristic cuticular defects indicative of a lack of proper

segmentation. Such genes can be divided into three groups depending on

the aspect of segmentation they effect: coordinate genes, the initial

axes in the embryo; segmentation genes, the number or position of the

segments set up on these axes; and homeotic genes, the identity of the

segments themselves. These genes define three sequential steps necessary

in creating the final pattern: creation of directionality in the embryo,

dividing of the organism into repeated units, and differentiation of

those units. Consistent with this idea is the observation that the

coordinate genes act before development via the mother in the oocyte, the

segmentation genes act very early in the embryo, and the homeotic genes

later still. Nevertheless, it is important to remember that making such

distinctions is only helpful in thinking about how these genes may

function and is a gross oversimplification of actual early development.

All these genes are participating in a single, continuous process and

their functions may overlap. For example, the segmentation genes, by the

very process of dividing the embryo, must impart some identifying

information for the homeotic genes to act and therefore have a

homeotic-like function themselves. That is why many of the segmentation

genes have mutant phenotypes which include transformations not unlike

those of the homeotic genes.

Homeotic genes are thought to interpret positional information in

regulating the actual identity of the cells within a segment. Mutations

in these genes cause segments or parts of segments to be transformed such

that they make a pattern characteristic of another segment. Some of the



best studied of the homeotic genes are those found in the Bithorax

complex (BX-C) (for reviews see Lewis 1978; Lawrence and Morata 1983).

These genes are involved in the correct development of the abdominal and

some thoracic segments. The function of the Bx-C genes appears to be to

promote the development of posterior characteristics since loss of

function mutants cause segments to develop more anterior characteristics.

For example, mutations at the bithorax (bx) locus transform the anterior

compartment of the third thoracic segment into one resembling the

anterior compartment of the second thoracic segment (for a discussion of

compartments see following section). Other loci display similar

transformations for the anterior and posterior compartments of the second

and third thoracic and many of the abdominal segments. Sanchez-Herrero

et al. (1985) have classified the entire complex into 3 regions based on

complementation analysis: Ubx (Ultrabithorax), controlling the fate of

the second thoracic, third thoracic, and anterior first abdominal

segments; abd-A (abdominal-A) controlling the fate of the posterior

first, second, third, and fourth abdominal segments; and abd-B

(abdominal-B), controlling the fate of the fifth, sixth, seventh and

eighth abdominal segments.

Lewis (1978) has proposed a model for Bithorax action in which each

segment derives its identity from the particular combination of Bithorax

alleles active within its constituent cells. This model takes advantage

of the fact that the genetic loci are arranged along the chromosome in

the same order in which the segments they affect appear in the organism,

suggesting that the genes of the Bx-C become sequentially activated along

the chromosome as one proceeds posteriorly in the fly. Thus, genes once

turned on remain active in all more posterior segments. Lewis proposed



that this ordered regulation is accomplished by cis-regulatory regions

that are able to sense their location along the anteroposterior axis by

interacting with controlling factors. Several dominant gain of function

mutants which result in posteriorly directed transformations suppposedly

identify such cis regions. Various genetically unlinked loci (Duncan,

1982) such as Polycomb (Denell, 1978), trithorax (Ingham and Whittle,

1980), extra sex combs (Struhl, 1981, 1983), Polycomb like (Duncan, 1982),

and super sex combs (Ingham, 1984) affect the Bithorax complex from

positions elsewhere in the genome. Whether these genes provide the

controlling factors required by Lewis' model or precisely what their

function is , is still far from clear.

The other major homeotic gene complex in Drosophila, the

Antennapedia complex (Ant-C), is involved in directing the proper

development of segments in the thorax and head (Lewis 1980a, 1980b, and

Kaufman et al., 1980). It is less well-characterized than the Bithorax

region but contains three major homeotic genes: proboscipedia (pb),

necessary for normal labial development (Kaufman 1978); Sex combs reduced

(Scr) which functions in the labial palps and first thoracic segment; and

Antennapedia (Antp), necessary for the second and third thoracic

segments. It also contains other developmental (although non-homeotic)

genes. Mutations in this region cause anterior transformations in

segment identity, much like Bithorax, although the large number of both

dominant and recessive phenotypes have obscurred a clear understanding of

the precise function of this region. Duncan and Lewis (1982) have

suggested that Bx-C and Ant-C function in very similar ways and in fact

may represent ancestral duplication of what was originally a single gene

complex. Indeed, many of the genes which regulate Bithorax (Polycomb,



etc., see above) also display effects on Antennapedia, implying at least

some sort of joint control.

The coordinate genes are different from those in the other two

classes in that they are all strictly maternal. Genes displaying a

maternal effect result in embryonic mutant phenotypes when a mutant

allele is obtained from the mother independent of the paternal

contribution. They affect products synthesized during oogenesis and

stored in the egg cytoplasm, generally for use before the onset of major

embryonic transcription at the cellular blastoderm. Their effects tend

to be global in nature and extend throughout the embryo. Zygotic genes,

on the other hand, synthesize substances in the embryo itself during
-

embryogenesis and tend to have restricted, localized effects. Their

phenotypes are dependent on the embryonic genotype. It is not

surprising, therefore, that the coordinate genes appear to be responsible

for such fundamental processes as directionality in the egg. Although

some zygotic genes can affect directional axes, their effects are always

weak or partial, unlike the maternal genes, whose transformations tend to

be complete.

There are two major directional axes in the Drosophila oocyte

defined by the group of polarity genes which affects it (Anderson and

Nuss lein-Volhard, 1984a): dorsal-ventral and anterior-posterior. Two

groups of genes affect the dorsal-ventral axis: those affecting egg

shape and those affecting the embryonic pattern. Two known genes affect

egg shape: K10, which dorsalizes the egg and the embryo (Wieschaus,

1979); and Spindle, which ventralizes the egg such that it cannot be

fertilized. These genes apparently act very early in oogenesis. The

second group affects the embryonic pattern. The ten genes of this group:



dorsal, easter, gastrulation defective, nudel, tube, pipe, snake,

spatzle, pelle and Toll (Anderson and Nuss lein-Volhard, 1984b), all

display identical recessive phenotypes, i.e. complete embryonic

dorsalization. The similarity in the phenotypes of mutations in the

dorsalizing genes implies that they are all components of a single,

integrated process. A further insight into their mode of action comes

from the injection of wild type cytoplasm into mutant embryos. The

mutant phenotypes can be rescued to different extents and during

different times (Anderson and Nuss lein-Volhard, 1984b). When the

cytoplasm is fractionated and mRNA used, further differences are observed

between the mutants. Most likely these genes represent different factors

working together to establish the dorsal-ventral axis.

One of these genes, Toll, appears to act in a somewhat different

fashion. In addition to a recessive, dorsalizing phenotype, it also

displays a dominant, reverse effect, i.e., complete ventralization of the

embryo. Unlike the other dorsalizing mutants, when wild type cytoplasm

is injected into Toll embryos, the rescued pattern is determined by the

site of injection. Because of this seeming ability to direct the

dorsal-ventral axis and the results of double mutant studies with Toll

and the other dorsalizing loci, Anderson and Nuss lein-Volhard (1985a,

1985b) have suggested that the Toll Product acts as the morphogen which

sets up the dorsal-ventral axis and is regulated by the other genes.

The other major embryonic axis is the anterior-posterior. Mutations

which affect this axis have been isolated in five genes: bicaudal,

Bicaudal-D, Bicaudal-C, fs (1) 1502, and torso (Nuss lein-Volhard et al.,

1982). Few of these have been well-characterized but loss of function

mutations in the bicaudal locus result in embryos with duplicated



posterior segments coupled with a deletion of the head, thoracic and

anterior abdominal segments (Bull, 1966). Bicaudal embryos develop two

posterior ends arranged in mirror-image symmetry: the anterior-posterior

axis counterparts to the dorsalizing mutants (Nuss lein-Volhard, 1979).

Little is known about the actual mechanistic processes involved in the

physical setting up of any of these axes.

The final class of embryonic pattern genes is the segmentation

class, mutations of which alter the number or position of the segments

(Nuss lein-Volhard and Wieschaus, 1980; Nuss lein-Volhard et al., 1984;

Wieschaus et al., 1984; and Jurgens et al., 1984). These loci can be

divided into three groups based on the phenotypes which result: gap

mutants, an absence of adjacent, internal segments; pair-rule, a deleted

section of every other segment; and segment polarity, a deleted section

of every segment.

Gap mutants are thought to function the earliest of these three

groups probably acting on the directional axes laid down by the

coordinate mutants and determining the fate of large regions of the early

embryo. Mutations in the genes of this group result in extremely

shortened embryos since internal segments are deleted without much

compensating duplication or spreading. Four gap mutants genes have been

identified so far: hunchback (hb), the second and third thoracic segments

deleted; knirps (kni), all but two of the abdominal segments deleted;

Kruppel (kr), all thoracic and first five abdominal segments deleted; and

tudor (tud), all abdominal segments deleted (Nuss lein-Volhard et al.,

1980, 1982). Tudor mutants also display a lack of pole cells and are

maternally derived, suggesting a complex function (Boswell and Mahowald,

1985). The Kruppel phenotype has now been studied in considerable detail



(Gloor, 1950 and Wieschaus et al., 1984) and with its mirror-image

duplication of the sixth abdominal segment, results in a phenotype

reminiscent of bicaudal, a coordinate gene. The gap genes all lack the

periodicity of the other segmentation genes suggesting that they act

before the establishment of a repeated pattern. Thus, they may represent

the genetic bridge between the maternal coordinate and the zygotic

segmentation genes.

Probably the next group to act in setting up the embryonic pattern

are the pair-rule genes. Mutations in these genes affect segments in a

marked two-segment periodicity. The other group, the segment polarity

genes have periodic single-segment effects. This implies that the two

groups affect two sequential steps in segmentation: the initial division

of the embryo into separate units, followed by the splitting into two of

each of these units.

The pair-rule genes appear to regulate the first step of dividing

the embryo into double segmental units. Temperature-sensitive alleles of

some of these genes display a period of action from cellular blastoderm

to early gastrulation which suggests that this may be when such units are

defined. Nine pair-rule genes have been identified: even-skipped (eve) a

portion of first and third thoracic, second, fourth, sixth and eighth

abdominal segments deleted; odd-skipped (odd) a similar portion of second

thoracic, first, third, fifth and seventh abdominal segments deleted;

paired (pra) the posterior part of odd-numbered segments and anterior

denticle bands of the even-numbered segments deleted; runt (run) deletion

of part of even numbered segments with mirror-image duplication of the

anterior part of remaining segments; hairy (h) a phenotype similar to

paired but less regular; fushi tarazu (ftz), the posterior half of even



numbered segments and the anterior half of odd-numbered segments deleted

(opposite of hairy or paired) (Wakimoto and Kaufman, 1981); sloppy-paired

(slp) a partial deletion of naked cuticle of second thoracic and

odd-numbered abdominal segments; odd-paired (opa) a phenotype similar to

fushi tarazu; and engrailed (eng) the posterior region of even-numbered

segments (Nuss lein-Volhard et al., 1980, 1982).

