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Preface

The time is long past when all workers in the field knew the main characteristics
of all of the Drosophila genes that have been sequenced. My objective in
preparing this book was to bring together the available molecular information
concerning Drosophila meianogaster genes and thereby to make that informa-
tion more readily accessible.

In Part I of this volume, I describe the main molecular features of genes for
which the sequence of the entire transcription unit is available (with a special
dispensation for Ubx). This sample includes 90 genes, approximately half of all
the Drosophila genes that fulfill the condition mentioned above and that were
listed in the GenBank and EMBO databases early in 1992. In organizing the
voluminous data, I have tried to develop a form that would facilitate, and
perhaps encourage, a comparative approach for future studies.

Part II includes four chapters that consider different aspects of gene
organization as they occur in the Drosophila genome. These chapters cover: (1)
size correlations among various genetic elements; (2) splicing signals (by S. M.
Mount); (3) translation initiation signals (by D. R. Cavener and B. A. Cavener);
and (4) codon bias (by P. M. Sharp and A. T. Lloyd). These last three chapters
are not restricted to the genes covered in the first part of the book. On the
contrary, the authors' analyses cover as much of the available data as possible.

Many people helped me by reviewing individual chapters, pointing out
deficiencies and suggesting improvements. Some of these colleagues also made
unpublished material available. For such help, I am very grateful to Paul D.
Boyer, Carlos V. Cabrera, Sean B. Carroll, Robert S. Cohen, Allan Comer,
Victor G. Corces, Winifred W. Doane, Wolfgang Driever, Marshal Edgell,
James Fristrom, Eric Fyrberg, Donal A. Hickey, Jay Hirsh, Dan Hultmark,
David Ish-Horowicz, Clyde Hutchison, Herbert Jackie, Allen S. Laughon,
Judith A. Lengyel, Michael Levine, John T. Lis, John C. Lucchesi, J. Lawrence
March, Elliot M. Meyerowitz, Markus Noll, Christiane Nusslein-Volhard, Mark
Peifer, William H. Petri, Michael Rosbash, Georgette Sass, Lillie L. Searles,
Stephen Small, Wayne Steinhauer, Alain Vincent, Gail L. Waring, Pieter
Wensink, Theodore R. F. Wright and Ray Wu.

The internal consistency of the material in this book, as well as the
clarity of its presentation benefited greatly from the editing of my wife,
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Donna Maroni. I am grateful to her for her patience and generosity and for
her support.

Format and Conventions

I have tried to be consistent in presenting equivalent data for different genes
using the same format. All chapters in Part I are arranged according to the
following plan:

Product
Structure
Function
Tissue distribution
Mutant phenotype

Gene organization and expression
Developmental pattern
Promoter

The sections Tissue distribution and Developmental pattern contain compar-
able information, except that the former reflects results obtained from studies
of the protein product and the latter from studies at the RNA level. In some
cases, when a group of genes are considered as part of a cluster or a gene family,
there may be other sections within the chapter.

The section Promoter includes information on all cis-acting regulatory
regions.

Some of the conventions I used are the following: Nomenclature, cytogenetic,
and genetic map position follow The Genome of Drosophila melanogaster by
Lindsley and Zinn (New York: NY: Academic Press, 1992). The names of
proteins are abbreviated by using the same letters of the corresponding gene,
capitalized and non-underlined, i.e. ADH for Adh and ACT5C for Act5C.

Sequences

All nucleotide sequences are numbered with A at the proposed site of translation
initiation as position 1. The position immediately upstream of the initiation
ATG is 0. Dots above the sequence mark the decades. Positions in the
polypeptide chain obtained by virtual translation are indicated along the
right-hand margin in parentheses.

The sequence figures were prepared using programs of the Genetics
Computer Group of the University of Wisconsin (Madison, Wisconsin). Most
of the sequence data were obtained from the GenBank and EMBL databases
and the Accession numbers are given. In some cases, segments with no defined
function at the 5' and 3' ends of a published sequence were omitted in the
interest of space.
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The site of transcription initiation is identified by the first dash of a
three-character arrow ( ); it should be remembered that the resolution in
defining this site experimentally is usually no better than + 2 nucleotides.

The Hogness-Goldberg box and the polyadenylation signal are marked with
double underlining ( ). If a segment exists that matches the CAAT box
sequence (or its reverse complement) 60-100 bp upstream of the transcription
initiation site, it is also doubly underlined.

The polyadenylation site is marked by |(A)n below the sequence, where |
indicates the last transcribed position or the last nucleotide before a string of

A's? Introns in non-coding regions are delimited by brackets, and marking

the end of one exon and the beginning of the next. Introns in coding regions
can be identified by discontinuities in the amino acid sequence.

Short segments of interest such as promoter and enhancer elements are
marked by dashes below the sequence (---). Arrowheads are often used to
distinguish a certain sequence from its reverse complement (---> = 5TAA3',

= 5TTA3').
Longer segments are delimited by |--| below the sequence line, usually with

some designation or label between the delimiters or after the second vertical
line.

Base substitutions are indicated above the line followed by = followed by
the designation of the mutant allele (e.g., A = nl 1 marks the position where an
A for G substitution is found in the Adhn11 allele). Larger rearrangements are
delimited by |--| above the sequence with a label describing the type of mutation
(deletion, duplication, etc.).

Amino acid sequences are always the outcome of virtual translation. The
initiation ATG is chosen according to the proposal of the original investigators.
When confirmation of the amino acid sequence is available from direct protein
sequencing, this fact is noted in the "product" section. In most cases, the
positions of introns are derived exclusively from the comparison of cDNA and
genomic sequences. TATA boxes and polyadenylation signals are indicated
according to the proposals of the original investigators; these are usually based
on sequence data alone. For other features, transcription initiation and
termination sites, regulatory regions, etc., I indicate in the text the methods
used to ascertain those features.

Gene Diagrams

The transcription initiation sites are marked by for units in which transcrip-
tion is from left to right, and by for units in which transcription is from
right to left. The boxes downstream of these symbols represent exons with the
black boxes representing coding regions. The lines between exons represent
introns.
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Sequence Comparison Figures

In the case of some gene families, a comparison of polypeptide sequences is
included to highlight differences or similarities between different members of
the family. When the sequence of putatively homologous proteins from distant
groups, mammals in particular, were available, a sequence comparison figure
is included. The sequence alignments were done with the program Pileup of the
Genetics Computer Group.
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1
The achaete-scute Complex: ac, sc, Isc, ase

Chromosomal Location:
ac
sc, Isc
ase

X, 1B2-3
X, 1B3-4
X, 1B3-4

Map Position:
1-0.0
1-0.0
1-0.0

Organization of the Complex

The achaete-scute complex is proximal to yellow (y) in a 90 kb segment that
includes eight or nine transcription units; the units have been designated Tl
through 79 (T6 corresponds to y) (Fig. 1.1). Four of these are thought to be
responsible for the ac-sc genetic function, the scute family. Within the sc family
the following correspondence has been suggested: T5 = ac; T4 = sc; 73 = Isc
and T8 = ase. Each of these four genes is transcribed toward the centromere.
(Campuzano et al. 1985; Villares and Cabrera 1987; Alonso and Cabrera 1988;
Gonzalez et al. 1989, and references therein; see Ghysen and Dambly-Chaudiere
1988 for a review).

Products

DNA-binding regulatory proteins of the basic helix-loop-helix (bHLH) type
that promote neuroblast differentiation.

FIG. 1.1. The ac-sc complex and y. The open box to the left of ac corresponds to
unidentified embryonic transcripts. 77 (immediately to the right of sc) and T9
(between ase and Tl) have been omitted; there are conflicting reports on the existence
of 79 (Alonso and Cabrera 1988; Gonzalez et al. 1989)

3
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Structure

Sequence comparisons show that, in the region of the HLH domain, the
products of ac, sc, Isc and ase are similar to each other and to the products of
the mammalian oncogene myc, the myogenic gene MyoD, and the Drosophila
genes daughterless (da), Enhancer of split, extramacrochaetae (emc), hairy (h),
and twist (Fig. 1.2). In these proteins, the hydrophobic surface of each helix is
involved in dimer formation; the amino acids in these regions are particularly
well conserved. The basic amino acids in the vicinity of the helices, which effect
DNA binding, are also conserved (Villares and Cabrera 1987; Alonso and
Cabrera 1988; Murre et al. 1989a, 1989b; Harrison 1991). PEST elements,
regions rich in Pro, Glu, Ser and Thr and thought to be important in protein
degradation, are common to the various proteins; however, these are not
correlated with sequence similarities (Gonzalez et al. 1989).

Three genes in the complex, ac, sc and Isc share certain sequence elements
that distinguish them from ase. Particularly noteworthy is the occurrence of a
Tyr at the end of a run of acidic amino acids (position 394 in Fig. 1.2; a similar
arrangement is found at position 222 of ase). A Tyr so associated with acidic
residues is reminiscent of a motif found in substrates for protein tyrosine kinases
(Villares and Cabrera 1987; Alonso and Cabrera 1988; Gonzalez et al. 1989).

Function

Products of the scute family are transcriptional activators that promote
transcription of genes involved in neuroblast differentiation. They act by
binding to regulatory DNA sequences in association with ubiquitous helix-
loop-helix proteins such as DA, the product of da. In vitro, AC, SC and LSC
form heterodimers with DA. These complexes bind with high affinity to a DNA
segment with the core sequence CANNTG, a sequence that is also found in
the immunoglobulin kappa chain enhancer (Murre et al. 1989b), in the
hunchback (hb) zygotic (proximal) promoter and at three positions in the ac
promoter (Cabrera and Alonso 1991; Van Doren et al. 1991). In yeast cells,
LSC/DA heterodimers induce transcription of a reporter gene bearing the hb
target sequence in its promoter (Cabrera and Alonso 1991).

ac-sc function is counteracted by EMC, the product of emc. EMC, an HLH
protein lacking the basic DNA-binding region, competes with the ac-sc products
for DA binding. Thus, deficiency of EMC leads to excessive ac-sc function and
the occurrence of ectopic sensory organs (see below; Ellis et al. 1990; Garrell
and Modolell 1990; Van Doren et al. 1991).

All cells that express the LSC protein develop into neuroblasts, but this is
not true of all cells in which Isc RNA is detected. There seems to be considerable
degree of post-transcriptional regulation in that the LSC protein appears
significantly later than the corresponding transcript and in a much more
restricted subset of cells. Mutations in the neurogenic genes Notch and Delta
(whose normal function is to limit neuronal differentiation to a single cell in a
cluster of potential precursors) lead to the presence of LSC in all cells with Isc



FIG. 1.2. sc family polypeptide sequences. The residues involved in the two helices are underlined, the conserved hydrophobic positions
are marked with asterisks. The CON(sensus) sequence indicates positions where at least three of the sequences are identical. Alignment
was done using the University of Wisconsin Genetics Computer Group Gap program. The first residue shown in this figure corresponds
to amino acid 29 in the ase sequence.
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mRNA and, thus, to the development of ectopic neural derivatives (Cabrera
1990).

SC distinguishes itself from the three other products in this family in that
it plays a role in sexual development. This function was indicated by the ability
of sc to complement sister less b (sisb) mutations (sisb is one of the "numera-
tors" used to measure the X:autosome ratio that controls sex determination
and dosage compensation early in embryonic development). This prompted the
realization that sc and sisb are one and the same gene. The role of SC in sex
determination is likely to involve the formation of a heterodimer between SC
and DA. In embryos with two copies of sc, enough product is generated to
form heterodimers capable of inducing transcription of sex lethal (sxl) and thus
leading to female development. In embryos with only one sc copy (males), not
enough heterodimer exists to induce sxl expression (Parkhurst et al. 1990;
Erickson and Cline 1991).

Mutant Phenotypes

Mutations in the complex affect the development of sensory organs and central
nervous system: ac and ase affect different subsets of larval and adult sensory
organs while sc affects only a subset of adult sensory organs. Amorphic
mutations that involve both ac and sc (sc10-1) lead to the absence of all
macro- and microchaetae except for those of the wing margin and eye. /sc
mutations are embryonic lethals that lead to degeneration of the larval
peripheral and central nervous systems; chaetae are, however, present. Also, in
Isc mutant embryos, there is reduced expression of hb in neuroblasts (see
Function). Mutations that increase expression of ac and sc, such as the dominant
gain-of-function allele Hairy-wing (Hw), are associated with supernumerary
chaetae at ectopic sites (Campuzano et al. 1986, and references therein).
Amorphic mutations of ase cause abnormalities in the development of the adult
optic lobes as well as alterations in peripheral neurons and chaetae (Gonzalez
et al. 1989).

ac
(achaete)

Synonym: T5

Gene Organization and Expression

Open reading frame, 201 aa; expected mRNA length, 912 bases. The 5' end was
determined by primer extension, RNase protection and sequencing of a cDNA
clone; the 3' end was determined from the sequence of the cDNA clone. There
are no introns (ac Sequence) (Villares and Cabrera 1987).
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ac SEQUENCE. Strain, Canton S. Accession Ml7120 (DROASC1). el, e2 and e3,
AC/DA binding sites (Van Doren et al. 1991). The dominant allele Hwl is caused by
insertion of a gypsy element after nucleotide 368; termination occurs within the
transposon's terminal repeat, one codon after the insertion (R. Villares and C. V.
Cabrera, personal communication).