The segment-polarity genes probably act in the final step of

creating a repeated pattern. By dividing the units set up by the

pair-rule genes into two, the segment-polarity genes delineate the final

segmental pattern that we see in larvae and adults. Mutations in these

genes result in embryos which contain the normal number of segments but

in which each segment is missing a defined region and the remainder is

present as a mirror-image duplication. There are eight genes in this

group: armadillo, cubitus interruptus D, CiD, fused (fu), gooseberry

(gsb), hedgehog (hh), wingless (wg) and patch (pat) (Nuss lein-Volhard and

Weischaus, 1980). All except patch delete the denticle-less posterior

portion and duplicate the anterior denticle belts. Patch mutants

duplicate a region containing the segment border and thus have twice the

normal number of segment borders. Wingless and hedgehog have no segment

borders as this region is deleted. Despite such differences, all segment

polarity genes have the common mutant features of single segment

periodicity, mirror-image duplication and restricted regional deletions.

Although one can think of all of these early developmental genes as

acting sequentially and defining well-ordered steps in the process of

segmentation and differentiation in the Drosophila embryo; it is

certainly more complex and much remains unexplained. Many of the mutant

phenotypes have anomalous features, such as the partial mirror-image



duplications in Kruppel or runt, and others do not really fit into simple

classes such as the maternal pair-rule gene tudor which also affects the

formation of germ plasm. Thorough genetic analyses of these genes have

only just begun and many surprises undoubtedly await us. The elucidation

of the function of these genetic loci offers a unique opportunity to

understand the mechanisms involved in the development of a complex

eukaryote.

The engrailed Gene

There is good reason to expect that the function of these genes is

more complicated than their segmental phenotypes would imply. Perhaps

the best illustration of such complexity is that offered by the pair-rule

mutant engrailed. Unlike many of the other segmentation class genes, the

phenotype of mutations in the engrailed locus has been extensively

studied. The engrailed locus was first identified by a spontaneous

recessive mutation with an adult thoracic cuticular phenotype (Eker,

1929). This mutation, termed en", results in wing vein disruptions and a

cleft in the scutelum resembling the heraldic pattern engrailed, hence

the name. Later studies (Brasted, 1941 and Tokunaga, 1960) discovered

the appearance of a secondary sex.comb in the posterior part of the male

basitarsus (fore leg). It was Garcia-Bellido (1972) in E. Lewis'

laboratory who first proposed that engrailed was actually causing a

homeotic transformation of posterior structures into anterior.

It soon became clear, however, that these phenotypes were a result

of the lack of a proper compartment border (Morata, 1975 and Lawrence,

1976) according to the compartment hypothesis (Garcia-Bellido, 1975;
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Garcia-Bellido et al., 1973, 1976; see also Crick and Lawrence, 1975).

This hypothesis suggests that groups of cells are segregated from each

other by means of the action or inaction of various "selector genes"

during development. The thorax was thought to be separated into anterior

and posterior compartments, with the engrailed gene necessary for

initiating and maintaining this compartment border by means of the

presence of engrailed function in the posterior compartment and its

absence in the anterior compartment.

This theory was based on a series of clonal analysis experiments

(Garcia-Bellido et al. 1973, 1976; Lawrence and Morata 1976; Morata and

Lawrence, 1975). The purpose of such experiments is to examine any

lineage restrictions present in the developing organism by genetically

marking a cell early in development such that all of its descendants can

be identified at a later stage. Commonly, this is done using embryos

heterozygous for some cell-autonomous, recessive gene with a

morphologically visible phenotype. Recessive genes frequently used for

marking cuticle in Drosophila are yellow: (y), which causes a change in

bristle pigment; or multiple wing hair (mwh) which results in several

hairs per wing cell. It is, of course, necessary to use a gene whose

phenotype is evident in every cell (such as y or mwh for the wing) so

that all descendant cells can be detected. Such embryos are x-ray

irradiated, which causes their chromosomes to break and rejoin. This

occasionally creates chromosomes that rejoin with their chromatid partner

instead of themselves during cell division. When this happens, the

subsequent cell division results in two genetically distinct cells: one

of which is homozygous for the recessive mutant gene and one of which is

homozygous for the wild type copy. Because the rest of the organism

11



continues to be composed of heterozygous cells which are phenotypically

wild type, all daughter cells resulting from further divisions of the

homozygous recessive cell will be readily apparent in the adult (Stern,

1969).

Unfortunately, this procedure proved difficult in practice since

irradiations early in development were usually lethal and later

irradiations produced clones of cells too small to be meaningful. This

drawback was overcome with the Minute technique of Morata and Ripoll

(1975). Minutes are a series of genes which have dominant mutations

resulting in a slowed cellular growth rate (Linds ley and Gre 11, 1968).

Thus, cells heterozygous for a Minute mutation and a recessive marker

gene, when irradiated, can result in a visibly wild type cell, which

grows at the slow Minute rate, and a visibly mutant cell which grows at

the faster normal rate. Since all other cells are heterozygous for the

dominant Minute mutation they will all divide and grow at the slow mutant

rate. The marked cells therefore, will outgrow their Minute brothers and

form very large clones.

When this technique is used, the marked clones which result respect

sharp boundaries, often with no obvious morphological delineations

(Lawrence and Morata, 1976). Such boundaries define the compartments

that groups of cells, termed polyclones (Crick and Lawrence, 1975) are

restricted to with respect to the position that their descendants will

occupy. Non-Minute clones are observed to almost fill entire

compartments but never to cross into adjacent ones, thus illustrating

their strong lineage restrictions. This is also true of clones in

non-Minute flies.

12



Compartments were initially identified in the wing, largely because

of the presence of several easily identifiable cell markers there. In

addition to the anterior/posterior compartment, evidence was presented

for the dorsal/ventral (Garcia-Bellido, 1968, et al. 1976 and Bryant,

1970), notum/wing (Bryant, 1970) and distal/proximal (Garcia-Bellido et

al., 1976) compartments. Despite the fact that mutants were described

which supposedly controlled some of these compartments (Distal into

proximal (Dipr], Kerridge, 1981; wingless, Morata and Lawrence, 1977; and

tetraltera, Garcia-Bellido, 1975) only the anterior/posterior compartment

and the engrailed gene which maintained its boundaries remained

convincing. Clones in homozygous engrailed flies no longer respected the

anterior/posterior compartment border and engrailed clones in wild type

flies only respected it from the anterior side. These observations,

coupled with the fact that engrailed mutants only showed pattern

disruptions in the posterior compartment, led to the theory that

engrailed was a homeotic gene which specified posterior compartment

identity. It was suggested by Garcia-Bellido and Santamaria (1972) that

engrailed function in cells of the posterior compartment led to cell

surface properties which prevented mixing between anterior and posterior

cells and that this was the basis of the lineage restrictions.

Using clonal analysis techniques and the powerful genetics of the

engrailed phenotype, the anterior/posterior compartments were identified

in the proboscis (Struhl, 1981), antennae (Morata et al., 1983),

abdominal segments (Kornberg, 1981b), humerus (Lawrence and Struhl, 1982)

and terminalia (Lawrence and Struhl, 1982). Attempts utilizing recessive

genes for enzymes which could be histochemically stained to detect

compartments in internal organs (Janning, 1972; Szabad et al., 1979;

13



Lawrence, 1981) failed to discover anterior/posterior compartments in any

internal organs (Lawrence, 1982 and Lawrence and Johnson, 1985). They

did reveal, however, that the wing compartments were already defined in

third-instar larval imaginal discs (Brower et al., 1981) (some engrailed

alleles do show malformations of the larval central nervous system but it

is unclear whether this is due to actual compartmental lineage

restrictions in the CNS or because CNS development is patterned on that

of the epidermis).

One problem in the concept of engrailed as the anterior/posterior

compartment selector gene was that although the en" mutation caused the

transformation of some posterior structures into anterior ones, it was

far from being a complete transformation. This was usually explained by

suggesting that the en' allele was "leaky" and allowed partial function

(Lawrence and Morata, 1976). Screens to isolate more severe alleles,

however, resulted in a considerable number of recessive embryonic lethals

with an adult phenotype even less extreme than that of en' (Kornberg,

1981a). Close examination of such alleles revealed that the embryonic

lethality was accompanied by morphological disruptions in the

segmentation pattern, frequently in the form of fused segments. Clonal

analysis with some of these alleles in the abdomen showed that not only

were the anterior/posterior compartment borders violated but

intersegmental borders as well (Kornberg, 1981b). Such evidence led

Kornberg to suggest that the anterior/posterior compartment borders were

participating in separation of the segments. Since the anterior

compartment of one segment will abut the posterior compartment of the

adjacent segment, the differences between compartments will not only

segregate compartments but also the segments themselves. Later

14



re-isolation of engrailed as one of the pair-rule genes tended to support

this role (see previous section).

It seems clear then, that engrailed gene function is necessary for

the maintenance and probably the initiation of compartment and segment

borders throughout development (The distinction between compartments and

segments may not be as important as once thought. Martinez-Arias and

Lawrence (1985) now suggest that developing embryos are divided into

units they term "parasegments", which consist of adjacent anterior and

posterior compartments from different segments and that not until 1ater

are the actual segmental divisions important. They suggest that homeotic

genes specify parasegmental fates. They base their conclusions on a

reinterpretation of anatomical studies and cytological analyses with the

bithorax and fushi tarazu genes). The engrailed locus probably does not

have a homeotic function of specifying the identity of parts of segments

like bithorax or Antennapedia. The role of the engrailed gene is

probably multifaceted. Karr et al., (1985) have observed disruptions in

the normal processes of yolk nuclear division, pole cell formation and

nuclear organization in the blastoderm, all occuring extremely early in

embryonic development and before any known zygotic gene function. Since

genetic studies have not detected any maternal contributions of the

engrailed locus (Lawrence et al., 1983) these early phenotypes may

represent an additional, previously unsuspected function.
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Molecular Genetics of Drosophia

The advent of molecular biology has allowed new approaches to the

study of the genetic loci involved in early development. The salivary

gland polytene chromosomes, used to map the cytological location of genes

in Drosophila, have also facilitated the isolation of the DNA sequences

corresponding to those genes. Geneticists use mutations with observable

chromosome abnormalities (trans locations, inversions, etc.) to identify

the region containing the genes producing the mutant phenotypes.

Purified fragments of DNA are localized by radioactive labeling and

hybridization to chromosome preparations in situ. (This labeling is

usually done by enzymatically copying the fragment with nucleotides

containing radioactive hydrogen *H). The chromosome preparations are

stained and covered with photographic emulsion, so that after the slides

are developed sites of hybridization can be observed as silver grains

appearing on the chromosomes. This is due to the exposure of the

emulsion by the radioactive particles emitted from the hybridized DNA

fragments (Gall and Pardue, 1971). These two techniques can then be

combined and used to clone the DNA from any particular gene.

Once a gene is identified, it can be isolated or cloned, usually by

one of two methods: chromosome walking (Bender et al., 1983) or

chromosome microdissection (Scalenghe et al., 1981). In the chromosome

walking technique, a DNA clone known (by the in situ hybridization

technique outlined above) to hybridize close to the gene of interest is

used to isolate a series of succeedingly overlapping clones until one

containing the gene is obtained. These clones are selected using

radiolabeled hybridization (similar in principle to those of the in situ
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localizations) against a collection of random DNA clones representing the

entire Drosophila genome. The microdissection technique differs only in

the way the initial DNA clones are isolated. This method involves the

physical microdissection, using microscope and precision tools, of the

region of the chromosome known to contain the gene of interest, followed

by walking procedures as before.

The major difficulty in both of these techniques is in determining

exactly what DNA represents the gene. This can be done by a combination

of several analyses of the isolated clones, such as transcription

analysis, presence of mutant alterations, transformation and/or rescue,

tissue expression or homology to genes of similar function in other

species. As much of the work in this field would suggest, this can be a

far from trivial exercise.

The ability to isolate and study in molecular detail the genes

involved in segregation and differentiation should lead to important new

insights in understanding their function. One of the more exciting has

come about through a modification of the chromosome in situ technique in

which labeled DNA fragments are hybridized to RNA in whole organism

sections in order to detect spatial expression patterns (Brahic and

Hasse, 1978; Brennan et al., 1982; Hafen et al., 1983; Akam, 1983). Such

experiments can reveal the regional or tissue specificity of gene

transcription.

Some of the most dramatic applications of this tissue in situ

technique have been with the segmentation pair-rule genes: fushi tarazu

(ftz) and engrailed (en). In the case of ftz, embryonic expression is

observed in bands of cells at intervals presumably corresponding to two

segments in the region of the embryo which later develops into the
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thoracic and abdominal segments (Hafen et al., 1984). This is precisely

the pattern one would predict from the double segment periodicity of the

mutant phenotype (see previous section). The engrailed story is more

complex, however. The late expression of engrailed correlates well with

known genetics in that transcriptional activity is observed only in the

posterior compartments of the larval imaginal discs (Kornberg et al.,

1985). Early activity differs from that of ftz, also a pair-rule gene,

in that it is found in twice as many bands (Fjose et al., 1985; Kornberg

et al., 1985). This appears to contrast with the similarity of the

embryonic mutant phenotypes of the two pair-rule genes and serves to

illustrate the danger in using such simplistic models to describe

development.

Weir and Kornberg (1985) have shown that both ftz and engrailed

expression begins as a single band. Ftz expression initially appears as

a wide swath just prior to the cellular blastoderm and gradually

subdivides into four and then seven smaller bands. Engrailed expression,

on the other hand, first appears early in the cellular blastoderm as a

single sharp band, followed by two bands in a four segment periodicity,

seven bands in a two segment periodicity, and finally the fourteen bands,

one for each segment. Their work reveals that mutant engrailed alleles

recovered to date do not eliminate expression but arrest it at the

two-segment stage which may help explain apparent morphological

similarities to the ftz phenotype.

The segmentation-gap gene Kruppel has also been analyzed in this way

but displays a pattern of expression much more difficult to interpret

(Knipple et al., 1985). Mutations in this gene result in a deletion of

eight segments from the internal region of the embryo, yet Kruppel
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expression occurs in a central region corresponding to precurser cells

for only 3-4 segments during the cellular blastoderm. Later expression

additionally includes the posterior pole (not including the pole cells)

and an anterior region near the head. During gastrulation the pattern

becomes even more complex with a fourth region between the head and

center appearing and finally a generalized expression connecting these

regions. Eventually, Kruppel expression is restricted to mesoderm and

possibly neuroblast cells. An understanding of this pattern and how it

relates to Kruppel mutant phenotypes remains unclear.

Analyses of the expression patterns of the homeotic loci,

Ultrabithorax and Antennapedia, have yielded results more consistent with

genetic predictions (Levine et al., 1983; Akam, 1983; Akam and

Martinez-Arias, 1985). The Antennapedia locus is involved in the

specification of the thoracic segments (mutations in this locus cause

head-like transformations there) and its major expression appears to be

restricted to these regions. Transcripts can be detected during cellular

blastoderm formation in thoracic progenitors (somewhat earlier than might

be expected), and later appear in the thoracic ventral nervous system.

In larvae, expression can be observed in the imaginal discs for thoracic

structures. The pattern is not perfectly simple, however, as other,

unrelated areas in the head also hybridize.

Ultrabithorax expression also occurs early in embryogenesis over a

wide region; it becomes restricted to the third thoracic segment by the

end of the cellular blastoderm. Following gastrulation, Ubx transcripts

can be detected in the precurser cells for the third thoracic and first

six abdominal segments. These transcripts appear to be restricted to

parasegments rather than segments. Eventually Ubx expression is seen
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primarily in its genetically defined realm of action, the posterior

second thoracic and anterior third thoracic segments.

These studies have provided dramatic visual corroboration of genetic

theory. They have also shown that the action of these genes is more

complicated than simplified genetic models might suggest. Careful

analysis of developmental gene expression can be expected to provide

deeper understanding of the true genetic basis of pattern formation.

In order to really understand the action of these genes, however, it

will be necessary to define the molecular basis of their function. In

addition to providing probes for studying spatial patterns of expression,

isolating the DNA for a gene allows direct analysis of its structure and

products. A large number of genetic regions have now been cloned in

Drosophila from a wide variety of loci (for recent list see Merriam,

1984) and the field of Drosophila molecular genetics is a rapidly

expanding one.

Early cloning strategies in Drosophila often took advantage of

homology between Drosophila sequences and those of other species or ease

in isolating mRNA produced in large amounts in certain tissues. Fyrberg

et al. (1980) isolated Drosophila actin genes using chicken sequences and

Sanchez et al. (1980) used a similar method to clone tubulin. Cancer

biologists have extended their realm into Drosophila molecular genetics

by isolating cellular oncogenes in a similar way (Shilo and Weinberg,

1981; Hoffman-Falk et al., 1983; Simon et al., 1983; Katzen et al.,

1985). On the other hand, the heat shock (Spradling et al., 1977;

Holmgren et al., 1979; Livak et al., 1978, and Sched 1 et al., 1978,

chorion protein (Spradling et al., 1980), yolk protein (Barnett et al.,

1980), alcohol dehydrogenase (Goldberg, 1980 and Benyajati et al., 1980)
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follicle cell protein (Spadling and Mahowald, 1979) larval cuticle

protein (Snyder et al., 1981), and ecolysone response protein genes

(Meyerowitz and Hogness, 1982) were all cloned by isolating RNA from a

tissue enriched in a specific mRNA, making a radiolabeled cDNA copy and

isolating clones that hybridized to it.

Many of these genes display relatively simple structures similar to

that of the majority of eukaryotic genes studied to date. Like most

genes, this form involves two regions: structural and regulatory. The

structural region consists of all transcribed DNA including introns,

protein-coding and accessory sequences. The regulatory region is

somewhat loosely defined as all non-transcribed sequences that are

required for expression. These genes are limited in extent and are

rarely greater than 15,000 base pairs in total size. Proving that a gene

is limited to a certain size may be difficult to do, but injection of DNA

fragments containing the gene into mutants and scoring for rescue has

shown that 12 kb is sufficient for the white locus (Hazelrigg et al.,

1984) and 15 kb for the gap gene Kruppel (Preiss et al., 1985). Many

other cloned genes potentially have such a structure, including the

pair-rule gene fushi tarazu (Weiner et al., 1984, and Kuroiwa et al.,

1984), but careful mutant analyses and transformation experiments need to

be performed in order to confirm this.

Although these genes have a simple structure in terms of layout,

many display quite complex transcriptional patterns. Almost all are

developmentally regulated in some way and several contain a variety of

different transcripts. One of the best studied examples of this is the

alcohol dehydrogenase gene (Adh) (Benyajati et al., 1983). Two

transcripts are made off of this gene: one in 1arvae and one in adults.
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They differ at their 5' end and each has its own promoter from which the

developmental specificity is presumed to derive. Even more complex is

the transcription pattern of the serendipity locus (sry) (Vincent et al.,

1984 and 1985) in which five overlapping mRNA's are made in the same

direction utilizing three independent start sites and various

combinations of exons and introns. The five RNA species display two

distinct developmental profiles, one of which is blastoderm specific.

Unfortunately, this region was isolated by virtue of its proximity to a

ribosomal gene and no genetic studies have been conducted, hence the

meaning of such complexity is unknown. A Drosophila region homologous to

the viral abl oncogene, named the Dash gene, (Telford et al., 1985)

displays alternate RNA splicing and polyadenylation site usage. The

different transcripts which result from this processing have different

developmental periods of action. The Dash locus may therefore represent

a candidate for developmental control of RNA processing.

Isolation and characterization of the DNA for the homeotic loci have

revealed a startlingly new gene structure. In this form, the structural

region consists of several small exons spaced widely throughout an

enormous region. The Antennapedia locus (at least four exons in 110 kb,

Garber et al., 1983 and Scott et al., 1983), the Ultrabithorax locus (at

least five exons in 70 kb, Bender et al., 1983) and the Notch locus

(nine exons in 40 kb, Kidd et al., 1983 and Artovanis-Tsakonas et al.,

1983) all appear to be such genes. Antennapedia and Ultrabithorax also

have two transcripts. Little is known about the extent of their

regulatory regions or in fact, the significance of their huge size. One

result of such a huge size, however, is that chromosomal breakpoint

mutations anywhere within the giant introns result in a mutant phenotype.
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Yet another structure is revealed by molecular analysis of the scute

(sc) locus (Campuzano et al., 1985). Mutations with a scute phenotype

can occur over a region of 75 kb, yet the actual transcription unit

covers a mere 2 kb. Although other transcripts are within the region,

breakpoint mutations give stronger scute phenotypes the closer to a

single 1.6 kb poly AC+) transcript they occur. Most scute breakpoint

mutations interrupt non-transcribed DNA. Presumably they exert their

effect by disturbing important regulatory regions. The implications of

this study is that Drosophila genes can have gigantic regulatory regions

of 30 kb or more, 5' or 3' to the gene.

The cloning of the engrailed locus (Kuner et al., 1985) provides

another example of a potentially bizarre genomic structure.

Localization, by Southern blot analysis, of the site of chromosome

breakage in mutations displaying very similar engrailed phenotypes

reveals a region of approximately 70 kb. The large size of the locus

physically stands in contrast to its small size genetically, as mutants

were recovered at a frequency similar to that of much smaller loci

(Kornberg, 1981a). Transcriptional analysis of the region (this work)

reveals a small structural gene surrounded by large non-transcribed

regions somewhat similar to that of the scute locus. Chromosome breaks

appear to act at distances of greater than 40 kb.

Cloning and mutant breakpoint mapping of the abd-A and abd-B regions

of the Bithorax complex (Karch et al., 1985) also reveal long distance

interactions. The Bithorax complex data suggests very complex

relationships with possible regulatory regions of up to 60 kb.