Developmental Pattern

The expression patterns of ac and sc and Isc are very similar. Before blastoderm
formation, expression is uniform throughout the embryo. Later, in early
gastrula, transcripts begin to accumulate in stripes restricted to ectodermal cells.
During the period of fast germ-band extension (stages 8 and 9), a pattern of
two stripes per metamere develops; soon thereafter, when neuroblasts segregate
from the ectoderm, transcription is restricted to the neurogenic cells and ceases
in epidermal precursors. At the end of stage 9, when neuroblasts begin to divide,
transcripts fade (Cabrera et al. 1987).

As development proceeds, expression appears restricted to small clusters of
cells that are distributed in a more complex pattern. Even so, the general design
outlined above persists: as waves of neuroblast differentiation occur throughout
the embryo, transcripts appear immediately before and during the segregation
of neuroblasts from the ectoderm; then, the transcripts disappear again, first
from the epidermal precursor cells, and finally from the dividing neuroblasts.
During germ-band shortening, as differentiation of the neural precursors is
completed, expression ceases in the segmented portion of the embryo. After
germ-band shortening, expression persists in the primordia for the optic lobes
and stomatogastric nervous system (Cabrera et al. 1987). In third instar larvae
and early pupae, these genes are expressed in imaginal discs in groups of cells
from which the sensory organ mother cells will develop (Romani et al. 1989).
In wing imaginal discs, ac and sc are expressed with very similar distributions,
although mutations affect different sensory organs. Experiments with a reporter
gene in transgenic flies indicate that ac and sc are initially expressed in different
clusters of cells; but their products stimulate transcription of each other, so that
the ranges of expression soon overlap. As a consequence, in mutants for only
one of the two genes, expression of both genes is affected, albeit in different
subsets of clusters (Martinez and Modolell 1991).

Differences in expression among the genes are: (1) ac stripes are slightly
offset from those of Isc and sc; and (2) during the later stages of expression
(stages 10, 11 and 12), transcription of ac is more intense than that of sc and
Isc, but Isc RNA occurs in more cells.
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sc SEQUENCE. Strain, Canton S. Accession M17119 (DROASC2). The base
substitution at 487 in the null allele sc10-1 is indicated; this mutation also involves a
breakpoint that inactivates ac. The dominant allele HwUa is caused by insertion of a
copia element after nucleotide 899; termination occurs within the transposon's
terminal repeat, 21 codons after the insertion (R. Villares and C. V. Cabrera, personal
communication).

Promoter

A segment of 0.9 kb upstream of the transcription initiation site is sufficient for
nearly normal expression of ac (Ruiz-Gomez and Modollel 1987). Within that
segment, there are three binding sites apparently responsible for autocatalysis:
binding of heterodimers of ac-sc and da products has been detected at three
copies of the element CANNTG (sites marked e in the ac sequence at -327,
-259 and -123). This binding is blocked by the simultaneous presence of EMC
(Van Doren et al. 1991).

sc
(scute)

Synonyms: T4 and sisb

Gene Organization and Expression

Open reading frame, 345 aa; expected mRNA length, 1,437 and 1,432 bases.
The 5' ends were determined by primer extension; sequencing of a cDNA clone
provided the 3' end. There are no introns. Translation might initiate at any of
five in-frame AUGs in the mRNA. In the sc Sequence, translation is depicted
as starting at the first of those ATGs, but the best fit to the initiation of
translation consensus is next to the fifth ATG (Villares and Cabrera 1987).

Developmental Pattern (see ac)

Product from the blastoderm period of sc expression is probably associated
with the sisb function.



The achaete-scute Complex: ac, sc, Isc, ase 11

Isc SEQUENCE. Strain, Canton S. Accession, X12549, Y00846 (DROASCA).
The exclamation mark at — 26 indicates the 5' end of a cDNA.
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Promoter

An sc construction with approximately 1 kb of DNA upstream of the transcribed
region and 3 kb downstream is sufficient to provide sisb function but not sc
function (Erickson and Cline 1991). The cis-acting regulatory region of sc is
likely to extend for tens of kilobases.

Isc
(lethal of scute)

Synonym: T3

Gene Organization and Expression

Open reading frame, 257 amino acids; expected mRNA length, ca. 1,184
bases. A cDNA sequence and low resolution S1 mapping were used to define
the 5' and 3' ends. There are no introns (Isc sequence) (Alonso and Cabrera
1988).

Developmental Pattern

Isc expression follows the general pattern of ac and sc expression (see ac) except
that the expression of Isc seems to be more extensive than that of the other two
genes and persists longer in both epidermal precursors and neuroblasts
(Cabrera et al. 1987).

ase
(asense)

Synonym: T8

Gene Organization and Expression

Open reading frame, 486 amino acids; expected mRNA, 2,263 bases. The 5' end
was defined by primer extension and the 3' end by a cDNA sequence. There
are no introns (ase sequence) (Alonso and Cabrera 1988, partial sequence;
Gonzalez et al. 1989).
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ase SEQUENCE. Strain, Canton S. Accession X51532 (DROASE).
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Developmental Pattern

The pattern of ase expression is very different from that of the other three genes
in the sc family. Expression does not initiate until the extending germ-band
stage (late stage 8 embryos); then ase transcripts occur in neuroblasts after they
have segregated from the ectoderm. After germ-band retraction (stage 13),
expression in the segmented region of the embryo ceases, but ase transcripts
persist in the presumptive optic and procephalic lobes (Alonso and Cabrera
1988; Gonzalez et al. 1989). Expression of ase is also evident in late third instar
larvae, occurring throughout the central nervous system in many of its actively
proliferating cells (Gonzalez et al. 1989).
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The Actin Genes: Act5C, Act42A, Act57B,
Act79B, Act87E, Act88F

Chromosomal Location:
Act5C
Act42A
Act 57 B
Act79B
Act87E
Act88F

x,
2R,
2R,
3L,
3R,
3R,

5C3-4
42A
57B
79B
87E9-12
88F

Map Position:
1-[14]
2-[55.4]
2-[97]
3-[47.5]
3-[52.3]
3-57.1

Products

Actins, cytoskeletal and contractile proteins.

Structure

There is great similarity between Drosophila and mammalian actin amino acid
sequences. Vertebrates have two distinct families of actins, one family as
cytoplasmic filaments and the other occurring in muscle fibers. All Drosophila
actins are more similar to vertebrate cytoskeletal actins than to muscle actins,
but ActSC and Act42A are especially so (Fig. 2.1) (Fyrberg et al. 1981; Sanchez
et al. 1983).

Tissue Distribution and Function

ActSC and Act42A encode cytoplasmic actins present in all tissues; Act57B
and Act87E encode larval and adult intersegmental muscle actins; Act79B
encodes thoracic and leg muscle actins and Act88F flight muscle actin (Fyrberg
et al. 1983; Sanchez et al. 1983; see aslo Fyrberg et al. 1991 and Sparrow et al.
1991).
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FIG. 2.1. Comparison of the six Drosophila actins to the mouse striated muscle and cytoskeletal actins. The
CON(sensus) line displays all positions for which there is total agreement among the sequences. Where there
is no such agreement, the residues occupying that position in each sequence is indicated. The sequence of
Act57B is known from a cDNA. There is 98% overall identity between the Drosophila and mouse cytoskeletal
proteins.



20 AN ATLAS OF DROSOPHILA GENES

Mutant Phenotype

Mutations in Act88F affect only the development of indirect flight muscles, and
mutants are viable (Karlik et al. 1984; Mahaffey et al. 1985; Okamoto et al.
1986). Some mutations, such as Act88FKM88 and Act88FKM129, are recessive
hypomorphs producing severely altered proteins that fail to accumulate. Other
alleles, those with more subtle changes such as Act88FKM75, are antimorphs;
they are dominant even in the presence of two normal alleles and often result
in the expression of heat-shock genes, probably induced by the accumulation
of denatured muscle proteins (Okamoto et al. 1986; Drummond et al. 1991).

Common Features of Gene Organization and Expression

Open reading frame, 376 amino acids. Although coding sequences are 85-95%
conserved among all Drosophila actins, the position of introns is not constant
(Fyrberg et al. 1981; Fig. 2.2). Transcription from the six genes is differentially
modulated during development, in accordance with the tissue distribution of
their products (Bond-Matthews and Davidson 1988; Burn et al. 1989; Tobin
et al. 1990).

ActSC

Gene Organization and Expression

Determination of 5' and 3' ends was by S1 mapping and by RNase protection
studies, primer extension and sequencing of several cDNAs. Transcription
occurs from two main initiation sites. The upstream site is preceded by a
putative TATA box, and the position of the 5' end seems to be quite invariant.
The downstream initiation site lacks a canonical TATA box, and there is some
microheterogeneity in the 5' end, although the main site seems to be —712. Both
leaders have introns with donor sites at —1,675 and —602 and a common
acceptor site at - 7 (ActSC Sequence and Fig. 2.2). Three major and two minor
alternative poly-A sites exist, and it is probable that all possible combinations
of initiation and polyadenylation sites are used. The major classes of mRNAs
would range from 1,524 to 1,919 bases. Three mRNA bands resolved by
northern analysis are 1.8 kb, 2.0 kb and 2.3 kb long (Fyrberg et al. 1981; Bond
and Davidson 1986; Vigoreaux and Tobin 1987; Chung and Keller 1990a).

Developmental Pattern

The gene for the cytoplasmic actin 5C is, as would be expected, transcribed in
all tissues. Its maternal mRNA is uniformly distributed in preblastoderm
embryos. During blastoderm formation this mRNA becomes localized in a
peripheral layer; and, as tissue differentiation proceeds, it remains present in



FIG. 2.2. Organization of the six actin genes.
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all organs. There is a slightly greater accumulation of ActSC mRNA in the
anterior and posterior segments of the prospective midgut, apparently due to
increased transcription from the distal initiation site (Burn et al. 1989). Both
cytoplasmic actin genes, ActSC and Act42A, are the only actin genes transcribed
in Kc cells, with ActSC transcripts being 6-8 fold more abundant. The level of
ActSC transcript increases 3-5 fold in response to 20-hydroxyecdysone treat-
ment (Couderc et al. 1987). Most ActSC mRNA is associated with polysomes
(Rao et al. 1988).

Promoter

The two transcription initiation sites respond to independent regulatory
regions, as shown by the expression of a reporter gene in cultured cells (Bond-
Matthews and Davidson 1988). The distal promoter is the stronger and
is developmentally regulated; the proximal promoter is uniformly expressed in
all cell types (Vigoreaux and Tobin 1987; Burn et al. 1989).

Distal Promoter The controlling elements of the distal promoter include one
that extends between 2,071 and 1,866 bp upstream of the transcription initiation
site and several others that lie within 540 bp of the 5' end. These were identified
by reporter gene expression essays performed in cultured cells (Bond-Matthews
and Davidson 1988; Chung and Keller 1990b). A bipartite element between
— 2,343 and —2,182 strongly represses expression, and three elements with a
positive effect on expression are found between —2,182 and —2,099, between
— 2,068 and —2,040 and between —1,911 and —1,864. The segment between
— 2,182 and —2,099 has the strongest effect, and footprinting and mutational
analysis identified A5Ce2 (ActSC Sequence) as the main regulatory element in
this region. In vitro mutagenesis identified two other elements, A5Ce3 and
cA5Ce3 (Chung and Keller 1990b).

Proximal Promoter The proximal promoter contains three elements involved
in the control of transcription, which were identified by band-shift assays,
footprinting and expression of a reporter gene (Chung and Keller 1990a): (1) a
14-bp segment between —1,038 and —1,025 (A5Cel in the ActSC Sequence)
that is necessary for full expression; (2) the 98 base pairs between —872 and
— 774 whose effect is probably due to the presence of three copies of the GAGA
transcription factor binding sites (Biggin and Tjian 1988); and (3) the segment

ActSC SEQUENCE (opposite). Mostly from Canton S. Accession, X15730
(DROACT5CB), X06382 (DRO5CACT1), X06383 (DRO5CACT2), X06384
(DRO5CACT3), M13586 (DROACT5C2). Two bases, -819 and -820, were
corrected as suggested by Chung and Keller (1990a). Arrows between —855 and
— 766 underline potential binding sites for the GAGA factor. The initiation and
termination of the 3' transcriptional unit are marked by X.
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between —770 and —744, the position that a TATA box would normally
occupy.

Transcription unit X

This transcription unit overlaps the last few codons and 3' untranslated region
of ActSC.

Gene Organization and Expression

Open reading frame, 68 amino acids; mRNA, 368 bases, in agreement with a
0.45 kb band detected by northern analysis. S1 mapping and primer extension
were used to determine the 5' end. S1 mapping was used to determine the 3'
end (see ActSC sequence). This mRNA is found in polysomes and has the same
tissue and developmental distribution as ActSC mRNA. Its function is unknown
(Rao et al. 1988).

Act42A

Gene Organization and Expression

The 5' end was determined by S1 mapping; there is no obvious TATA box in
its neighborhood. The 3' end has not been determined. There is a leader intron
with a donor site at —177 and an acceptor site at —21. Because most of the
coding sequence was determined from a cDNA, the presence of other small
introns cannot be ruled out (Act42A sequence) (Fyrberg et al. 1981; Couderc
et al. 1987).

Developmental Pattern

During embryonic development, Act42A transcription follows a pattern similar
to that of ActSC. The accumulation of transcripts is greatest in the midgut,
central nervous system and gonads (Tobin et al. 1990). Act42A is expressed in

Act42A SEQUENCE (opposite). Mostly from Canton S. Accession, K00670, K00671
(DROACT2A), X05176 (DROACT42A).
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Act79B SEQUENCE. Strain, Canton S. Accession, M18829 (DROACT79B).

Kc cells and transcription is enhanced 6-8 fold in the presence of 20-
hydroxyecdysone (see Act5C, Couderc et al. 1987).

Act57B

Gene Organization and Expression

The 5' and 3' ends were not determined. There is an intron in the Gly-14 codon.
Most of the coding sequence was determined from cDNA clones only; and the
presence of other small introns cannot be ruled out [Fyrberg et al. 1981;
Accession, K00672 (DROACT7A1) and K00673 (DROACT7A3)]. The amino
acid sequence is shown in Fig. 1. In embryos, transcripts are detectable in the
developing musculature of the future larval body wall (Tobin et al. 1990).

Act79B

Gene Organization and Expression

The 5' end was determined by S1 mapping. The 3' end has not been determined.
There is an intron within the Gly-309 codon (Act79B Sequence) (Fyrberg et al.
1981; Sanchez et al. 1983).

Developmental Pattern

Transcription is undetectable in embryos (Tobin et al. 1990), it increases during
the first larval instar, peaks during the second instar and diminishes in the third
instar and in prepupae. Another small burst of transcription occurs during
pupation (Sanchez et al. 1983). Studies of transcript distribution and the pattern
of expression of a reporter gene controlled by 4 kb of the Act79B promoter
region showed that transcription starts in midpupae (at 168 h) and continues
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in young adults. Act79B RNA is present in the various tubular-type muscles
of the thorax: direct flight muscles, leg muscles and muscles that support the
head and abdomen. Act79B transcripts are also present in muscles surrounding
the male genitalia, but not in indirect flight muscles (Courchesne-Smith and
Tobin 1989).

Act87E

Gene Organization and Expression

Expected mRNA sizes range between 1,568 and 1,580 bases. The 5' end was
determined by S1 mapping, by primer extension and by sequencing of several
cDNA clones. Three poly(A) sites have been identified in five cDNA sequences.
There is a leader intron with a donor site at — 577 and an acceptor site at — 20.
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Act88F SEQUENCE. Strain, Canton S. Accession, Ml8830 (DROACT88F), and
Ml3925 (DROACT88H). There are several discrepancies among published sequences,
even within the coding regions; these could be due either to natural polymorphisms

(continued)

The Actin Genes: ActSC, Act42A, Act57B, Act79B, Act87E, Act88F 33



34 AN ATLAS OF DROSOPHILA GENES

Transcription is directed toward the telomere (Act87E Sequence) (Fyrberg et
al. 1981; Manseau et al. 1988).

Developmental Pattern

In embryos, transcripts are detectable in the developing musculature of the
future larval body wall; the level of Act87E transcript is 5-10 times lower than
for Act57B (Tobin et al. 1990).

Act88F

Gene Organization and Expression

The 5' end was determined by primer extension and by cDNA sequencing
(Geyer and Fyrberg 1986; Okamoto et al. 1986). The 3' end has not been
mapped. There is a leader intron with a donor site at — 568 and an acceptor
site at — 15; there is another intron in the Gly-309 codon (Act88F Sequence)
(Fyrberg et al. 1981; Sanchez et al. 1983).

Developmental Pattern

Transcription is undetectable in embryos (Tobin et al. 1990); it increases during
the first larval instar, peaks during the second instar and diminishes during the
third instar and in prepupae. There is another larger peak of expression during
pupation (Sanchez et al. 1983); at this stage, transcription is most prominent
in the indirect flight muscles (Geyer and Fyrberg 1986).

Promoter

Approximately 1,000 bp of 5' flanking DNA are sufficient for normal levels of
RNA production and for complementation of the raised mutation (rsd). A
putative enhancer element was identified between —1,565 and — 1,286 (Geyer
and Fyrberg 1986).
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Alcohol dehydrogenase: Adh, Adh-dup

Chromosomal Location:
2L, 35B2-3

Map Position:
2-50.1

Product

Alcohol dehydrogenase (ADH; alcohol :NAD oxidoreductase, EC 1.1.1.1)
(Grell et al. 1965).

Structure

ADH is a homodimer with subunits of 27.4 kD; the polypeptide is 255 amino
acids long with Acetyl-Ser at the amino terminus. There are two common
allozymes, Slow (S) and Fast (F), that differ in electrophoretic mobility due to
a threonine/lysine substitution at position 192.

Unlike the ADH of other species, Drosophila ADH does not use Zn as
a cofactor. Amino acid sequence comparisons reveal significant differences
between Drosophila ADH on one hand and ADH from yeast or horse liver on
the other (the latter two being quite similar); these observations suggest that
the Drosophila protein is not homologous to other ADHs (Thatcher 1980;
Benyajati et al. 1981). Rather, sequence comparisons show similarities between
Drosophila ADH and Klebsiella ribitol dehydrogenase (Jornvall et al. 1981).
The evolution of ADH in the genus Drosophila has been discussed by Sullivan
et al. (1990).

Function

ADH is more active on alcohols of 3-5 carbons than on ethanol and more
active on secondary than on primary alcohols (Sofer and Ursprung 1968).

Tissue Distribution

ADH activity increases very rapidly from the second larval instar to immedia-
tely before pupariation; it declines during the pupal stages and increases again
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for the first 4-5 days after emergence of the adult. In larvae, the enzyme is
distributed approximately equally between fat bodies and midgut (although
it is absent from the middle midgut). In adults, most of the activity is in
the fat tissues, with much lower levels in the Malpighian tubules and
the male reproductive system (Ursprung et al. 1970; Maroni and Stamey
1983).

Mutant Phenotype

Null mutants are quite sensitive to a 5% ethanol solution. Even without an
ethanol supplement, such mutants sometimes die as first instar larvae in cultures
with very active yeast. Adh mutants, however, are more tolerant than wild-type
flies to unsaturated secondary alcohols (O'Donnell et al. 1975).

Gene Organization and Expression

Open reading frame, 256 amino acids; expected mRNA length, 1,071 bases
(distal promoter) and 1,010 bases (proximal promoter). The different-sized
transcripts carry the same open reading frame but different 5' untranslated
regions (Benyajati et al. 1983). S1 mapping and primer extension sequencing
of mRNA were used to determine 5' ends while S1 mapping and cDNA
sequences defined the 3' end. Much of the extra length of the distal promoter
transcript is in an intron with donor site at —690 and acceptor site at —35
(Adh Sequence and Fig. 3.1). Adh also has two small introns in the coding
region. The first is after the codon corresponding to Lys-33 in the middle of
the presumptive NAD -binding domain and the second after the codon
corresponding to Ala-168 near the boundary between the presumptive NAD -
binding and catalytic domains (Benyajati et al. 1981).

Developmental Pattern and Promoter

The upstream, distal promoter is expressed primarily in adults while the
proximal promoter is used during larval stages (Savakis et al. 1986). Two

FIG. 3.1. Diagram of the organization and expression of Adh and Adh-dup
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Adh SEQUENCE. Slow allele from Canton S. Accession M14802 (DROADHA). Several
other alleles have been sequenced and are listed under DROADH* in GenBank.
Several mutations are indicated (Benyajati et al. 1982; Martin et al. 1985; Place et al.
1987; Thatcher 1980). Indicated under the sequence in the promoter regions are
binding sites for various regulatory proteins. For the Adh-dup, initiation of
transcription and translation, at 1,132 and 1,205, respectively, are suggested by
sequence comparison to Adh (Schaeffer and Aquadro 1987).
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enhancers that control expression of the two promoters were identified
(Posakony et al. 1985):

Larval Enhancer and Proximal Promoter The larval enhancer is located
between 5,000 and 1,845 bp upstream of the distal transcription initiation site;
it can stimulate transcription from the proximal (but not the distal) promoter
at all developmental stages (Corbin and Maniatis 1989a).

In the proximal promoter, three protein-binding regions were identified (p0,
Pi and p2 between —340 and —140 in the Adh Sequence) (Heberlein et al.
1985). Functional assays of promoter deletions demonstrated that those are the
only regions in the neighborhood of the proximal promoter necessary for
expression (Shen et al. 1989, 1991).

Adult Enhancer and Distal Promoter The adult enhancer is located between
600 and 450 bp upstream of the distal transcription initiation site (approxi-
mately —1,375 and —1,225 in the Adh Sequence); it stimulates transcription
from both promoters but only during the late third larval instar and in adults
(Corbin and Maniatis 1989a).

DNA-binding assays and in vitro transcription experiments defined a
cis-acting region that extends from — 860 to — 820 as necessary for transcription
from the distal promoter; a specific factor, ADF-1 (Adh distal factor 1), binds
to this region (dx in the Adh Sequence) (Heberlein et al. 1985; England et al.
1990). In addition, a general transcription factor similar to human transcription
factor SP2 is required (Heberlein et al. 1985).

Four distal enhancer binding proteins were obtained from cultured-cell
nuclear extracts (DEP1-4) (Adh Sequence). DEP1 and DEP2 have partly
overlapping binding sites (depl and dep2) in a segment that is required for
full expression. DEP1 is FTZ-F1, a member of the steroid hormone receptor
superfamily also involved in the control of the fushi tarazu (ftz) "zebra
element" (Ayer and Benyajati 1992). The site dep4, also called aef-1, was
identified as the binding site of a represser (Falb and Maniatis 1992).
Partly overlapping aef-1 is a binding site for mammalian C/EBP, and the
authors suggest that the Drosophila homolog of C/EBP acts to stimulate
transcription in fat body; competition between C/EBP and AEF-1 ( = DEP4?)
would determine the level of transcriptional activity. Overlapping C/EBP and
QEF-1 binding sites were found in the regulatory sequences of another gene
expressed in fat body, Ypl, one of the yolk protein genes (Falb and Maniatis
1992).

Down-regulation of the proximal promoter in adults is dependent on
expression of the distal promoter, an apparent instance of transcriptional
interference (Corbin and Maniatis 1989b). Transcriptional interference and
the stage and promoter specificity of the two enhancers could explain the major
promoter switch that occurs between larval and adult stages (Corbin and
Maniatis 1989b).
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Adh-dup

The putative 5' end of this gene is positioned very near the 3' end of Adh and
probably originated as a duplication (Adh Sequence; Fig. 3.1). It is present in
other Drosophila species (including those of the pseudoobscura group). The
amino acid sequence of the two genes is approximately 38% identical, and the
coding region introns are similarly positioned. The nature or function of the
product is not known (Schaeffer and Aquadro 1987; Kreitman and Hudson 1991).
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The a-Amylase Genes: AmyA, AmyB

Chromosomal Location: Map Position:
2R, 54A 2-77.7

Product
a-Amylase (EC 3.2.1.1)

Structure and Function

a-Amylase is a monomeric enzyme of Mr 54.5 kD, which acts in the hydrolysis
of starch. The mature protein is thought to be 476 amino acids long, with its
N terminus, a derivatized Gin, being the 19th amino acid of the translation
product. The first 18 amino acids of the translation product are thought to
constitute the transport signal peptide. There is 55% identity between Droso-
phila a-amylase and a-amylase of the mouse pancreas (Fig. 4.1) (Boer and
Hickey 1986).

Tissue Distribution

a-Amylase is most abundant in the midgut where it occurs in character-
istic patterns under the genetic control of the map gene (Doane et al. 1975,
1983).