Such long-range interactions may, of course, reflect the nature of

the chromosome break and not necessarily imply that the DNA regions
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disturbed are essential to the function of the gene. Such effects have

long been known genetically with the position effect variegation

phenomenon (see Demerec, 1940 and Baker, 1968). This phenomenon involves

the variegated shut-off of a euchromatic gene, positioned by

translocation next to a heterochromatic region. The cis-inactivation of

DNA sequences by adjoining heterochromatin can extend beyond the limits

of neighboring loci and spread to include at least sixty genes

(Hartmann-Goldstein, 1967). Recently, Tartof et al. (1984) have studied

molecular position effect variegation at the white locus and discovered

that breaks there can act at distances of up to 25 kb. Clearly, long

distance interactions are possible in the Drosophila genome.

Studies of transcript density along a defined stretch of DNA attempt

to answer the questions of gene spacing and regulatory region size.

Spierer and coworkers have performed just such a study of 315 kb in the

87DE region of the third chromosome which contains the Ace and Rosy loci

(Hall et al., 1983; Bossy et al., 1984). They find that one-third of the

DNA encodes transcripts but that the density of transcripts varies by an

order of magnitude. Since transcripts located next to each other are not

expressed coordinately, it appears that different genes can be situated

quite close together. The indication of their analyses is that

Drosophila genes can occur in densely packed groups or in large

transcriptionally silent regions. The genetic loci of Drosophila appear

to have considerable heterogeneity in structure. The functional

implications of this heterogeneity, if there are any, remain mysterious.

One rather surprising result of the molecular isolation of many of

these genes has been the discovery of small sequences which many of them

have in common. The homeo box is a 180 base pair sequence which shows
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considerable homology between the Antennapedia and fushi tarazu genes

(77%) and Antennapedia and Ubx genes (79%) (McGinnis et al., 1984a,

1984b; Scott and Weiner, 1984). Related sequences are also found in the

engrailed (Poole et al., 1985, Fjose et al., 1985) and probably many

other genes. These sequences are both transcribed and translated and

probably have some functional significance (Laughon and Scott, 1984).

Another such unit is the opa sequence of 93 base pairs (Wharton et al.,

1985) indentified originally in the Notch locus and subsequently in the

Antennapedia, bithorax and engrailed regions (Regulski et al., 1985).

What these homologies tell us about similarities in function or ancestral

origins is unclear, but the possibilities are intriguing.

As the molecular studies continue, more information on the

mechanisms of cellular differentiation and development will come forth.

The accessibility of the Drosophila system to both biochemistry and

genetics has provided a unique opportunity to approach the unknowns

surrounding these processes. Many questions remain and the actual

details will undoubtedly prove to be much more complex than first

thought, but great promise certainly lies ahead.
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CHAPTER 2

MATERIALS AND METHODS

Fly Culture

Wild type Oregon R flies were maintained in population cages at 25°C

on standard cornmeal agar media supplemented with Baker's yeast. Prior

to a timed collection, flies were provided with a pre-warmed, fresh and

heavily-yeasted food plate to minimize retention of fertilized embryos.

Embryos were collected on agar plates and aged at 25°C before harvesting.

Larvae and pupae were from 6 hr egg collections that were aged and

collected in large plastic boxes containing 4 paper towels saturated with

a yeast solution.
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RNA Preparation

Poly(A)* RNA was isolated from staged embryos, larvae, pupae and

adults. Embryos were collected from agar plates in 0.4% Triton/7.0%

NaCl, de-chorionated in 50% Chlorox (1.5 min), rinsed, and frozen in

liquid nitrogen. Larvae, pupae and adults were frozen directly in liquid

nitrogen. Frozen samples were ground to a powder with a mortar and

pestle kept cool by dry ice and containing liquid nitrogen. Extracts

were stored at -70°C. RNA was purified from the frozen powder

essentially by the method of Chirgwin et al. (1979). The frozen extract

was added to guanidinium buffer (5 M guanidinium isothiocyanate, 10 mM

EDTA, 50 mM HEPES (pH 7.6), 5% 2-mercaptoethanol), and homogenized for 1

min in a Brinkman Polytron tissue solubilizer for 1 min at top speed.

Preparations of RNA not requiring poly-A selection were not frozen and

ground in liquid nitrogen but were homogenized in the guanidinium

solution directly. The homogenate was clarified by centrifugation at

10,000 r. p.m for 20 min at 5°C in a Beckman J-17 rotor. The supernatant

was brought to 4.0% sarkosyl with the addition of solid N-lauryl

sarkosine (sodium salt), heated to 68°C for 10 min layered over a 5.7 M

CsCl cushion and pelleted for 20 hrs at 24,000 r. p.m., 15°C, in a Beckman

SW27 rotor. RNA pellets were resuspended in 2 mls 8 M urea, 50 mM HEPES

(pH 7.6), 10 mM EDTA at 68°C for 5 min. An equal volume of 50 mM HEPES, 1

mM EDTA was added and the solution was extracted twice with

phenol/chloroform/ iso-amyl alcohol (24:24:1), twice with

chloroform/iso-amyl alcohol (24: 1) and twice with ether. Sodium acetate

(2.5 M) was added to 0.25 M and the RNA was precipitated with two volumes

of 100% ethanol. Poly(A)* RNA was selected with oligo (dT) cellulose
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(Collaborative Research Inc. Type 2) according to Chirgwin et al. (1979).

Total RNA was diluted to 2.5 mg/ml in diethyl-pyrocarbonate treated H20,
heated to 68°C for 2 min and rapidly cooled on ice. The RNA solution (10

mls) was added to 5 mls cellulose and the 15 ml total brought to 0.5 M

NaCl, 10 mM HEPES, 1 mM EDTA with a 10x solution and agitated on a

gyrorotary mechanical shaker for 2 hrs at room temperature. The

cellulose was then washed 5X by settling, removing the supernatant, and

adding fresh binding buffer. The cellulose was then added to a sterile

(10 ml) syringe, washed with 5 volumes of 0.1 M NaC1 10 mM HEPES, 1 mM

EDTA wash buffer, and finally eluted with a 10 mM HEPES, 1 mM EDTA buffer

without salt. This procedure yielded poly(A)" RNA preparations virtually

free of ribosomal RNA.

Preparation of RNA from Mutant Embryos

Total RNA was prepared essentially according to the procedure of

Cheley and Anderson (1984). De-chorionated embryos were homogenized

using a 2 ml Teflon Dounce homogenizer in a total volume of 1 ml 7.8 M

guanidine-HCl, 0.1 M potassium actetate. After 5-10 strokes, 0.6 volumes

of ETOH were added and the nucleic acid was allowed to precipitate

overnight at -20°C. The precipitates were collected by a 10 min

centrifugation at 12,000Xg and resuspended in 0.4 ml DEPC treated 10 mM

HEPES, pH 7.0, 1.0 mM EDTA. The nucleic acid was again precipitated with

2 volumes ETOH for one hour at -70°C with 60 ug E. coli + RNA/ml added as

carrier. The pellets were resuspended in sample buffer (50% formamide,

2.2 M formaldehyde, 1x Northern gel running buffer) and the RNA

fractionated in agarose gels containing formaldehyde (see below).
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Northern Blots

RNA was fractionated on 2.2 M formaldehyde/. 0.9% agarose gels

(Seakem; HGT, FMC) in 50 mM HEPES, 1 mM EDTA, 5 mM Na Acetate, pH 7.0

(gel buffer). Samples were precipitated with ethanol, resuspended at

68°C for 10 min in gel buffer supplemented with 50% formamide, 2.2 M

formaldehyde, Bromophenol blue, and xylene cyanol. Each lane contained

(as determined by *260), 5 ug of poly(A)" or 20 pig of total RNA unless

otherwise specified. RNA was transferred directly to either Millipore

nitrocellulose (0.45 pm) or MS1 nylon (0.45 um) by the procedure of

Thomas (1980) in 20 X SSPE for 12-18 hr. The filters were rinsed in 2 X

SSPE, dried, and baked for 2 hr at 80°C in vacuo.

Northern blots were pre-hybridized in 50% formamide, 5 X SSPE, 10X

Denhardt's solution (0.2% Ficoll, 0.2% Bovine serum albumin, 0.2%

polyvinylpyrrolidone), 50 mM NaPO, (pH 6.5), and 250 ug/ml denatured and

sonicated herring sperm DNA for 8 hr at 42°C. Hybridization with probe

was for 18-24 hr at 42°C (or 36-60 hr for single-stranded probes). The

filters were washed twice in 2 X SSPE, 0.1% SDS and for 10 min at room

temp. and 4 times in 0.1 X SSPE, 0.1% SDS, for 30 min at 50°C. The

filters were dried and autoradiographed at −70°C using Kodak XAR-5 film

with intensifying screens. Filters were reused 2-3 times according to

Thomas (1980).
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Hybridization Probes

For all poly(A)" RNA blots, agarose gel-purified restriction

fragments were labeled using a standard nick translation reaction (Rigby

et al., 1977) in a 10 ul reaction containing 50 MCi of *P-1abeled dCTP

(New England Nuclear 800 Ci/mmole). The reaction was stopped with the

addition of 20 pil 200 mM EDTA and 50 ml of 10 mg/ml boiled, sonicated,

herring sperm DNA. The probe was purified by two passages through 750 M1

P-10 (Bio-Rad) spin dialysis columns. The probe was boiled for ten min

before use; its specific activity was approximately 1.0-2.0 x 10° cpm/ug.

For tissue RNA blots, more sensitive probes were required. Restriction

fragments were cloned into M13 and a sequencing primer was used to prime

the synthesis of a single stranded DNA (Hu and Messing 1982). 10 ng

sequencing primer and 0.5 !!g of single-stranded M13 template DNA were

heated to approximately 90°C in a 10 ul volume containing 100 mM NaCl, 10

mM MgCl2 and 20 mM TRIS-HC1 (pH 8.0), and allowed to cool. The cooled

mixture was brought up to a 20 M1 volume containing 50 mM NaC1, 5 mM

MgCl2, 10 mM TRIS-HCl (pH 8.0), lmM DTT, 50 un■ unlabeled dcTP, dGTP, and

TTP, 50 uCi of *P-daTP, 5 units of E. coli DNA polymerase Klenow

fragment (Bethesda Research Labs) and incubated at 22°C for 1 hr. This

mixture was digested with a restriction endonuclease which cut within the

poly linker region of the plasmid vector but not within the insert, spin

dialyzed through P-10 and fractionated on a low melting temperature

agarose (Sea Plaque, FMC) gel. The slice of agarose containing the

labeled insert was identified by autoradiography, excised, added directly

to hybridization solution, melted at 68°C for 10 min, filtered through

Millex, and applied to the blot.
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DNA Restriction Fragment Isolation

EcoRI restriction fragments were subcloned into puC9 vectors (Vierra

and Messing, 1982) and grown up as described in Maniatis (1982). Up to

20 ugs of DNA (plasmid with insert) were then digested in 100mM TRIS-Cl

(pH 7.5), 100mM NaCl, 10mM MgCl2, lmg/ml. BSA with 10 u/ug EcoRI

restriction enzyme (Bethseda Research Labs) for 2 hours at 37°C. The

reaction was stopped by heating to 68°C for 5 min. Samples were brought

to 2.5% Ficoll and 0.025% bromophenol blue with a 5X solution. Samples

were fractionated on 1.0% agarose gels (Seakem; HGT, FMC) in TBE buffer

(89 mM TRIS-borate, 89 mM boric acid, 2mm EDTA). Gels were stained after

running in TBE buffer with Ethiolium Bromide (0.5 mg/ml). By comparing

with known size markers included in gel, insert bands were identified and

cut out as agarose slices. Electroelution was performed in 0.5 X TBE

with electrophoretic concentrator cups (ISCO) and dialysis membrane

tubing (SPECTRAPOR, no. 1). DNA was recovered in 200 M1 buffer, brought

up to 0.25 M NaAcetate with 2.5 M and precipitated with 2 volumes of 100%

ethanol overnight.