Organization of the Cluster

There are two divergently transcribed Amy genes separated by approximately
3.7 kb (Fig. 4.2). AmyA is the centromere proximal gene and AmyB the
centromere distal one (Levy et al. 1985). The duplicated segments extend from
approximately 130bp upstream of the translation initiation site to the poly-
adenylation site. Within this region, divergence between the two genes is
low in the coding region (the frequency of silent substitutions is ca. 1%) but it is
considerable upstream and downstream of the coding region (frequency of
substitutions, 30%). This observation led to the suggestion that gene conversions
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FIG. 4.1. Comparison of the mouse (Accession, V00718) and Drosophila (Dm) Amy A sequences.
There is 55% overall identity between the two proteins. Sequences aligned with the GCG Pileup program.
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FIG. 4.2. The two Amy genes.

in the coding regions maintain a high degree of conservation (Hickey et al.
1991).

AmyA

Gene Organization and Expression

Open reading frame, 494 amino acids; predicted mRNA length, 1,601 bases.
The 5' end was determined by primer extension and the 3' end from the sequence
of one cDNA clone. There are no introns (Boer and Hickey 1986) (AmyA and
AmyB Sequence).

Developmental Pattern

The methods used do not distinguish between AmyA and AmyB RNA. Amy
transcription is subject to glucose repression: larvae grown in 10% glucose
accumulate only 1% as much Amy mRNA as larvae grown in the absence of
glucose (Benkel and Hickey 1987).

Promoter

An AmyA segment that extends from —142 to —50 in the Amy Sequence is
sufficient to drive the glucose suppressible expression of Adh as a reporter gene.
Deletion analysis showed that elements between — 142 and —125 are required
for full gene expression and that the sequences necessary for glucose repression
are between — 125 and —50 (Magoulas et al. 1992). Upstream Amy sequences
have similarities with cf's-acting elements that mediate glucose repression in
yeast (Boer and Hickey 1986), and the Drosophila AmyA promoter is subject
to glucose repression when introduced into yeast cells (D. A. Hickey, personal
communication). Linker scanning mutations were used to identify functional
CAAT and TATA boxes (Magoulas et al. 1992).
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(continued)
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Amy A AND B SEQUENCE. The sequence on the numbered line corresponds to the
proximal gene (A) of Oregon R (allele Amy1). This sequence combines the
nonoverlapping regions of two GenBank entries: Accession X04569 (DROAMYAG1)

(continued)
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AmyB

Gene Organization and Expression

Open reading frame, 494 amino acids; predicted mRNA length, 1,606 bases.
The 5' and 3' ends of AmyB were deduced from sequence similarity to AmyA
(Okuyama and Yamazaki 1988; D. A. Mickey, personal communication) (AmyA
and AmyB Sequence).
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(continued) and Accession Y00438 (DROAMYAR). On the line immediately above is
the sequence of the distal gene of strain Makokou; only in those positions where there
is a difference from the proximal gene is the base indicated. There are differences in
six amino acid residues between these two sequences. In four of those six positions
(Gly-121, Arg-156, Asn-278 and Ala-398), the Makokou proximal gene (not shown)
has the same residue as the Makokou distal gene, reinforcing the idea that there is
intergenic correction between these genes (Hickey et al. 1991). The Makokou
sequences were kindly provided by Donal A. Hickey. A Canton S allele with two
amino acid substitutions (Tyr-144 and Tyr-181) has the same electrophoretic mobility
as AmyA1. An Amy-null strain has two mutations in the distal gene, the addition of a
G between positions 3 and 4, and a nonsense mutation at position 375 and one
mutation in the proximal gene, with a nonsense mutation at position 654. This null
strain apparently also has an inversion within the intergenic segment (Okuyama and
Yamazaki 1988). The vertical bar marks the end of the signal peptide.
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The Andropin and Cecropins Gene
Cluster: Anp, CecAl, CecAl, CecB, CecC

Chromosomal Location: Map Position:
3R, 99E 3-[101]

Products
Antibacterial peptides.

Structure

Sequence analysis suggests that each polypeptide may fold into two amphi-
pathic a-helices separated by a four-amino-acid loop (Samakovlis et al. 1991).

By analogy to the better-characterized cecropins of the moth Hyalophora
cecropia, processing is predicted to include the removal of the signal peptide
and of an additional dipeptide at the N-terminus, and cleavage of the terminal
Gly plus amidation at the C-terminus. These changes would give rise to mature
cecropins 39 amino acids long (Kylsten et al. 1990, see Sequences).

Cecropins Al and A2 are identical to each other and to the main cecropin
from the flesh fly Sarcophaga peregrina. Cecropin B diners from Al and A2 by
four conservative substitutions in the mature protein (Arg-27, Ile-36, Ser-44
and Val-47) and four others in the signal peptide (Kylsten et al. 1990). Cecropin
C is intermediate in sequence between A and B (Fig. 5.1) (Tryselius et al. 1992).
The sequence similarities between andropin and the cecropins is restricted to
the signal peptide (Samakovlis et al. 1991).

Tissue Distribution and Function

For the most part, cecropins are synthesized in response to bacterial infection
and released in the hemolymph. Cecropins disrupt the cell membrane of
Gram-positive and Gram-negative bacteria (Dunn 1986; Boman and Hultmark
1987). The related andropin is synthesized constitutively in the ejaculatory duct
of males (Samakovlis et al. 1991).
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FIG. 5.1. Aligned cecropin and andropin peptide sequences. The vertical line under
Ser-21 marks the last amino acid of the signal peptide, and, under Ala-23, the
dipeptidase cleavage site. A caret marks the intron positions. The CON(sensus) line
indicates positions in which three of the four sequences agree.

FIG. 5.2. The Cecropin cluster. Open boxes indicate the two pseudogenes.

Organization and Expression of the Cluster

Five genes and two pseudogenes are clustered in approximately 8.0 kb of DNA
(Fig. 5.2). The pseudogenes contain vestiges of exons, introns and TATA boxes;
but they also include numerous nonsense mutations, and they have lost the
splicing signals.

Developmental Pattern

Transcription of CecA, CecB, and CecC is induced by injection or feeding of
bacterial pathogens. Cecropin mRNAs, undetectable before infection, begin to
accumulate 1 h after injection of bacteria, reach a maximum 2-6 h after
injection, and soon thereafter they begin to decline. Twenty-four hours after
injection, the RNAs return to their basal levels. Al and A2 are expressed at
high level in larval, pupal and adult stages. Transcription occurs primarily in
the fat tissue, and the proteins accumulate in the hemolymph. B and C, by
contrast, are inducible to a much lower extent than A1 and A2 in larvae and
adults. They are active mainly during the early pupal stages in localized regions
of tissues undergoing lysis, and this activation of B and C occurs in the absence
of external agents (Kylsten et al. 1990; Tryselius et al. 1992).

AT-rich segments in the 3' untranslated region of the mRNAs may play a
role in their selective degradation (Kylsten et al. 1990).
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Gene Organization and Expression

Open reading frame, 57 amino acids; expected mRNA length, 278 bases. Primer
extension and sequence features were used to identify two 5' ends, the upstream
site being the major one. The 3' end was obtained from a cDNA sequence.
There is an intron after the Val-32 codon (Anp Sequence) (Samakovlis et al.
1991).

Developmental Pattern

Transcription is restricted to the ejaculatory ducts. mRNA level reaches a
plateau 24 h after eclosion of the adult male and remains stable in virgin males;
mating, however, causes a rise in the steady-state level of Anp mRNA
(Samakovlis et al. 1991).

CecAl

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, 346 bases, in
agreement with the 0.4 kb RNA detected in northern analysis of all cecropin
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CecAl SEQUENCE. Strain, Canton S. Accession, XI6972 (DROCECPN). The
numbering system continues from Anp Sequence. Psil downstream of Al marks the
TATA box of a pseudogene.

genes. Primer extension and sequence features were used to define the 5' end.
The 3' end was obtained from cDNA sequences. There is an intron after the
Ile-33 codon (CecAl Sequence).

Sequence similarity between Al and A2 occurs in an interval that extends
between 40 bp upstream of the 5' end and 50 bp downstream of the 3' end
(Kylsten et al. 1990).

CecA2

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, 354 bases. Primer
extension and sequence features were used to define the 5' end. The 3' end was
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CecA2 SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN). The
numbering system continues from CecAl Sequence. Psi2 downstream of A2 marks the
TATA box of a pseudogene.
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CecB SEQUENCE. Strain, Canton S. Accession, X16972 (DROCECPN).

obtain from cDNA sequences. There is an intron after the Ile-33 codon (CecA2
Sequence; See CecAl) (Kylsten et al. 1990).

CecB

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, ca. 400 bases.
Primer extension and sequence features were used to define the 5' end. The 3'



CecC SEQUENCE. Strain, Canton S. Accession, Z11167 (DROCECCG).

end was not determined. There is an intron after the Ile-33 codon (CecB
Sequence) (Kylsten et al. 1990).

CecC

Gene Organization and Expression

Open reading frame, 63 amino acids; expected mRNA length, ca. 380 bases.
Sequence features were used to define the 5' end, The 3' end was not determined.
There is an intron after the Ile-33 codon (CecC Sequence) (Tryselius et al.
1992).
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bicoid: bed

Chromosomal Location: Map Position:
3R, 84A 3-[47.5]

Product

The following discussion refers to the 489 amino acid product of the major
transcript, BCD. It is a DNA-binding regulatory protein of the homeodomain
type. BCD controls the expression of early developmental genes in the anterior
half of the embryo (Gehring 1987; Driever and Niisslein-Volhard 1989; Hayashi
and Scott 1990; Harrison 1991). For a review see Driever (1992).

Structure

The bicoid protein is a 55-58 kD protein, rich in Pro (10%) and probably
phosphorylated. It has several sequence features of potential functional signifi-
cance (Berleth et al. 1988):

1. The codons in the first exon include the PRD-repeat, alternating Pro
and His, a pattern also found in the paired protein and other embryogenesis
genes (Frigerio et al. 1986).

2. The amino-terminal region of the third exon (Pro-97 to Ser-156) encodes
a homeodomain having weak (ca. 40%) similarity to other homeodomains.

3. There are several PEST sequences (rich in Pro, Ser and Thr), the most
significant between amino acids 170 and 203. Such sequences are found in
proteins of short half-life and are thought to be degradation signals (Rogers et
al. 1986); although in this particular case, their deletion does not affect BCD
stability (Driever 1992).

4. The carboxy half of the third exon is a Gin-rich region that results from
the presence of repeated CAG (the M- or opa-repeat).

5. Further downstream, between positions 347 and 414 there is an acidic
region.

Experiments with chimeric and mutant proteins in transgenic organisms
established that the homeodomain is responsible for DNA binding and
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sequence recognition and that the carboxy-terminal two thirds of the protein
are necessary to effect transcriptional activation. However, no single localized
region of BCD seems unequivocally responsible for the latter function (bed
Sequence) (Struhl et al. 1989; Driever 1992 and references therein).

The ten residues from 138 to 147 constitute the recognition alpha helix of
the homeodomain (helix 3, which corresponds to the second helix of the
prokaryotic helix-turn-helix represser proteins). The Lys at position 9 of the
recognition helix provides the specificity that distinguishes the bed homeo-
domain from the Antp class homeodomain in which a Gin occurs in that
position (Hanes and Brent 1989; Treisman et al. 1989).

Function

The concentration of bicoid product determines "position" in the anterior
embryo via regulatory action on other genes; that is, BCD is the "anterior
morphogen" (Driever and Nusslein-Volhard 1988b; Struhl et al. 1989).

BCD binds to the hunchback (hb) proximal promoter where it acts as a
positive transcriptional regulator (Tautz 1988; Driever and Nusslein-Volhard
1989). The BCD binding sites that occur in the hb promoter have the consensus
TCTAATCCC; in this segment, the central TAAT is the core necessary for
homeodomain protein binding, and the C in position 7 ensures that BCD, but
not ANTP, binds (Driever and Nusslein-Volhard 1989; Hanes and Brent 1991).

BCD is also involved in the regulation of Kriippel (Hoch et al. 1990, 1991,
1992), even-skipped (Small et al. 1991; Stanojevic et al. 1991) and probably other
early genes. A less-well-understood function of bed is its role in the formation
of the caudal RNA and protein gradients, since this is a post-transcriptional
process (Mlodzik and Gehring 1987; Driever 1992).

Tissue Distribution

Production of BCD starts at the anterior tip of the egg shortly after oviposition
(regardless of whether the egg is fertilized or not) and involves translation of
a localized, pre-existing maternal message. By the syncytial blastoderm stage,
the protein is localized in nuclei and distributed in a steep exponential gradient
with the highest concentration at the anterior tip of the embryo and undetect-
able levels in the posterior 30% (Appendix, Fig. A.2). BCD reaches a maximum
2-4 h after oviposition; it begins to decline during blastoderm cellularization;
and it is practically undetectable after gastrulation (Driever and Nusslein-
Volhard 1988a).

Mutant Phenotype

This is a maternal-effect gene: offspring of homozygous bed' females are
inviable. In the absence of BCD, structures in the anterior half fail to
differentiate; neither head nor thorax develops, and the terminal acron is
transformed into a second telson (Frohnhofer and Nusslein-Volhard 1986).
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bed SEQUENCE. Strain, Oregon R. Accession, X07870 (DROBCDG). An exclamation
mark at —168 indicates the 5' end of the longest cDNA. Dashes underline the region
of PRD and OPA repeats. The boundaries of the RNA localization element and the
homeodomain are indicated with vertical bars below the sequence. Within the
homeodomain (Pro-97 to Ser-156), asterisks indicate conserved amino acids and
dashes underline the presumptive helices. Mutations bcdE3, bcdE4 and bcdE6 (which

(continued)
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FIG. 6.1. Organization of bed.

Gene Organization and Expression, Major Transcript

Open reading frame, 489 (the most abundant) or 494 amino acids depending
on the acceptor site of the second intron (bed Sequence); expected mRNA
length, ca. 2,453 bases, in agreement with the prevalent 2.6 kb RNA band
(Berleth et al. 1988). Minor Transcript: Open reading frame, 149 amino acids;
expected mRNA length, ca. 1,436 bases in agreement with a 1.6 kb RNA band
(Berleth et al. 1988).

The 5' end of the longest cDNA is indicated in the Sequence at —168. No
canonical TATA box is found in the appropriate position. The 3' end was
determined from the sequence of two cDNAs. There are three introns: after the
Leu-55 codon, within the codon for Asp-81 (or Glu-81), and after the Gln-399
codon. There are three alternative splicing forms. Two of them represent the
major 2.6 kb transcript that carries four exons. They differ with respect to the
acceptor site of the second intron; the two sites are in frame and the difference
is a five amino acid segment (bed Sequence). In the minor transcript, the second
and third exons are spliced out (Fig. 6.1) (Berleth et al. 1988). The mRNA that
codes for the 489-amino-acid protein is sufficient for all the bed functions and
is probably the functional form (Driever 1992).

This gene is 35-40 kb closer to the centromere than Deformed (Dfd) in the
Antennapedia complex, and it is transcribed toward the centromere (Berleth et
al. 1988).

Developmental Pattern

Transcription of bed begins early in oogenesis and seems to be restricted to the
nurse cells. The RNA is transferred to the anterior region of the oocyte, together

(continued) affect the homeodomain) encode proteins unable to bind to hb sequences
in yeast cells. Mutation bcdGB (which truncates the polypeptide immediately
downstream of the homeodomain) binds hb sequences, but it is unable to stimulate
transcription in yeast cells (it is a strong allele in vivo). Mutations bcd085 and bcdES

(which truncate further downstream) have some activating function left and are
weaker alleles, specially bcd^ (Struhl et al. 1989).
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with other maternal RNAs, by passage through the ring canals. A special feature
of bcd RNA is its ability to remain strictly localized or "anchored" in the
anterior 20% of the oocyte, in the cortical zone. A discrete ds-acting segment
necessary for this localization is present in the 3' untranslated region of the bcd
message. A 627-base segment (from 2,691 to 3,317) is sufficient to anchor mRNA
to the anterior egg cap and includes sequences with the potential for extensive
secondary structure (Macdonald and Struhl 1988). The bcd RNA remains highly
localized until after the last embryonic cleavage division; then it is degraded,
disappearing completely by blastoderm cellularization (Berleth et al. 1988).
Microtubules and the products of maternal effect genes swallow (swa), exuperan-
tia (exu) and staufen appear to be involved in the anchoring process (Schupbach
and Wieschaus 1986; Pokrywka and Stephenson 1991).

Promoter

A 4.0 kb segment in front of the gene is sufficient for normal expression (Berleth
et al. 1988).
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Blastoderm-specific gene at 25 D: Bsg25D

Chromosomal Location: Map Position:
2L, 25D3 2-[16]

Product

Unidentified. Codon translation yields a 741-ammo-acid protein with two
regions of similarity to known products. A 95-amino-acid stretch (positions
250-344) shows significant similarity (22%) to a portion of the product of the
/os oncogene. The other segment is 21 amino acids long (509-529) and shows
similarity to the repeating segments of rabbit tropomyosin that are thought to
bind F actin molecules (Boyer et al. 1987).

Gene Organization and Expression

Open reading frame, 741 amino acids; expected mRNA length, 2,645-2,774
bases when one of the proximal poly-A sites is used and approximately 4,749
bases when a distal site is used; this is in agreement with poly(A) + RNA bands
of 2.7 and 4.5 kb. There are two introns in the coding region, one in the codon
for Asp-78 and another after the codon for Gin-159. The 5' end was determined
by SI mapping and primer extension; 3' ends were determined by SI mapping.
Three of the proximal poly(A) sites scored have no corresponding poly(A)
signals upstream; it is not clear whether these represent technical artifacts
or whether they are true termini. A third RNA of 3.0 kb hybridizes to
a Bsg25D cDNA, but it is very rare and could not be mapped (Bsg25D
Sequence) (Boyer et al. 1987).

Developmental Pattern

The 3.0 and 4.5 kb RNAs are expressed during the first 8 h of embryogenesis,
and the 2.7 kb RNA is blastoderm-stage specific (Roark et al. 1985).
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Bsg25D SEQUENCE. Accession, X04896 (DROBSG25D).

References
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Chorion Protein Genes: Cp36, Cp38, Cpl5,
Cpl6, Cpl8, Cpl9

X-chromosome Cluster
Cp36 and Cp38

Chromosomal Location: Map Position:
X, 7F1-2 l-[23]
Synonyms: S36 and S38

Products

CP36 and CP38 (chorion proteins of 36 kD and 38 kD) are two of the six major
protein components of the egg chorion; the other four are the product of genes
on chromosome 3 (Petri et al. 1976). CP36 and CP38 are probably the main
components of the innermost chorionic layer and the internal region of the
thick endochorion (Parks and Spradling 1987; Orr-Weaver 1991). An N-
terminal segment of approximately 20 amino acids is probably a signal peptide
that is cleaved upon protein secretion (Waring and Mahowald 1979). As is true
for all major chorion proteins, CP36 and CP38 are rich in Gly, Ala, Pro and
Ser (in CP36, these amino acids constitute 40% of the residues and in CP38,
50%) and in Tyr, an amino acid that is extensively cross-linked in the mature
chorion (Petri et al. 1976). Both proteins have runs of Ala and Gly-His, but
overall sequence similarity is not striking.

Organization and Expression of the Cluster

Cp36 and Cp38 lie within a 13 kb segment of DNA and are part of a cluster
that includes six tandem transcription units. Cp36 is positioned centromere
distal, upstream of Cp38; both genes are transcribed toward the centromere.
Downstream of Cp38, approximately 1.4kb away and transcribed in the
opposite orientation is ovarian tumor (see otu Fig. 23.1). The function of the
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Cp36 SEQUENCE. Accession, X05245 (DROCHORS3). The Cp36 sequence ends at the
EcoRl site at which the Cp38 sequence begins. Underlined are the regulatory chorion
hexanucleotides, approximately 60 bp upstream of the transcription initiation site
(see Cpl5 Promoter).

three other transcription units in this cluster is unknown (Spradling et al.
1980).

The 13-kb segment is at the core of an 80-100-kb region that undergoes
DNA amplification in the polyploid follicle cells prior to the time of pro-
grammed expression of Cp36 and Cp38. This amplification results in a 15-fold
increase in copy number (Spradling 1981). The amplification control element
(ACE1), a cis-acting element, resides within a 3-kb segment that includes Cp38;
a necessary portion of ACE1, at its upstream end, extends from — 580 to —80
in the Cp38 Sequence. In this region of Cp38 are found the repeating
pentanucleotide AATAC and related sequences (similar sequences are found in
ACE3, the amplification control element of the third chromosome chorion-gene
cluster). Whether other sequences within Cp38 are also necessary for amplifica-
tion is not known (Spradling et al. 1987). The mutation ocelliless (In(l)oc), is
an inversion with one breakpoint 5 kb upstream of ACE1. Although homo-
zygotes for this mutation amplify Cp36 and Cp38 in the new location, they do
so to a reduced extent. The genes upstream of the breakpoint, which are left
in place, fail to amplify but are correctly regulated (Spradling et al. 1979; Parks
et al. 1986).

Developmental Pattern

All of the genes in the X-chromosome cluster are expressed exclusively in
ovarian egg chambers during the last 6 h of oogenesis, a time when these cells
are actively involved in the synthesis and deposition of the egg shell. Cp36 and
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Cp38 are transcribed during stages 10-13 of oogenesis (the chorion genes of
the third chromosome cluster are expressed mainly during stages 13 and 14).
Individual genes, however, have distinct temporal and spatial patterns of
expression within the stages and cells mentioned, suggesting that each gene is
independently regulated. With respect to Cp36 and Cp38, in particular, Cp38
transcripts accumulate in stages 11 and 12 while Cp36 RNA is highest a little
later, during stages 12 and 13 (Spradling and Mahowald 1979, Mahowald and
Kambysellis 1980; Parks et al. 1986; Parks and Spradling 1987; Fenerjian et al.
1989).

A precise series of bursts of protein synthesis ensures that the different
chorionic proteins are secreted in quick succession; this is accomplished by very
fast mRNA turnover rates. Massive synthesis of each protein, on the other hand,
depends on high levels of the corresponding mRNA. Because the mRNAs are
short-lived, their accumulation depends on differential gene amplification in
follicle cells, as described above (Mahowald and Kambysellis 1980; Parks et al.
1986; Parks and Spradling 1987).

Promoters

Approximately 60 bp upstream of the start of transcription, both Cp36 and
Cp38 carry the sequence TCACGT, the chorion hexanucleotide, which is
thought to be involved in the regulation of all major chorion genes in Drosophila
as well as other insects (Kalfayan et al. 1985; Kafatos et al. 1985).

Cp36

Gene Organization and Expression

Open reading frame, 286 amino acids; expected mRNA length, 1,004 bases. The
approximate position of the 5' end was defined by primer extension; the exact
position was suggested on the basis of sequence elements. The 3' end was
determined from a cDNA sequence. There is one 91-base intron after the Pro-16
codon (Spradling et al. 1987). There is a well-defined region of transcription
termination between 0 and 210 bp downstream of the poly-A addition site
(Cp36 Sequence) (Osheim et al. 1986).

Promoter

An 84-bp segment ( — 162 to —79), sufficient for correct temporal expression,
was defined by studies of germ line transformants carrying a reporter gene and
fragments of the 5' regulatory region. The reporter gene consisted of lacZ
associated with the Hsp70 basal promoter. These studies also suggest that
the 84-bp segment may contain two or more regulatory elements: while the
upstream half of this segment controls expression at the posterior pole of the
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egg chamber and the proximal half controls expression at the anterior pole,
expression over the entire egg chamber requires the intact segment. A more
distal element (—1,243 to —457), even though apparently not required, was
found to allow weak expression (Tolias and Kafatos, 1990).

Cp38

Gene Organization and Expression

Open reading frame, 306 amino acids; expected mRNA length, 1,290 bases.
The position of the 5' end was determined by primer extension and SI nu-
clease mapping. The 3' end was obtained from a cDNA sequence. There
is one 226-base intron after the He-15 codon (Spradling et al. 1987).
There is a well-defined region of transcription termination between 220
and 585 bp downstream of the poly-A addition site (Cp38 Sequence) (Osheim
et al. 1986).

Chromosome 3 Cluster
Cpl5, CP16, Cpl8 and Cpl9

Synonyms: S15, S16, S18 and S19



FIG. 8.1. Comparison of amino acid sequences for the chorion proteins in the chromosome 3 cluster.
The sequences were aligned using the GCG Pileup program. The CON(sensus) line indicates positions at
which three or more of the sequences agree.
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Chromosomal Location: Map Position:
3L, 66D11-15 3-[26.5]

Products

CP15, CP16, CP18 and CP19 (chorion proteins of 15, 16, 18 and 19 kD) are
four of the six major chorion proteins; the other two are products of Cp36 and
Cp38, which occur on the X-chromosome (Petri et al. 1976). These proteins are
localized mainly in the exochorion and in the outer portion of the endochorion
(Parks and Spradling 1987). The 20 or so N-terminal amino acids in each
protein probably represent signal peptides (Waring and Mahowald 1979).
These basic proteins are rich in Gly, Ala, Pro and Ser (residues that represent
approximately 50% of the total) and Tyr (Petri et al. 1976). As in chorion
proteins CP38 and CP36, there are Ala-rich stretches but no pattern of strong
sequence similarity (Fig. 8.1).