DNA Subcloning and Preparation

All phage isolation and preparation techniques as well as those for

subcloning, amplification and preparation of plasmid DNA were as in

Maniatis et al., 1982.
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CHAPTER 3

RESULTS

Expression of the engrailed Gene

To determine which regions of the engrailed locus are

transcriptionally active, DNA probes were hybridized to RNA blots. The

approximately 70 kb region in which engrailed mutations have been

localized was subcloned as 21 EcoRI restriction fragments into plasmid

vectors, and each subcloned fragment was radiolabeled by

nick-translation. Probes were hybridized to poly(A)" RNA that had been

isolated from embryos, larvae, pupae, or adults, and immobilized on

nitrocellulose after electrophoretic fractionation. RNAs were

standardized for equivalent amounts of transcripts from a non-muscle

actin gene (actin 50) to permit quantitative comparisons between RNA

preparations.
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Probes prepared from three neighboring EcoRI restriction fragments

(2.9 kb, 0.9 kb, and 4.7 kb) from the centromere-proximal portion of the

locus detected homologous RNA sequences. No transcripts were detected by

any of the other 18 restriction fragment probes. These engrailed locus

transcripts were 3.6 kb, 2.7 kb, and 1.4 kb in length, and were present

in most of the pre-adult stages (Figure 1). To localize the

transcription unit more precisely, probes were prepared from portions of

the most proximal (2.9 kb) and most distal (4.7 kb) genomic restriction

fragments. The 2.9 kb restriction fragment was divided in two by Xho I;

only the more distal 1 kb portion detected the transcripts. The 4.7 kb

restriction fragment was subdivided by Cla I digestion; the most distal 1

kb portion did not detect the transcripts. Thus by Northern analysis,

the engrailed transcription unit occupies at most 5.7 kb of the 70 kb

engrailed genetic unit.

The three engrailed poly(A)" RNAs were detected in 2-3 hr (after

ovipostion) embryo RNA (cellular blastoderm stage), in high levels in

3-12 hr embryo RNA (gastrulation stage), and in low levels in RNA from

later embryos, larvae, and pupae. Transcripts were not detected in RNA

prepared from adults. This developmental profile of expression

corresponds with the period of action of engrailed function suggested by

developmental studies of engrailed mutants (Lawrence and Morata, 1976;

Kornberg, 1981b).

The direction of transcription was determined with strand-specific

probes synthesized from a 230 bp restriction fragment, subcloned in both

orientations in the single-stranded phage vector M13mp9 (Dente et al.,
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FIGURE 1. Developmental Expression of the engrailed Transcript

Poly(A)* RNA (5 pig per lane) was prepared from whole animals at various

stages of development, fractionated on a formaldehyde-agarose gel,

transferred to nitrocellulose, and hybridized with a 900 bp EcoRI genomic

restriction fragment from within the coding region of the engrailed

transcript. The developmental stages analyzed are as follows: (0-2),

(2-3), (3-12), (12-24) hrs after egg-laying in the embryonic period; (I)

first larval instar, 24–48 hrs after egg laying, ; (II), second larval

instar, 48-72 hrs after egg laying; (III) third larval instar, 72-120

hrs; (EP), early pupal period, 120-168 hrs; (LP), late pupal period,

168-216 hrs; and (A) adults, 2-3 days post-eclosion. RNA sizes were

estimated by comparison with rous sarcoma virus RNAs (2.9 kb, 4.8 kb, and

9.5 kb) which were fractionated alongside the Drosophila RNA. Exposure

was for 7 days.

34



FIGURE I
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1983). Probes for each strand were separately hybridized to duplicate

Northern blots containing poly(A)* RNA from the gastrulation period. The

3.6 kb, 2.7 kb, and 1.4 kb transcripts are synthesized in the

(centromere) distal to proximal direction. No transcripts were detected

from the opposite direction. This result has been confirmed by sequence

analysis of genomic DNA and engrailed cDNA clones (Poole et al., 1985).

The 3.6 kb, 2.7 kb, and 1.4 kb transcripts differed in abundance and

structure. Although their relative abundance did not change during

development, the 2.7 kb transcript was at an approximately 10-fold higher

concentration than either the 3.6 kb or 1.4 kb RNAs. The 2.7 kb RNA

derives from an approximately 3.9 kb primary transcript from which two

introns are excised (Poole et al., 1985; Soeller, Poole, and Kornberg,

unpublished). However, the precise structural differences between the

2.7 kb RNA and the two minor transcripts have not been determined. The

most proximal restriction fragment probe (2.9 kb) detected only the 3.6

kb and the 2.7 kb transcripts, suggesting that the 1.4 kb RNA has a

different 3' end. A probe synthesized from the smaller 3' intron that is

excised from the 2.7 kb RNA hybridized to the 3.6 kb and 1.4 kb RNAs

(Kauvar, L.M., Drees, B., and Kornberg, T., unpublished). Therefore

alternate splicing pathways may produce the different transcripts. cDNAs

representing the rarer transcripts have not yet been obtained.

To determine whether cell-type specific regulation produces the

individual species of engrailed RNA, RNA was isolated from tissues of

third instar larvae. Although the overall amount of all three

transcripts was observed to vary in different tissues, the relative
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FIGURE 2: Tissue Specific Expression of the engrailed Transcript

Total RNA was isolated from the relevant tissues of 50 third instar

larvae, fractionated on a formaldehyde-agarose gel, transferred to MSI

nylon, and hybridized with a 230b single stranded probe which detected

all the engrailed transcripts (An XhoII-BamhI restriction fragment at

position 840-1070 (Poole, et al., 1985) was inserted into M13 mp3 and

copied with the large fragment of E. coli polymerase I). Tissues were

dissected by hand from wild type Oregon R larvae. Tissues represented

are : (PA") - 10ng polyadenylated RNA from 3-12 hr embryos; (Wing Disc) -

wing imaginal discs; (Gut) - midintestine and proventriculus; (Fat) – fat

bodies; (Sal. Glands) - salivary glands; (Cuticle) - cuticle stripped of

all discs and internal organs, probably containing abdominal histoblasts;

(Brain) - brains, including optic lobes and cephalic ganglion. Exposure

was for 7 days.
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concentrations of the three RNAs did not. High levels of transcript were

detected in imaginal discs, but little or none in brain, cuticle,

salivary glands, gut, or fat bodies (Figure 2). This result is

consistent with the observation that after in situ hybridization to

sections of third instar larvae, engrailed transcripts could be detected

only in the imaginal discs (Kornberg et al., 1985).

The concentration of the 2.7 kb engrailed transcript was related to

transcripts of other genes expressed in Drosophila embryos in order to

estimate the abundance of engrailed transcripts and to determine the

sensitivity of the measurements. DNA probes were synthesized from DNA

fragments similar in size to the 2.0 kb cDNA restriction fragment used to

generate the engrailed probe. Probes were generated to monitor RNA from

the non-muscle 5C actin gene, the Drosophila c-src homolog, the

Antennapedia gene, and the Ultrabithorax gene. A developmental profile

of expression revealed that transcripts from all these genes were present

at or near maximum levels in RNA isolated from embryos 3-12 hr post

oviposition (data not shown). The maximal period of expression of the

fushi tarazu gene is 2-3 hr after egg laying, and fushi tarazu

transcripts in RNA preparations from embryos of this stage were also

analyzed. 1.5 x 107 c. p.m. of nick translated probe from each gene were

hybridized to RNA blots containing varying amounts of RNA of the

appropriate developmental period. When compared with the engrailed 2.7

kb transcript, all the genes examined yielded approximately equivalent

hybridization signals, with the exception of the cellular actin and fushi

tarazu genes (Figure 3). Actin transcripts could be detected in lanes

with 1-2% as much RNA and fushi tarazu in lanes with 10-20% as much RNA
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FIGURE 3. Comparative Abundance of the engrailed Transcripts

Polyadenylated RNA was prepared from whole animals, fractionated, and

transferred as in Fig. 1. All comparative samples were from a single RNA

preparation. Radiolabeled probes were as follows: engrailed - a 2.0 kb

EcoRI fragment from cDNA D2B containing 2,000 bases from the 5' end and

including the homeo box; Antennapedia - a 2.3 kb insert from the AG1100

cDNA clone; Ultrabithorax - a 2.0 kb fragment from the pºt,02 cDNA clone;

fushi tarazu (ftz) - a 1.8 kb insert from the pDmG20R1.8 cDNA clone;

Drosophila c-src - a 3.1 kb EcoRI fragment from the G4B-CA4 cDNA clone;

actin - a 1.8 kb HindIII genomic fragment from ADmA2. Input counts for

hybridizations were adjusted for the varying lengths of the restriction

fragments, and all film exposures were identical (3 days).
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as the other genes; the transcripts of these genes are thus respectively

F50-100 fold and 5-10 fold more abundant than engrailed. If 1% of total

embryonic poly(A)" RNA is actin message (E. Fyrberg, personal

communication), and the Ubx transcripts represent 0.1 - 0.01% (Akam,

1983), then the 2.7 kb engrailed transcript represents approximately

0.01% of total poly(A)" RNA and the minor engrailed transcripts less

than 0.001%. Portions of the engrailed locus that appeared to be

transcriptionally inactive cannot produce RNA in amounts greater than

1/10° of RNA extracted from whole embryos.