Organization and Expression of the Cluster

This cluster comprises four transcription units arranged in tandem (Fig. 8.2). In
size, developmental expression and differential amplification, it is quite com-
parable to the X-chromosome chorion-gene cluster (Spradling et al. 1980).

The conserved position of introns (in all chorion genes but Cpl6) and the
presence of certain sequence elements in the 5' regions of the major chorion
protein genes are suggestive of a common phylogenetic origin for all chorion
genes in this cluster (Levine and Spradling 1985; Spradling et al. 1987; Wong
et al. 1985). Although various Drosophila species show considerable divergence
with respect to specific chorion-gene sequences, the disposition of the genes and
general organization of the two clusters are remarkably conserved (Fenerjian
et al. 1989).

Amplification (see Chorion-Gene Cluster on the X-chromosome) reaches
60-fold in the third choromosome cluster, and the amplification control element,
ACE3, resides in a 3.8 kb fragment that includes the genes Cp15 and Cpl8
(Levine and Spradling 1985). Within this segment, ACE3 sequences essential
for amplification have been localized to the interval —673 to —163 of Cp15
(Cp15 Sequence). A 440 bp segment is capable of autonomous amplification,

FIGURE 8.2. Chromosome-3 cluster organization. X and Y are two nonchorionic
transcription units.
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Cpl8 SEQUENCE. Strain, Oregon R. Accession, X02497 (DROCHORSG). The
underlined bases between — 530 and — 500 represent a segment that is a part of
ACE3. Also underlined are the regulatory chorion hexanucleotides. The Cpl5, Cpl8
and Cpl9 sequence segments occur contiguously in genomic DNA in the order shown
in Fig. 8.2.
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but sequences outside of it also seem to influence the process (Orr-Weaver and
Spradling 1986; Carminati et al. 1992).

Developmental Pattern

Transcription of these genes occurs during oogenesis, a little later than
transcription of Cp36 and Cp38: Cpl6, Cpl8 and Cpl9 are expressed mainly
during stage 13 and to a lesser extent during stage 14; Cpl5 is expressed almost
exclusively during stage 14 (Mahowald and Kambysellis 1980; Parks and
Spradling 1987; Fenerjian et al. 1989).

Promoters

As in Cp36 and Cp38, the sequence TCACGT is found approximately 60 bp
upstream of the transcription initiation site (except for Cpl6, in which it is
found 80 bp from the 5' end). Other sequence elements in the neighborhood of
this hexanucleotide are also present in Cpl8, Cpl5 and Cpl9 (Levine and
Spradling 1985; Wong et al. 1985).

CplS

Gene Organization and Expression

Open reading frame, 115 amino acids; expected mRNA length, 519 bases. One
71-base intron is present after the Leu-4 codon. The approximate position of
the 5' end was determined by SI mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3' end was determined from the sequence of a cDNA clone (CplS Sequence)
(Levine and Spradling 1985; Wong et al. 1985).

Promoter

The 73-bp segment of DNA from —162 to —90 seems to be necessary and
sufficient for correct tissue and temporal specificity in the expression of this gene;
sequences between —858 and —162 may contribute to an elevation of the
transcription rate. The TCACGT chorion hexanucleotide from —104 to —99
is indispensable for transcription as well as for follicular specificity. Another
positive cjs-acting element, between —116 and —107, activates expression late
in oogenesis (stages 13 and 14). Element(s) between —162 and —124 act
negatively to suppress early transcription (stages 11, 12 and early 13) (Mariani
et al. 1988; Shea et al. 1990). By gel retardation assays, two protein-DNA
complexes were detected that involve the —116/—107 and —104/ —99 sites;
there is partial overlap of the binding sites. Two cDNAs produce proteins that
bind specifically to these sites: chorion factor I (CFI) binds to the chorion
hexanucleotide while CFII binds to the late activator site (-116/-107). Both
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Cpl5 SEQUENCE. Strain, Oregon R. Accession, X02497 (DROCHORSG). Underlined
is the regulatory chorion hexanucleotide. cfl (which overlaps the chorion
hexanucleotide) and cf2 indicate the binding sites of chorion factors I and II
respectively. The CplS, Cpl8 and Cpl9 sequence segments occur continuously in
genomic DNA in the order shown in Fig. 8.2.

CFI and CFII RNAs are more abundant in follicle extracts than in extracts
from other tissues, and CFII protein is more abundant in nuclear extracts from
late follicles than in extracts from early follicles. CFI corresponds to the product
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of the gene ultraspiracle, a steroid hormone receptor protein; and CFII contains
C2H2 zinc finger motifs (Shea et al. 1990).

Cpl6

Gene Organization and Expression

Open reading frame, 138 amino acids. One intron is present within the Val-111
codon. The position of the 5' end was assigned on the basis of similarities to
canonical Drosophila sequences (Cpl6 Sequence) (Fenerjian et al. 1989).

Cp188

Gene Organization and Expression

Open reading frame, 172 amino acids; expected mRNA length, 649 bases. One
176-base intron is present after the Met-5 codon. The approximate position of
the 5' end was determined by S1 mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3' end was determined from the sequence of a cDNA clone (Cpl8 Sequence)
(Levine and Spradling 1985; Wong et al. 1985).

Cpl9

Gene Organization and Expression

Open reading frame, 173 amino acids; expected mRNA length, 653 bases. One
89-base intron is present after the Ala-5 codon. The approximate position of
the 5' end was determined by S1 mapping, and the first nucleotide transcribed
was assigned on the basis of similarities to canonical Drosophila sequences. The
3' end was determined from the sequence of a cDNA clone (Cpl9 Sequence)
(Wong et al. 1985).

Cpl6 SEQUENCE (page 83). Accession, X16715 (DROCHORS16). Underlined is the
regulatory chorion hexanucleotide.

Cpl9 SEQUENCE (opposite). Strain, Oregon R. Accession, X02497 (DROCHORSG).
Underlined is the regulatory chorion hexanucleotide. The Cpl5, Cpl8 and Cpl9
sequence segments occur continuously in genomic DNA in the order shown in
Fig. 8.2.
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Cuticle Protein Genes: Lcpl, Lcp2, Lcp3,

Lcp4, Pep, Edg78E, Edg84A, Edg9lA

Larval Cuticle Protein Gene Cluster on Chromosome 2:
Lcpl-Lcp2-Lcp3-Lcp4

Chromosomal Location: Map Position:
2R, 44D 2-[58]

Products

Members of the cutin family. These are four of the five major protein
components of the third-instar larval procuticle (the main layer of the cuticle)
(Fristrom et al. 1978; Silvert et al. 1984).

Structure and Function

These proteins bind chitin and can be solubilized from untanned cuticles with
7 M urea; upon tanning of the cuticle, they become cross-linked and insoluble.
The solubilized (untanned) proteins have an apparent Mr of 8-20 kD. The only
detectable modification of these proteins is the excision from each of them of
the first 16 amino acids, the signal peptide; the resulting N-terminus is
unmodified. Direct amino acid sequencing of 50-75% of the residues confirmed
the sequence predicted from nucleic acids data (Fristrom et al. 1978; Snyder et
al. 1982; Silvert et al. 1984).

Tissue Distribution

Like the other components of the cuticle, LCPs are secreted by epithelial
cells, the epidermis, probably in response to the steroid 20-hydroxyecdysone
(20-HE). During its life cycle, Drosophila produces five different cuticles, three
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larval, one pupal and one adult. LCP1-4 contribute only to the third larval
instar cuticle: LCP3 and LCP4 accumulate early in the third instar while LCP1
and LCP2 synthesis predominates late in the third instar (Chihara et al. 1982;
Kimbrell et al. 1988).

Organization and Expression of the Cluster

The four genes are clustered in less than 8 kb of DNA, and they are best
regarded as two pairs: Lcp1 and Lcp2 versus Lcp3 and Lcp4. The two pairs
are transcribed divergently (Fig. 9.1). In the coding regions, the similarity within
the Lcp1-2 gene pair is 91%, within the Lcp3-4 pair it is 85%; the similarity
between pairs is approximately 60% (Fig. 9.2). Considerable similarities also
occur in the 5' untranslated regions and in the 200 bp just upstream of the site
of transcription initiation. The observed similarities suggest that the four-gene
cluster evolved via an inverted duplication that gave rise to two ancestral genes
followed by direct duplications of each of the two ancestral genes to give rise
to the two pairs (Snyder et al. 1982).

A pseudogene carrying numerous disabling mutations lies between genes 1
and 2. It was probably generated by unequal crossing over between Lcp1 and
Lcp2 (Snyder et al. 1982).

Developmental expression

Lcp1 and Lcp2 are transcribed primarily late in the third larval instar while
Lcp3 and Lcp4 are transcribed primarily earlier, as might be expected from the
pattern of protein synthesis (Snyder et al. 1982).

Gene Organization and Expression

Transcription initiation sites were defined by primer extension and sequence
features. The 3' ends have not been determined (Snyder et al. 1982).

FIG. 9.1. Lcp cluster organization. Open box, pseudogene.



FIG. 9.2. Comparison of the four larval (LCP1-4) and two pupal EDG78E and PCP) cutins. The
sequences were aligned with the GCG program Pileup. CON1 indicates positions where at least three LCP
proteins have the same residue. CON2 indicates positions where the pupal proteins agree with the larval
ones. Ala-16 is the last amino acid of the signal peptide. A caret under residue 4, indicates the presence of an
intron in all the genes discussed in this chapter with the exception of Edg91A.
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Lcpl SEQUENCE. Canton S strain. Accession, J01080 (DROCTCL1). The sequence of
Lcp1 extends to the first EcoRI site downstream of that gene.

Lcpl

Open reading frame, 130 amino acids; expected mRNA size, ca. 545 bases.
There is one 64-base intron after the Phe-4 codon (Lcpl Sequence) (Snyder
et al. 1982).
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Lcp2 SEQUENCE. Canton S strain. Accession, J01081 (DROCTCL2). The sequence of
Lcp2 starts in the neighborhood of a Hind III site between Lcp2 and Lcp3.

Lcp2

Open reading frame, 126 amino acids; expected mRNA size, ca. 533 bases.
There is one 62-base intron after the Phe-4 codon (Lcp2 Sequence) (Snyder
et al. 1982).
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Promoter

Approximately 800 bp upstream of the Lcp2 transcription initiation site is
sufficient for correct developmental regulation, but other sequences still farther
upstream may also be necessary for full expression. A 270-bp segment does not
support any detectable transcription in transgenic animals (Kimbrell et al.
1989). It should be noted that the distance between the divergently transcribed
genes Lcp2 and Lcp3 is approximately 870 bp.

Lcp3

Open reading frame, 112 amino acids; expected mRNA size, ca. 494 bases. There
is one 56-base intron after the Ile-4 codon (Lcp4 Sequence) (Snyder et al. 1982).

Lcp4

Open reading frame, 122 amino acids; expected mRNA size, ca. 494 bases. There
is one 57-base intron after the Ile-4 codon (Lcp4 Sequence) (Snyder et al. 1982).

Pupal Cuticle Proteins: Pcp, Edg78E, Edg84A and Edg91A

Pcp
(Pcp in the ade3 gene intron 1)

Chromosomal Location: Map Position:
2L, 27D1-3 2-20

Synonym: Pcpgart

Product

Probably a pupal cuticle protein. The amino acid sequence shows clear
similarities to larval and pupal cuticular proteins (Fig. 9.2), including the
presence of a putative signal pcptide (Silvert et al. 1984; Henikoff et al. 1986).

Gene Organization and Expression

Open reading frame, 184 amino acids; expected mRNA length, 718 bases, in
agreement with an RNA band of 0.9 kb. Primer extension, mRNA sequencing
and the sequence of two cDNAs were used to define the 5' end. The 3' end was
obtained from a cDNA sequence. There is an intron after the Leu-4 codon (pcp
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Lcp3~4 SEQUENCES. Canton S strain. Accession, J01081 (DROCTCL2). The sequence
of Lcp3-4 (the opposite strand of the two previous sequences) starts near the same
Hind III site. Indicated is a mutation of Lcp3 caused by an insertion in its TATA box.
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Pcp SEQUENCE. Accession, J02527 (DROGART).

Sequence). The Pcp gene is completely within the long first intron of ade3
(Gart), a gene that encodes two polypeptide chains involved in purine bio-
synthesis. Pcp and ade3 are transcribed from opposite strands (Henikoff et al.
1986).