Non-polyadenylated engrailed transcripts were also monitored in

embryonic RNA. All 23 EcoRI restriction fragments from the engrailed

locus were labeled to greater than 2 X 10° c. p.m./11g and hybridized to

blots of total RNA containing more than 100 ug/lane. In addition to the

three poly(A)" engrailed transcripts, a 3.9 kb RNA was detected by the

4.7 kb, 0.9 kb, and 2.9 kb restriction fragments. No additional

transcripts were detected with any of the 18 other probes (not shown; the

3.9 kb RNA is visible in Figures 4 and 2). A nascent and unprocessed

transcript of approximately 3.9 kb is consistent with the production of a

2.7 kb mature transcript after excision of two introns, 1.1 kb and 0.29

kb in length (Poole, et al., 1985), and is also consistent with sequence

analysis of cDNA clones of the 2.7 kb transcript and the corresponding

genomic regions (Poole and Kornberg, unpublished). We conclude that the

engrailed transcription unit is approximately 4 kb in 1ength.
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FIGURE 4. Transcript Analysis in Recessive Lethal engrailed Mutants

Mutant samples were all from 50 embryos, but ORE-R sample was from

considerably less as shown by actin hybridization. RNA was fractionated

on a formaldehyde-agarose gel, transferred to MSI nylon, and hybridized

with a 230 bp single stranded probe which detected all the engrailed

transcripts. With the exception of the homozygous deficiency embryos

(SF’”), all of the embryos were Df(2R) enSF31 hemizygotes. The mutants

analyzed were: (LA4) - en”, a putative point mutant; (C2) - In(2R)en”,
a chromosomal breakpoint mutation 14 kb upstream of the engrailed

transcripts; (SF49) - In(2R)en”, a chromosomal breakpoint mutant 2-5

kb upstream of the engrailed transcripts; (SF52) - T(2,3)en”, a

chromosomal breakpoint mutation 12-14 kb downstream of the engrailed

transcripts; (SF24) - T(2,3)en”, a chromosomal breakpoint mutation

approximately 20 kb upstream of the engrailed transcripts; (+) - CyC), the

second chromosome balancer, Cy0. RNA samples were also monitored for

non-muscle actin transcripts. Exposure was for 10 days.
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Transcript Expression in engrailed Mutants

To investigate the molecular basis of the phenotypes of engrailed

mutations, RNA from mutant embryos was analyzed with single-stranded

probes homologous to engrailed transcripts. Mutant engrailed embryos

were produced by crossing heterozygous engrailed strains to strains

heterozygous for an engrailed deletion, and were identified using a

dissecting microscope by their unusual and asymmetric gastrulation (Karr,

et al., 1985). Three types of mutations were examined: a deficiency for

the entire engrailed region (Df(2R)en”), putative point alleles (entº"
and en”), and breakpoint alleles (In■ 3R)en”, T(2,3)en”,
In(2R)en”, and T(2,3)en”). Homozygous deletion embryos had levels

of engrailed transcripts that were less than 10% wild type, indicating

that mutant embryos could be identified with greater than 90% accuracy.

In contrast, the abundance and size of engrailed transcripts (3.6 kb, 2.7

kb, 1.4 kb poly(A)* and 3.8 kb poly(A)") in the putative point and

breakpoint mutant embryos were not detectably altered (Figure 4).

The original spontaneous mutation, en', is now known to be caused by

the insertion of a 708 kb piece of DNA 13 kb upstream of the engrailed

transcriptional unit (Ali and Kornberg, unpublished). It has a recessive

non-lethal phenotype in the adult thorax, most noticeable in the wing

(Eker, 1929). To investigate the possible effects of this mutation on

the engrailed transcripts, RNA was isolated from the wing discs of third

instar larvae arising from the progeny of en'/en'cy adult matings. No

significant alteration in size was observed for any of the four engrailed

transcripts (Figure 5).
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Figure 5. Transcription of the engrailed Locus in Ovaries and en' Mutant

A)

B)

Wing Discs

RNA was extracted from 100 ovaries or wing discs fractionated on a

formaldehyde-agarose gel, transferred to MSI nylon and hybridized

with a 230b single stranded probe homologous to the engrailed

transcripts. Wing discs were from third instar larvae; early

ovaries were from adult females up to 12 hours after eclosion and

late ovaries were from adult females greater than 24 hours after

eclosion. RNA samples were also monitored for non-muscle actin

transcripts. Exposure was for 14 days.

Total RNA was extracted from 200 wing discs from en'/en'cy third

instar larvae and 25, nuclear division cycle 14, embryos. RNA was

fractionated, blotted and hybridized as in A). Exposure was for 10

days.
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Expression of the engrailed Locus in Syncytial Blastoderm Embryos.

The finding that the engrailed function is essential in pre-cellular

embryos (Karr et al., 1985) suggests that transcription of the gene may

be activated during these early developmental stages as well. To test

this possibility, RNA extracted from wild type adult ovaries and from

young embryos was subjected to Northern analysis. Oocyte RNA contained

no detectable sequences homologous to the engrailed gene (Figure 5). In

contrast RNA homologous to the engrailed gene was detected in all

embryonic stages examined. 100 embryos during cleavage (before syncytial

blastoderm formation), in division stages 10, 12, and 14, and in

gastrulation were identified under a dissecting microscope, and their RNA

was extracted for analysis on Northern blots. A 2.7 kb RNA with homology

to a portion of the engrailed gene was present in the cleavage embryos

(Figure 6, pre-9 lane), and increased in abundance with the advancing age

of the developing embryos (Figure 6, 1anes labeled 10, 12, 14 and early

gastrula). The accuracy with which the embryos were staged was

separately monitored by fixing and staining identical pools of embryos

for examination under fluorescence optics. Fewer than two percent were

older than designated and these did not differ by more than one division

cycle. Therefore, the RNA detected, even in preparations from the

youngest embryos, demonstrates that the engrailed gene is expressed

during these developmental stages.
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Figure 6. Transcription of the engrailed Locus in Early Embryos.

RNA was extracted from hand-picked wild type embryos before the

appearance of pole cells at the posterior end (pre-9), at cycles 10, 12,

and 14, and 15 min after commencement of gastrulation (gastrula). RNA

from 100 embryos of each stage was fractionated on a formaldehyde-agarose

gel along with poly(A)* -selected RNA (70ng) that had been prepared from

mass collected 3-12 hr embryos. After transfer to nylon, RNA was

detected with a 230 b single-stranded probe from a non-repetitive,

transcribed portion of the engrailed gene. Exposure was for 14 days.
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Expression of the Regions Surrounding the engrailed Gene

To better evaluate the significance of the structure of the

engrailed gene, with its unusually large non-transcribed regions 5' and

3' of the transcription unit, the expression of the chromosomal regions

including and surrounding the engrailed locus were compared. This

portion of the Drosophila genome includes the Engrailed-Complex (En-C),

containing the engrailed and the engrailed-related invected genes (Poole

et al., 1985), and several other lethal complementation groups (Ali, Z.

and Kornberg T., unpublished). All 61 of the EcoRI restriction fragments

representing the 215 kb of DNA that had been cloned from the 48AB region

of the genome were individually subcloned into plasmid vectors.

Nick-translated probes were prepared from the gel-purified restriction

fragments excised from these plasmids and were used to monitor the

presence of poly(A)" transcripts in RNA preparations from embryos,

larvae, pupae, and adults.

Thirty-one of the sixty-one restriction fragment probes hybridized

to homologous RNA sequences. These thirty-one restriction fragments were

not uniformly distributed (Figure 7); rather, most originated from the

regions flanking the En-C. As shown above, only 3 of 20 engrailed

fragments, encompassing 72 kb, detected transcripts, and 2 of 11 invected

fragments, encompassing 35 kb, detected transcripts from this

engrailed-related gene (Figure 4; Coleman, Poole, and Kornberg,

unpublished). In sum, two En-C transcription units were found in 107 kb.

In contrast, 26 of 30 restriction fragments that are either proximal or

distal to the genes of the En-C represent genomic sequences that are

transcriptionally active. These restriction fragments detected 11
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FIGURE 7. Transcriptional Profile of the Engrailed Complex and

Surrounding Regions

The top line represents the 215 kb of genomic DNA analyzed in this study.

The vertical lines above the genomic DNA indicate the location of

engrailed breakpoint mutations. Horizontal bars below the genomic DNA

represent the location of the DNA fragments which detected the RNAs of

each transcript group. Each transcript group is designated by roman

numerals and the developmental profiles of the transcripts are displayed

in the bar graphs below. The transcript lengths are listed beneath each

bar graph in kb, and the relative abundance of the transcripts is

compared to the cellular actin gene (maximum height), the engrailed 2.7

kb transcript at 2-12 hrs (one-half maximum height), and the transcript

group VII: 6.9 transcript at 12-24 hrs (minimum height). Developmental

times are as listed in the enlarged bar graph and are similar those in

Figure 1, except that 12-24 hrs is listed as LE for the late embryo.
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different groups of transcripts in the 108 kb of DNA that surrounds the

En-C.

Thirty-one transcripts that differed in size and temporal pattern of

expression were detected. These transcripts are not spaced singly along

the chromosome, but appear to overlap since many individual restriction

fragments hybridized to multiple RNA species. Only two regions were

found with no transcription length heterogeneity. The source of

transcript length heterogeneity has not been identified, nor has the

precise number of transcription units. All but one of the transcripts

detected varied in concentration during development. A brief description

of each transcript group follows in the order they were detected by

probes from successively more distal genomic sequences:

TRANSCRIPT GROUP I - (Figures 8 and 14). Transcript group one contains

two small transcripts of approximately 1.4 and 1.5 kb. It is detected by

a single 4.1 kb EcoRI fragment at the most proximal end of the cloned

region. A 4.0 kb EcoRI fragment to the proximal side does not detect it

and a 2.7 kb EcoRI fragment to the distal side results in extremely weak

hybridization (Figure 15). In general these transcripts occur in high

abundance throughout development except during the period of 2-12 hours

after egg laying. Apparently this group is turned on sometime during the

late embryonic period. The early transcription at 0-2 hours probably

occurs via a maternal contribution since adult females show increased

levels of the trancripts relative to adult males.

TRANSCRIPT GROUPS II and III – (Figures 8 and 15, 16). Groups II and III

contain four (4.7 kb, 4.5 kb, 4.2 kb, and 3.5 kb) and two (5.1 kb and 4.9
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kb) transcripts respectively. These transcript groups overlap

extensively and may in fact represent a single genetic unit.

Nonetheless, the two groups are staggered and must have different 5' and

3' ends. It is possible that they are transcribed from different

strands. Three EcoRI restriction fragments (Figure 8) of 2.7, 4.2, and

4.4 kb detect group II. The 4.2 and 4.4 also detect group III with an

additional fragment of 1.2 kb. The lambda recombinant phage A1 does not

detect group II and thus serves to delineate its extent. Transcript

group II displays a developmental profile with greatest abundance during

the late embryonic, late pupal and adult male periods (Figure 15). Group

III is present largely throughout the embryonic and pupal periods (Figure

16). Group III must first be transcribed during or before cellular

blastoderm formation as large amounts are found during 0–2 hours (the

engrailed gene, known to be transcribed earlier than the cellular

blastoderm shows conparatively less transcription by a similar analysis)

and none is detected in adults.

TRANSCRIPT GROUP IV - (Figures 9 and 17). This group was identified as

having sequences extremely homologous to engrailed including the homeo

box (Colman, et al. in preparation). It has been named "invected" (the

opposite heraldic design of engrailed) to signify this fact. It contains

three transcripts (3.4 kb, 2.6 kb and 2.0 kb), similar in size, relative

abundance and developmental profile to the engrailed transcripts. Two

major differences in profile are apparent: there is no detectable

transcript in early embryos (0–2 hours) and the transcript maintains a

high level of abundance in late embryos. It is conceivable that its

period of action is later and complementary to that of engrailed. Two
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EcoRI fragments detect these transcripts and they are separated by

approximately 40 kb. These represent exons of a single large transcript

since both exons are contained in cDNA clones, much like the

Ultrabithorax, Antennapedia, or Notch genes. As has been reported for

Ultrabithorax, a high molecular weight "smear" in detected near the top

of the gel (absent in other blots) and may represent non-spliced

intermediates. Probes from the 5' end of the invected gene (Figure 17,

92 probe) detect the 3.4 kb and 2.0 kb transcripts much stronger than 3'

probes (Figure 17, 94 probe). This indicates that these transcripts are

transcribed primarily from sequences at one side of the large intron,

perhaps because of alternate initiation sites.