Developmental Pattern

Pcp RNA is present in prepupae and possibly in larvae and pupae as well. In
situ hybridization in 11 h prepupae, shows Pcp RNA to be present in the larval
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epidermal cells that secrete abdominal cuticle, and to a lesser extent in the
imaginal cells that secrete cephalic and thoracic cuticle (see Edg78E) (Henikoff
et al. 1986).

Edg
(Ecdysone dependent genes)

These genes were identified because their transcripts accumulate in imaginal
discs in response to a pulse of the steroid 20-HE (Fetchel et al. 1988).

Edg78E

Chromosomal Location: Map Position:
3L, 78E 3-[47]

Product

Pupal cuticle protein (Fetchel et al. 1988, 1989; Apple and Fristrom 1991).

Structure and Function

Sequence features indicate a signal peptide at the N-terminus. Other sequence
features characterize Edg78E as a member of the cutin family of cuticle proteins
(Fig. 9.2) (Apple and Fristrom 1991). It is immunoprecipitated by antibodies
against low molecular weight pupal cuticle proteins (L-PCP) (Fetchel et al.
1988).

Tissue Distribution

The pupal procuticle is produced in the prepupal stage. It is subdivided into
the exocuticle, secreted between 8 and 12 h after puparium formation, and the
endocuticle, secreted between 12 and 20 h. The main protein components of
the exocuticle are of low molecular weight (L-PCP; Mr, 8-25 kD). Six L-PCPs
have been identified by gel electrophoresis, but it is not known which one of
them corresponds to EDG78. Because the endocuticle is characterized by
high molecular weight proteins (H-PCP; Mr, 40-82 kD), it is inferred that
EDG78 is localized in the exocuticle (Fetchel et al. 1988, 1989 and references
therein).
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Edg78E SEQUENCE. Strain, Canton S. Accession, M71247 (DROEDG78A).
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Gene Organization and Expression

Open reading frame, 122 amino acids; predicted mRNA length, 962-966 bases,
somewhat larger than the 0.6 kb band detected by northern analysis. Primer
extension was used to define the 5' ends (there seem to be four clustered
transcription initiation sites). The 3' end was obtained from a cDNA sequence
that included a poly-A tail. There is an intron after the Tyr-4 codon (Edg78E
Sequence) (Fetchel et al. 1988; Apple and Fristrom 1991).

Developmental Pattern

As would be expected for a secreted protein, the Edg78E mRNA is preferentially
associated with the membrane-bound polysome fraction. Low levels of this
RNA are detected only in prepupal stages (Fetchel et al. 1988). By in situ
hybridization, Edg78E RNA can be detected both in the larval epidermal cells
that secrete abdominal cuticle and in the imaginal cells that secrete cephalic
and thoracic cuticle. The peak of accumulation is in 10 h prepupae (Fetchel et
al. 1989).

In imaginal discs in culture, Edg78E transcription is stimulated by a pulse
of 20-HE, 6 h in 1 ug/ml hormone and 8.5 h without hormone. Transcription,
however, is inhibited if the hormone treatment is continuous or if hormone is
re-added to the medium after an original pulse that stimulates transcription.
This hormonal regimen mimics the endocrine status during the larva-to-pupa
molt. Thus, a 20-HE peak would stimulate Edg78E expression, and its product
would presumably contribute to the exocuticle being produced at that time. A
second rise in hormone titer, which signals the transition from exo- to
endocuticle production, would repress Edg78E and induce expression of other
genes whose products are characteristic of the endocuticle (Fetchel et al. 1988;
Apple and Fristrom 1991).

Edg84A

Chromosomal Location: Map Position:
3R, 84A 3-[47]

Product

Probably a cuticular protein.
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Structure and Function

It has sequence features that indicate a signal peptide and sequence similarities
to cuticular proteins of Hyalophora cecropia and Locusta migratoria but not to
cutins (Apple and Fristrom 1991).

Gene Organization and Expression

Open reading frame, 188 amino acids; in northern analysis, a 0.9kb band is
detected. Primer extension was used to define the 5' ends (there seem to be
three clustered transcription initiation sites). The 3' end was not determined.
There is an intron after the Lys-4 codon (Edg84A Sequence) (Fetchel et al. 1988;
Apple and Fristrom 1991). Edg84A is part of a cluster of small genes with
related sequences located within the Antennapedia Complex, between labial
and proboscipedia (Pultz et al. 1988; Fetchel et al. 1988).

Developmental Pattern

As would be expected for a secreted protein, the Edg84A mRNA is preferentially
associated with the membrane-bound polysome fraction. This RNA is detected
only in prepupal stages (Fetchel et al. 1988). By in situ hybridization, Edg84A
RNA can be detected only in the imaginal cells that secrete cephalic and thoracic
cuticle but not in the larval epidermal cells that secrete abdominal cuticle. The
peak of accumulation is in 10 h prepupae (Fetchel et al. 1989).

As for Edg78E, Edg84A transcription is stimulated by a pulse of 20-HE in
imaginal discs in culture (Fetchel et al. 1988; Apple and Fristrom 1991).

Edg91A

Chromosomal Location: Map Position:
3R, 91A 3-[64]

Product

Probably a cuticular protein.

Structure and Function

It has sequence features that indicate a signal peptide and sequence similarities
to insect egg-shell and egg-casing structural proteins. It also has some similari-
ties to vertebrate cytokeratins. EDG91 is a hydrophobic protein with very high
(32%) Gly content (Apple and Fristrom 1991).
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Edg84A SEQUENCE. Strain, Canton S. Accession, M71249 (DROEDG84A).

Gene Organization and Expression

Open reading frame, 159 amino acids; mRNA length, 581-591 bases. Primer
extension was used to define the 5' ends (there seem to be three clustered
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Edg91A SEQUENCE. Strain, Canton S. Accession, M71250 (DROEDG91A).
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transcription initiation sites). The 3' end was obtained from a cDNA sequence.
There is an intron after Cys-8 (Edg91A Sequence) (Apple and Fristrom 1991).

Developmental Pattern

As is true for Edg78E, Edg91 is expressed during the time of pupal exocuticle
synthesis (8-12 h after pupariation) in both larval and imaginal epidermal cells.
Also as for Edg78E, a 20-HE pulse in imaginal discs in vitro, induces
transcription of Edg91A (Apple and Fristrom 1991).
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The Cytochrome c Gene Cluster:
Cytc1, Cyic2

Chromosomal Location: Map Position:
2L, 36A10-11 2-[52]

Synonyms: DC4 and DC3

Product

Cytochromes c, small heme-binding proteins important in the mitochondrial
electron-transport chain.

Structure and Function

Two Cys residues near the N-terminus bind the heme group. Another region
near the N-terminus has a primary role in the import of cytochromes c into
mitochondria in vitro; other portions of the molecule are also necessary for this
transport (Sprinkle et al. 1990). These proteins are ubiquitous among eukary-
otes and, judging from comparisons made among cytochromes c from 30
species, they are highly conserved. The CYTC1 sequence is very similar to the
consensus sequence for other eukaryotic cytochromes c: at every position,
the residue present in CYTC1 is found also in some other eukaryotic cyto-
chrome c. CYTC2, on the other hand, is more divergent and has some unique
characteristics: at 12 positions, the residues found in CYTC2 are not represented
in any other eukaryotic cytochrome c (Fig. 10.1) (Limbach and Wu 1985). It
is not known whether the two Drosophila proteins have specialized functions.

Organization of the Cluster

The two genes are arranged in tandem with approximately 2.5 kb between the
3' end of Cytc2 and the 5' end of Cytc1. These are probably the only genes
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FIG. 10.1. Comparison of the human (Accession, M22877), yeast (Accession, V01298) and Drosophila (Dm)
sequences. The CON(sensus) line displays all positions for which there is agreement among the four sequences.
There are 77% and 67% overall identities between the human protein and CYTC1 and CYTC2, respectively.
Sequences aligned with the GCG Pileup program
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Cytcl SEQUENCE. Strain, Canton S. Accession, X01760 (DROCYCDC4).
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Cytc2 SEQUENCE. Strain, Canton S. Accession, X01761 (DROCYCDC3).
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responsible for cytochrome c production in Drosophila (based on Southern
analysis) (Limbach and Wu 1985).

Cytc1

Gene Organization and Expression

Open reading frame, 108 amino acids. The 5' and 3' ends have not been
identified, a tentative site of transcription initiation was indicated based on
sequence elements. A putative TATA box at — 99 and a polyadenylation signal
at 517 suggest a mRNA of approximately 600 bases, in reasonable agreement
with an observed RNA of 0.9 kb bases. There are no introns in the coding
region (Cytc1 Sequence) (Limbach and Wu 1985).

Developmental Pattern

Expression is highest in first instar larvae and adults and lowest in third instar
larvae. In adults, expression is higher in the muscle-rich thorax than in the head
or abdomen. Expression of Cytc1 is 25-150 times higher than that of Cytc2
(Limbach and Wu 1985).

Cytc2

Gene Organization and Expression

Open reading frame, 105 amino acids. The 5' and 3' ends have not been
identified, a tentative site of transcription initiation was indicated based on
sequence elements. A putative TATA box at — 80 and a polyadenylation signal
at 607 suggest that the mRNA is approximately 700 bases long, but the only
transcript detected by northern analysis is 2.1 kb long; this indicates that the
elements described here do not constitute the whole gene. There are no introns
in the coding region (Cytc2 Sequence) (Limbach and Wu 1985).

Developmental Pattern

Cytc2 is present uniformly in all postembryonic stages and in adult head, thorax
and abdomen. Expression is at very low levels relative to that of Cytc1 (Limbach
and Wu 1985).
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The Dopa decarboxylase Cluster: Ddc,

l(2)amd, Cs, DoxA2

Chromosomal Location:
Ddc
l(2)amd
Cs
DoxA2

2L, 37C1-2
2L, 37B13-C2
2L, 37B13-C2
2L, 37B10-13

Map Position:
2-54
2-54
2-54
2-53.9

Organization of the Cluster

The Ddc cluster is arbitrarily defined as those genes that fail to complement
Df(2L)TW130, 37B9-C1 to 37D1-2, an 8-12-band deletion in the left arm of
chromosome 2. The cluster contains 18 genetically identified genes plus three
transcription units for which no mutations are known. Some of the genes in
this cluster seem to be functionally related, most of them being involved in the
formation, sclerotization and pigmentation of cuticle. Several genes in the
cluster have mutant alleles that are female sterile. For three genes, Ddc, l(2)amd
and DoxA2, some of the gene-product biochemistry is known; these genes are
involved in catecholamine metabolism (Fig. 11.1) (Wright 1987).

Most of the genes are grouped in two very dense subclusters. The centromere-
proximal sub-cluster contains nine elements in 25 kb of DNA, 70% of which is
transcribed; the distal sub-cluster includes seven genes in 22kb (Fig. 11.1)
(Wright 1987).

The sequences of Ddc and l(2)amd are related, and it is probable that the
genes originated by duplication. It appears unlikely, however, that all the genes
in the cluster are members of a single family; the sequences of 1(2)37Cc and
Cs, for example, are not obviously related to Ddc or l(2)amd. Three genes in
the proximal cluster and one in the distal cluster are presented here.
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FIG. 11.1. Ddc cluster (centromere to the right), from Wright (1987), updated in 1992 by T. R. F. Wright: "The genetic and molecular
organization of the Ddc-region. Deficiencies: Solid lines represent deleted DNA with dashed lines indicating uncertainty of the position of
the breakpoint. Cloned DNA coordinates in kb from Gilbert et al. (1984). Small triangles above the cloned DNA line physically locate
small deletion mutations and short lines underneath designate regions which hybridize to mRNAs or cDNAs with arrowheads representing
direction of transcription. Transformed DNA lines indicate the segments of DNA that have been transformed by P elements. All the gene
symbols except hk, Dox = DoxA2, Bh, amd = l(2)amd, Cs, Ddc, -and fs TWI = f s ( 2 ) T W I should be preceded by '1(2)37', e.g., l(2)37Ba.
Effective lethal phase designations: E embryonic; L larval; P pupal; V viable. Asterisks underneath a gene symbol indicate the mutant
alleles of that gene alter catecholamine metabolism, express a mutant cuticular phenotype, or produce melanotic tumors. Sterility
phenotype: Individuals hemizygous for female sterile, ts, or hypomorphic alleles or heterozygous for complementing heteroalleles are
female sterile =fs or both male and female sterile = mfs. See text for the sources of the information included in this figure." The
transcription unit Cs is designated C2 in this figure. The transcription unit Cf is actually transcribed toward the centromere.
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Ddc
(Dopa decarboxylase)

Product

Dopa decarboxylase (DDC, EC 4.1.1.26).

Structure

DDC is a homodimer of 54 kD subunits (Clark et al. 1978). Two forms of the
enzyme, which are generated by alternative splicing, have been isolated; one is
found in the central nervous system and the other in the epidermis (Morgan
et al. 1986).