TRANSCRIPT GROUP W - The engrailed gene transcripts (see above)

TRANSCRIPT GROUP VI - (Figures 10 and 18). This group consists of two

large transcripts of approximately 8.9 and 8.7 kb. They hybridize to

five EcoRI fragments although only a small portion of one (defined by an

internal HindIII site). The developmental profile is a common one, that

of embryonic and pupal activity (see groups II, III, IV, V, and XI). It

is the closest transcription group to the engrailed group and appears (on

the basis of the mutant breakpoints) to define the greatest possible

extent of the engrailed gene.

TRANSCRIPT GROUP VII - (Figures 11 and 19). This group contains three

transcripts (6.9 kb, 6.7 kb and 0.5 kb) with two radically different

sizes and developmental profiles. It represents the strongest

possibility of separate genes within the entire region. Two EcoRI
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restriction fragments of (4.4 and 6.8 kb) hybridize to the large

transcripts and one (6.8 kb) detects the small transcript. The small

transcript can be further localized because both of the recombinant phage

which cover the region hybridize to it. Combining all the hybridization

data, it is clear that the small transcript must arise from the middle of

the region of the two large transcripts. It is possible that it is

transcribed from the introns of the large transcript or from the opposite

strand and is a different gene. The large transcripts are pirmarily

embryonic and the small one is abundant only in larvae and late embryos.

TRANSCRIPT GROUP VIII – (Figures 11 and 20). Two large transcripts of

approximately 5.6 and 5.4 kb are detected strongly by the EcoRI fragments

of 3.0 kb and 2.6 kb and extremely weakly by the 5.3 kb fragment

(recombinant phage L41 and B54). While it is possible that it overlaps

with group IX the weakness fo the 5.3 kb fragment hybridization suggests

that they are only closely juxtaposed. It displays a simple embryonic

developmental profile.

TRANSCRIPT GROUP IX – (Figures 12 and 21). Three EcoRI fragments of 5.3,

0.5, and 2.8 kb detect the three transcripts (4.8 kb, 4.6 kb, and 2.4 kb)

of this group. Each transcript displays a different developmental

profile including the only transcript with no appreciable developmental

regulation (of 2.4 kb). The 4.8 kb and 4.6 kb transcripts are somewhat

complementary as the 4.6 kb displays greatest abundance in early embryos

and the 4.8 kb in middle and late embryos. Very little adult transcript

argues against a maternal contribution. It is possible that the 2.4 kb
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transcript is from a different gene than the other two because of its

developmental profile and may be transcribed from the opposite strand.

TRANSCRIPT GROUP X – (Figures 12 and 22). A transcript of extremely low

abundance which occurs in middle and late embryos is the sole

representative of this group. It is approximately 3.9 kb in length and

hybridizes to two EcoRI fragments of 2.8 and 3.2 kb.

TRANSCRIPT GROUP XI - (Figures 13 and 23). At least five transcripts

(3.2 kb, 3.0 kb, 3.6 kb, 3.3 kb, and 3.1 kb) of various sizes are found

in this group. The presence of several repetitive elements within this

region make it difficult to interpret the hybridization pattern and there

could be conceivably be other transcripts. Three EcoRI fragments (5.0,

4.0 and 1.2 kb) hybridize to these transcripts, two of which appear to be

limited in high abundance to early embryos and the other three displaying

embryonic and pupal profiles much like other genes (see Group VI) in this

region. The early transcripts (as in group III) are likely to be made

very early as no transcripts are detected in adults.

TRANSCRIPT GROUP XII - (Figures 13 and 24). The single 4.0 kb transcript

of this group was defined using recombinant phage. The group hybridizes

to phage 79-21 but not to RS1 or 2-6. It is possibly due to the presence

of repeated sequences in the region that this transcript overlaps

somewhat with group XI. It appears to be absolutely restricted to the

early embryonic period and may be another example of very early RNA

synthesis.
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FIGURES 8-13. DNA Fragments Used to Localize the Transcript Groups.

Top line with numbered sections in each diagram represents EcoRI

restriction endonuclease fragments used in determining extent of

transcript groups. Numbered bars below represent recombinant Drosophila

- lambda phage isolated during chormosome walk to clone the region. When

phage hybridizations were used to localize transcript groups they are

depicted and described in text. Figure 10 (transcript group VI) depicts

a HindIII restriction site used for localization (indicated by an H above

the EcoRI fragment line). Black bar at bottom represents regions which

hybridize to the transcripts of the transcript group indicated. It

should be stressed that these regions represent the approximate extent of

the transcribed DNA for each group; introns are not accounted for and

likewise nothing is known of the extent of the transcripts within the

terminal fragments. The relationship of the various transcripts to each

other is also unclear although each fragment depicted detects all

transcripts in its group (except group VII, Figure 11, which is described

in text). DNA fragment or phage used as probe for hybridization in

Figures 14-24 is shaded.
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FIGURES 14-24. Developmental Expression of Transcripts in Each

Transcript Group.

Polyadenylated RNA was prepared from whole organisms, fractionated on

formaldehyde gels, blotted and hybridized with the DNA fragment or phage

indicated in the diagrams of Figure 8-13. Developmental time periods

were: (0-2) and (2-12) - hours after oviposition, (LE) - 12-24 hours

after oviposition or late embryonic stages; (1 & 2) - first and second

larval instars combined or 1-3 days (3) - third larval instar or 3-5 days

(Ep) - early pupae or 5-7 days; (LP) - late pupae or 7-9 days; (Ad) -

adults, male and female combined, various ages ( ) - female adults,

various ages; ( ) - male adults, various ages. Exposure times varied for

each transcript because the wide range of abundances made meaningful

comparisons impossible. Relative abundance is represented in Figure 7.

Sizes are depicted to either side in kilobases and are apporoximations

based on comparisons with hybridizations of the same blot with the

engrailed gene or the actin 5c gene (engrailed sizes were determined as

described in Figure 1).
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CHAPTER 4

DISCUSSION

These studies have established that the engrailed locus, originally

identified by mutant phenotypes, codes for a small family of

polyadenylated transcripts. Several lines of evidence suggest that these

RNAs embody the engrailed function: their temporal and spatial patterns

of expression and their exclusive proximity to engrailed chromosomal

breakpoint mutations. Other studies of the engrailed homeo box (Poole et

al., 1985), embryonic expression pattern by in situ hybridization

(Kornberg et al., 1985) and spatial expression in engrailed mutants (Weir

and Kornberg, 1985) have confirmed this.

Temporal and spatial programs of engrailed transcript synthesis are

consistent with the demonstrated requirement for engrailed function

during development. engrailed mutants develop abnormally from the first

hours of embryogenesis (Kornberg, 1981a and Karr et al., 1985), and

studies of genetically mosaic flies indicate a continuing requirement for

engrailed function up until the adult stage (Lawrence and Morata, 1976).

This requirement appears to be restricted to segmented tissues and organ

systems as these are the only parts affected in mutant organisms (see
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Introduction for descriptions and references). The three polyadenylated

transcripts of the engrailed gene are initially detected early in

embryogenesis and continue to be present throughout the embryonic,

larval, and pupal stages but not in adults. The transcripts were present

in the imaginal discs but not in third larval instar central nervous

system (CNS), salivary glands, fat bodies, cuticle, gut or adult ovaries.

Thus, tissues known to be subdivided by developmental compartments and to

require engrailed function synthesize the engrailed transcripts, whereas

those that appear to lack compartmental subdivisions do not. (Previous

observations have indicated that the engrailed locus is expressed in the

embryonic nervous system (Weir and Kornberg, 1985; Ingham et al., 1985)

but not in third larval instar CNS (Kornberg et al., 1985). Therefore,

abnormalities in the CNS of engrailed mutant adults (Lawrence and

Johnston, 1984) are indicative of a requirement for engrailed function

during the stages that precede the third instar. It remains unclear

whether compartments exist in the CNS of any stage or if its apparent

segmentation is merely a reflection of its patterning on the segmented

larval epidermis.)

The different functions of the three RNAs produced by the engrailed

transcription unit are not known. Of the three (3.6 kb, 2.7 kb and 1.4

kb), the 2.7 kb transcript is probably the primary one by virtue of its

protein-coding capability (Poole et al., 1985) and its much greater

abundance. Throughout development, the 1.4 kb and 3.6 kb transcripts are

present in the same relative proportions to the 2.7 kb RNA but in

preparations from whole animals they occur in much smaller amounts. It

is possible that they represent aberrant splicing products of the primary

transcript.
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The most unusual feature of the engrailed locus is the small size of

the transcription unit relative to the chromosomal interval in which

engrailed mutants are located. engrailed mutations that physically break

the locus (e.g. inversions or trans locations) are distributed throughout

a region of approximately 70 kb. Yet, Northern analysis of this 70 kb

detected homologous RNA exclsuively from an interval of only 4 kb.

Several lines of evidence discount the presence of small upstream or

downstream exons and confirm the small size of the engrailed

transcription unit: 1) breakpoint mutants that physically separate the

locus into two parts do not alter the size of the transcripts; 2)

comparative analysis of genomic and apparently full length cDNA sequences

localize the 5' and 3' ends of the 2.7 kb transcript within the

designated transcription unit (Poole et al., 1985; S. Poole, personal

communication); and 3) primer extension and S. nuclease analysis confirm1

the 5' end determined by the comparative sequencing (Soeller, Poole and

Kornberg, unpublished).

A possible reason for the small size of the engrailed transcription

unit, especially when compared to that of the sequence-related invected

gene (40 kb) or other pattern formation genes in Drosophila such as

Antennapedia (110 kb) or Ultrabithorax (70 kb) comes from studies on the

early function of the engrailed gene. RNA from microscopically staged

early embryos was prepared and analyzed for the presence of engrailed

transcripts. The detection of these transcripts, coupled with the early

phenotype displayed by engrailed mutants (Karr et al., 1985) suggests

that the gene functions much earlier in development than previously

thought. The invected transcript, on the other hand, does not appear

until much later in development. An analogous situation exists within
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the Antennapedia locus. Here the transcription unit of a gene

functioning very early in development, the fushi tarazu locus, is small,

while the transciption unit of a gene functioning later, Antennapedia, is

very large. Perhaps transcripts which must be synthesized rapidly for

use early in development are thereby prevented from attaining the large

size of later transcripts. Expression during the pre-cellular synctial

blastoderm stages when the interphase period is less than five minutes,

may mandate that the primary transcript remain small.

Despite a thorough search, no homologous RNAs were detected anywhere

within the 70 kb region defined by the mutant breakpoints with the

exception of the engrailed transcription unit mentioned above. Although

it is possible that extremely scarce RNAs exist in this region but remain

undetected, we consider it unlikely for several reasons. The methods of

analysis used were able to detect RNA present at less than 1 part per

10°. Very high specific activity probes (2 x 10° c. p.m./11g) from

purified DNA fragments were hybridized to detailed developmental profiles

so that transcripts displaying very limited periods of action could have

been detected. Although RNA preparations were from whole organisms and

thus sacrificed higher sensitivity for tissue-specific transcripts, the

transcripts of several genes whose activity is restricted to specific

organs were easily detected in such whole organism preparations (for

example, the Antennapedia transcripts: in late embryos are detected only

in thoracic nerve ganglia; in larvae are found primarily in specific

areas of imaginal discs). Comparative analysis of the scarce transcripts

of other genes proved that our level of detection was sufficient to

detect all reported transcripts (see Results, Figure 3). Analysis of

nonselected RNA revealed the presence of a non-polyadenylated transcript
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of low abundance in the main transcription unit but nowhere else. The

mutant breakpoints are scattered randomly throughout the 65 kb

surrounding the structural gene and all display similar phenotypes and

are members of a single complementation group. In order for their

effects to be mediated by undetected RNA speciies it is required to

postulate a least a few scarce transcripts all with similar functions

surrounding the transcription unit. We consider that possibility remote.

The effect of these mutant breakpoints upon the engrailed

transcripts appears to be a regulatory one. Northern analysis of RNA in

hemizygous mutant embryos revealed that the engrailed transcripts are not

affected in size or gross amount. (Weir and Kornberg, 1985 showed that

the mutations resulted in small changes in spatial and temporal

expression). These transcriptionally silent regions probably contain

sequences necessary for the proper regulation of engrailed transcription.

Although there is no cytological evidence to support it, the possibility

that the breakpoints exert their effects not by the site of breakage but

rather by bringing in some inhibitory sequences such as occurs with

position effect variegation, has not been rigorously eliminated.

This work also reveals the limits of our genetic understanding of the

engrailed locus since none of the mutations recovered to date represent

total loss of function alleles; none eliminate the transcripts.

Drosophila has a relatively small genome of approximately 9 x 10°

euchromatic bp. There are at least 5000 lethal complementation groups,

suggesting that the average gene encompasses less than 15-20 kb (Judd and

Young, 1973). The two loci in the engrailed complex (the 70kb engrailed

gene and the 40 kb invected gene) are considerably larger. Their unusual

structure is particularly evident from comparisons of transcript density
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between the engrailed complex and the surrounding region; to either side

of the complex, transcript density increases by an order of magnitude.

Only one other study of chromosome transcriptional density has been

conducted to date: that of 315 kb from the Ace-Rosy region (Hall et al.,

1983 and Bossy et al., 1984). Several differences in analytical

techniques make strict comparisons difficult but their main conclusions

coincide with those of this study: approximately 33% of the DNA encoded

poly(A)" transcripts, transcript density is heterogeneous by an order of

magnitude, and the number of transcripts exceeds the number of recessive

lethal complementation groups by three. The use of purified fragments

for probes instead of the whole phage probes used in the Ace-Rosy study

suggests that the three to one ratio of transcripts to complementation

groups arises from multiple transcripts per gene.

The data reveal that within the region studied, the expression of

the vast majority of transcripts is developmentally regulated. Only one

of 31 transcripts detected shows no appreciable developmental change,

occuring at approximately equal levels in all stages examined. Due to

the limitation in the extent of the analysis it is not possible to

determine whether this represents the state of the Drosophila genome as a

whole or just happens to be a "hotspot" of developmental regulation.

Tissue and developmental specificity for the majority of the transcripts

in the Ace-Rosy region are suggestive of a general, not a limited

phenomenon. A number of the transcripts in this region display similar

developmental profiles in which peak periods of abundance occur in

embryos and pupae. This could be construed as evidence for clustering of

function and a "developmental hotspot". A more likely explanation,

however, is that this is solely a reflection of the requirement for a
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large number of specialized gene products due to the complex

deterministic, morphological and cell migratory activities occuring

during these periods.

Other large Drosophila genes have been described, including:

Ultrabithorax (Bender et al., 1983), Antennapedia (Garber et al., 1983;

Scott et al., 1983), Notch (Kidd et al., 1983; Artavanis-Tsakonas et al.,

1983), achaete-scute (Campuzano et al., 1985), as well as the two in the

engrailed complex. The Ubx, Antp, Notch, and invected loci have small

exons connected by extremely large introns with the intervening sequences

contributing the major portion of the gene. In contrast, achaete-scute

and engrailed have large regions surrounding (upstream and downstream)

their transcription units whose integrity is essential to their gene's

function. Although the early function of engrailed may play a role in

its small size, the reason for the difference in size between these genes

as well as the reason for the large amount of non-transcribed sequences

remains a mystery.

Long range chromosomal effects have been reported in other systems:

a cellular myc oncogene appears to be activated by chromosomal breaks 72

kb distant (Cory et al., 1985), and lesions 55 kb from a human hemoglobin

gene can affect its expression (Maniatis et al., 1980). In Drosophila,

the large genes that have been identified to date have roles in pattern

formation. For engrailed it is clear that the integrity of the

surrounding, non-transcribed sequences are essential for normal spatial

and temporal expression (Kornberg, 1981a and Weir and Kornberg, 1985). We

propose that multiple control elements are responsible for its complex

regulation and are contained within the non-coding regions.
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CHAPTER 5

CONCLUSIONS AND PERSPECTIVES

This work was part of a large project to study the Drosophila

segmentation gene engrailed in molecular terms. The strategy that was

used to clone the gene is known as chromosome walking. Chromosome

walking involves the isolation of overlapping clones corresponding to the

region of interest from a recombinant Drosophila-lambda library. The DNA

removed by a deletion on the second chromosome which uncovered recessive

engrailed mutants pinpointed the region of interest. The DNA was

obtained as seventeen cloned segments representing 225 kb of chromosomal

sequences (Kuner et al., 1985). The specific aim of this work was to

locate and define the engrailed gene within this region. The approach

was to identify the engrailed transcripts and investigate their

properties relative to the genetic function of the engrailed gene.

Previous work (Kuner et al., 1985) had established that the gene was

likely to be found within a region of 70 kb described by a number of

chromosomal breakpoint mutations all resulting in an engrailed phenotype.

Extensive Northern analysis of this region with high specific activity

probes hybridized to polyadenylated RNA resulted in the detection of a

single group of three, overlapping transcripts. Mutant breakpoints were
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located in the non-transcribed sequences surrounding this transcript

group, identifying it as the probably engrailed structural gene.

Northern analysis of individual tissues and different stages of

development showed that these transcripts were present, consistent with

genetic and developmental studies of engrailed gene function. Subsequent

sequencing (Poole et al., 1985), in situ analysis (Weir and Kornberg,

1985) and protein work (DiNardo et al., 1985) confirmed that this

transcript group represented the engrailed structural gene.

Two sets of experiments were conducted in order to determine how the

chromosomal breakpoints were able to affect the structural gene up to 50

kb away: characterization of the identified transcripts in mutant

embryos and a thorough search for scarce RNA species in the region of the

breakpoints which might mediate such an effect. Both approaches yielded

negative results. The transcripts were not appreciably altered in size

or amount in mutant embryos (later in situ hybridization experiments

revealed that the transcripts were altered in spatial expression (Weir

and Kornberg, 1985) and no other polyadenylated or non-polyadenylated

transcripts were discovered. Although it is not possible to completely

rule out transcripts undetected by our method it seems most probably that

the DNA surrounding the engrailed transcripts contain sequences

responsible for spatial regulation which can act at distances of 30 kb or

more.

In order to examine how common such large non-transcribed regions

are and also to define the physical limitations of the engrailed gene, a

characterization of the transcripts profile for the entire cloned region

of 225 kb was conducted. The recombinant phage DNA was subcloned as

EcoRI fragments and used as high specific activity probes against
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polyadenylated RNA from all developmentally important stages. This work

identified a transcript group, of invected, related in sequence and

downstream of the engrailed gene. The invected structural gene is split

by a 40 kb intron and is itself surrounded by large non-transcribed

regions. To either side of this engrailed complex (the engrailed and

invected genes) are regions of high transcript density probably

representing closely juxtaposed genes (the number of groups of

overlapping transcripts roughly corresponds to the number of lethal

complementation groups uncovered by the deletion). All of these

transcription groups display developmental regulation, although

neighboring units are not coordinately expressed. engrailed chromosomal

breakpoint mutations can occur anywhere within the transcript-free region

surrounding the engrailed gene; other regions not containing breakpoints

mutations were densely transcribed. These non-transcribed sequences thus

appear to be an integral part of the engrailed gene.

This work had four important results:

1. The stated aim of the project was achieved; the engrailed gene

was identified and defined (results which were later confirmed by in situ

hybridization and cDNA analysis). The developmental period of function

and tissue specificity of its transcripts revealed that properties of the

engrailed gene first postulated from genetic data are mediated at the

transcriptional level. The polyadenylated structure of the engrailed

transcripts suggested that they encoded a polypeptide (1ater confirmed).

2. A profile of Drosophila chromosomal transcription was described.

This represents only the second such study to date and affirmed that: a)

the majority of transcription in Drosophila is developmentally regulated;

b) transcript groups (and therefore probably genes) do not appear to be
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clustered according to developmental period of action; c) transcript

density is extremely heterogeneous containing regions which differ by an

order of magnitude. This transcriptional analysis of the DNA within the

48A region of the second chromosome provides a basis for a detailed

understanding of cistronic structure in a complex eukaryote.

3. Analysis of the engrailed transcripts in pre-blastoderm embryos

confirmed genetic studies which suggested a much earlier function for the

engrailed gene than previously suspected. Such a non-maternal,

pre-blastoderm gene activity signifies a dramatic departure from the

earlier dogma of zygotic, transcriptional initiation at blastoderm. The

small size of the engrailed transcriptional unit (unlike that of later

genes such as invected, Antennapedia, or Ultrabithorax) may be

necessitated by such early function.

4. A potentially novel gene structure was revealed involving

tremendously long-range interactions. The regulation of expression of

this gene must be affected by molecular mechanisms previously

undescribed. Examples in Drosophila and other systems suggest, however,

that such a structure is not restricted to the engrailed gene.

This work has moved the challenge to understand the engrailed gene

to a new plateau. Further studies must be concerned with the action of

the engrailed polypeptide and the nature of the interaction between the

structural gene and the surrounding, non-transcribed sequences. This

work has also revealed an important limitation in our knowledge of

engrailed function based on the genetics; that is, none of the mutant

alleles studied so far is a null allele. A detailed description of the

phenotype of a complete loss of function engrailed allele must remain an
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urgent priority. Its absence remains an obstacle to a complete

understanding of engrailed function.

The molecular characterization of the engrailed gene is but one of a

number of such studies now being conducted on genes with important

developmental roles in Drosophila. The discovery of such loci in

Drosophila along with their isolation and study, may result in access to

the molecules directing determinative processes for the first time. The

demonstration of similar DNA sequences in mammalian and other advanced

systems suggests that these genes may also be the key to understanding

some of the basic mechanisms of cellular information in a variety of

biological systems. Much work remains to be done, but certainly the

possibilities show great promise.
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