The amino acid sequence has considerable similarity with the DDC of
mammals (Fig. 11.2) (Scherer et al. 1992), and prokaryotes (Jackson 1990). The
heptapeptide consisting of residues 332 through 338 has similarities with the
pyridoxal binding sites of porcine DDC and feline glutamate decarboxylase.
Lys-337 is probably the pyridoxal-binding residue. See also 1(2)amd below.

Function and Tissue Distribution

This enzyme catalyzes the decarboxylation of dopa (3,4-dihydroxy-L-phenyl-
alanine) to dopamine, and of 5-hydroxytryptophan to serotonin. DDC is
involved in tanning of the cuticle, and most of the enzyme is found in the
epidermis where its activity peaks during the molting episodes. DDC is also
involved in the synthesis of neurotransmitters and is present in a group of 150
serotonergic and dopaminergic neurons of the central and visceral nervous
system (Wright et al. 1976a, 1976b; Konrad and Marsh 1987; Beall and Hirsh
1987; for reviews see Wright 1987 and Hirsh 1989).

Mutant Phenotype

Amorphic mutations are lethal; death occurs mostly in late-embryonic and
larval stages. A few individuals survive to the pupal stage. Survivors have
cuticular structures that are characteristically incompletely pigmented and
sclerotized.

Gene Organization and Expression

Open reading frame, 475 or 510 amino acids; expected mRNA size, 2,067 or
1,923 bases, depending on splicing. The 5' end was defined by S1 mapping and
primer extension. The 3' end was defined by cDNA sequencing. There are three
introns, one in the leader, spanning —692 through —57, one after the Ser-33
codon and one in the Arg-62 codon. Two alternative splicing products have



FIG. 11.2. Comparison of the rat (Accession, M27716) and Drosophila (Dm) DDCs. There is 60%
overall identity between the two proteins. Sequences aligned with the GCG Pileup program.
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FIG. 11.3. Organization of the genes in the immediate vicinity of Ddc.

been detected. One is a 2.3 kb RNA in which all exons are present. The other,
the most abundant, is a 2.1 kb RNA produced when the small second exon is
spliced out together with the first two introns (Ddc Sequence). In the latter case
the leader is spliced, in frame, onto the middle of the original open reading
frame, and translation seems to start from an AUG six bases downstream of
the splice site (Met-36) (Eveleth et al. 1986; Morgan et al. 1986). Transcription
is toward the telomere (Fig. 11.3) (Spencer et al. 1986a).

Another gene in this cluster, Cs, is located immediately downstream of Ddc.
The two genes are transcribed convergently and their untranslated 3' ends
overlap by 76 bp (Ddc Sequence) (Spencer et al. 1986a; Eveleth and Marsh
1987).

Developmental Pattern

The splicing reaction is tissue-specific with the 2.3 kb RNA occurring in
embryos and in the nervous system and the 2.1 kb RNA involved in cuticular
tanning. The 2.1 kb RNA is the predominant form during larval development;
it is found in the integument fraction, and its level fluctuates according to the
intensity of cuticle deposition (Eveleth et al. 1986; Morgan et al. 1986; Krieger
et al. 1991).

Promoter

Proximal Elements P-element-mediated transformation of genes carrying 5'
deletions established that the 209 bp upstream of the transcription initiation
site (up to position -1,093 in the Ddc Sequence) are sufficient for normally
regulated full expression of Ddc in the epidermis. Deletions that leave only 25 bp
of the 5' region (up to position - 909 in the Ddc Sequence) result in much
lower levels of mRNA production, but transcription is started correctly despite
the absence of the TATA box (Hirsh et al. 1986). Progressively lower levels of
DDC are produced when deletions are introduced in the segment between
-1,093 and -922. In that segment, five putative regulatory elements have been
identified on the basis of sequence similarities between the distant species D.
melanogaster and D. virilis. Each of the putative regulatory elements includes
the consensus sequence C(A/T)GCG(G/A) (Scholnick et al. 1986). In addition,
a dimer of this consensus sequence, designated element I and lying between
positions —970 and —957 is necessary for central nervous system expression
in both glial cells and neurons. Element I is totally conserved in the two species,
and this is the only segment of the proximal promoter region that is protected
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(continued)
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Ddc SEQUENCE. Accession, X04661 (DRODDC). The sequence was corrected by
J. Hirsh by addition of a G at position —932. The acceptor site of the leader intron is
15 bases upstream from the position proposed by Morgan et al. (1986) (Shen and
Hirsh, personal communication). Footprints in the promoter region are indicated by
underlining; there are eight in the distal region and one in the proximal region. B-ORF,

(continued)
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from nuclease digestion by an extract from embryonic nuclei (Bray et al. 1988
1989). It has been reported that Ddc and Ubx may have a regulatory protein
in common (Biggin and Tjian 1988).

Distal Elements In addition to the proximal elements, expression in the central
nervous system also requires certain more distal cis sequences located in an
863-bp segment between -2,506 and -1,643 (Johnson et al. 1989). Eight
protein-binding sites were detected within that segment (Ddc Sequence) by
nuclease protection assays. Partial deletions of the distal promoter region,
re-introduced into transgenic organisms, showed that uf8, uf9 and uf 10 are not
essential for neuronal expression. On the other hand, deletion of either uf7 or
bf2 and uf 3 leads to complete loss of neuronal activity. The element cf 1 appears
to be essential for expression in the medial dopaminergic neurons (Johnson
et al. 1989). The gene for a POU/homeobox protein that binds to cf1 has
been cloned (Johnson and Hirsh 1990). A 40-bp segment between —2,519
and — 2,479 is necessary for expression in serotonergic neurons (Johnson et al.
1989).

l(2)amd
(a-methyl dopa sensitive)

Product

Unknown.

Structure

The sequence of the coding regions show 55% identity with the dopa decar-
boxylase sequence. The amino acid sequence similarity is particularly high near
a putative pyridoxal-binding site (starting at position 298) (Eveleth and Marsh
1986; Marsh et al. 1986).

Function

AMD is thought to be involved in the metabolism of catecholamines
judging by the -methyl dopa sensitivity of mutants (for a review, see Wright
1987).

(continued) between positions 84 and 85, is a 4-bp insertional mutation that alters the
reading frame of the second exon and leads to the absence of DDC in the central
nervous system but not in the epidermis (Morgan et al. 1986). The putative
pyridoxal-binding site starting at Asn-332 is underlined. The poly(A) site, n(A)| (near
2,850) of the partly overlapping gene Cs, is indicated.
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l(2)amd SEQUENCE. Strain, Canton S. Accession, X04695 (DROL2AMD). The
sequence ends at the EcoRI site at which the Cs Sequence, begins. The exclamation
mark indicates the 5' end of the longest cDNA sequenced.

Gene Organization and Expression

Open reading frame, 510 amino acids; expected mRNA size, 1,782 bases. The
5' end was tentatively identified on the basis of sequence features in the
neighborhood of the 5' end of a cDNA clone. The 3' end was identified from
the sequence of two cDNA clones. There is one intron after the Trp-105 codon.
The distance from the polyadenylation site of l(2)amd to the transcription
initiation site of Cs is 682 bp.

Although the length of the coding region is the same as that of Ddc, and
the sequence is similar, the position of the introns in the two genes do not
match. In the aligned sequences, the 5' end of amd coincides approximately
with the second Ddc intron; and the amd intron is approximately 250 bp away
from the position of the third Ddc intron (Fig. 11.3 and l(2)amd Sequence)
(Eveleth and Marsh 1986).
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Cs SEQUENCE. Strain, Canton S. Accession, X05991 (DROCSG). The sequence starts
with the EcoRI site at the end of the l(2)amd Sequence. The exclamation mark
indicates the 5' end of the longest cDNA sequenced. The poly(A) site, n(A)| (at 1,267)
of the partly overlapping gene Ddc, is indicated.

Developmental Pattern

A 2 kb RNA is detected in 8-16 h embryos and, at a much lower level, in adults.

Cs

Product

Unknown. It has been questioned whether this protein is ever synthesized,
although the corresponding mRNA is found in association with polysomes. No
mutations have been recovered in this transcription unit despite intensive
screens involving the region (Eveleth and Marsh 1987 and references therein).

Gene Organization and Expression

The longest open reading frame is 245 amino acids; but several smaller open
reading frames exist, some with the starting codon upstream of the longest one.
The presence of those upstream AUGs and the very poor codon bias displayed
by this mRNA suggest that translation may be very inefficient. The expected
mRNA length is 1,696 bases, in agreement with a 1.9 kb band detected in gels.
A cDNA sequence was used to define the 5' end. The 3' end was obtained from
the sequence of two cDNAs that included poly(A) tails. There is a leader intron
at -361/-300 (Cs Sequence) (Eveleth and Marsh 1987).

Developmental Pattern

Transcription of Cs occurs mainly in the first 8 h of embryonic development;
the highest levels of transcript are detected in 3 h embryos (Spencer et al.,
1986b).
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DoxA2 SEQUENCE. Accession, M63010 (DRODOXA2). At -364 is indicated the 5'
end of the neighboring gene 1(2)37Bb, which is transcribed in the opposite direction.

DoxA2
(Diphenol oxidase component A 2)

Product

Component A2 of phenol oxidase (PO) (EC 1.10.3.1).

Structure

Sequence comparisons involving entire amino acid sequences show 57% identity
between DOXA2 and the mouse tum- transplantation antigen P91A; the
similarity is even greater in the C-terminal two-thirds of the protein (Pentz and
Wright 1991).

Function

PO has three components: A1 acts on monophenols, A2 and A3 on diphenols,
including dopa and its derivatives; it is involved in the oxidation of cate-
cholamines to quinones, compounds that are subsequently utilized to produce
melanin or to cross-link cuticular proteins. Thus, PO plays a central role in
eggshell and cuticular sclerotization, in melanization and in defense against
pathogens. A2 (like Al and A3) is synthesized as a proenzyme and activated,
probably by proteolysis, via an activation cascade.

Mutant Phenotypes

Homozygous DoxA2 mutants die primarily during the larval stages; however,
rare pharate adults can be recovered, and these are totally unpigmented (Pentz
et al. 1986 and references therein).
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Gene Organization and Expression

Open reading frame, 494 amino acids; expected mRNA length, 1,649 and 1,657
bases in agreement with a 1.7 kb band detected in gels. There are two alternate
3' ends; the positions of these were obtained from two cDNA sequences
terminating in poly(A) tails. S1mapping and a cDNA sequence were used to
define the 5' end. There is no apparent TATA box. There is an intron in the
Arg-55 codon (DoxA2 Sequence) (Pentz and Wright 1991).
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Elongation Factor Genes: Ef 1 1, Ef 1 2

Chromosomal Location:
Ef 1 1 2R, 48D
Ef 1 2 3R, 100E

Synonyms: E f -1 F1 and E f -1 F2

Map Position:
2-[64]
3-[102]

Products

Translation elongation factor 1 alpha (EFl ), one of three components of
elongation factor 1.

Structure

There is remarkable conservation of the amino acid sequence in very distant
species (Fig. 12.1). The similarities are particularly noteworthy in a region near
the N-terminus that is thought to be the GTP binding site and in the
neighborhoods of Ala-92, Lys-244 and Lys-273, residues that are considered
important for tRNA binding (Walldorf et al. 1985; Hovemann et al. 1988).

Function

EF-l is involved in the GTP-dependent binding of charged tRNAs to the
acceptor site of the ribosome. A decrease in EF-l levels after emergence of
adults seems to play a role in the aging process (Webster 1985). Conversely,
increased expression of Ef 1 1 under the control of a heat-shock promoter leads
to extended life spans (Shepherd et al. 1989).

Comparison Between Ef 1 1 and Ef 1 2

There is 90.5% identity and 93.3% similarity between the Drosophila sequences.
Differences between the amino acid sequences of EFl l and EF1 2 are
comparable to the interspecific differences found between the fly and rat
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FIG. 12.1. Comparison of the two Drosophila Ef1 sequences (Dm) to the corresponding sequences of Rattus
norvegicus (Rat) (Accession, X63561) and Entamoeba histolytica (Eh) (Accession, M92073). The CON(sensus) line
indicates positions at which all four sequences agree. There is 86% overall identity between the rat and
Drosophila proteins. Sequences aligned with the GCG Pileup program.
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Ef1 l
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Ef1 1 SEQUENCE. Strain, Canton S. Accession, X06869 (DROEF1AF1).
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sequences (Fig. 12.1); this suggests that the two genes in Drosophila originated
as an ancient duplication. The sequence similarity between the two genes
outside of the coding regions is very limited; and there is great discrepancy in
the number of introns (Walldorf et al. 1985; Hovemann et al. 1988).

Ef1 1

Gene Organization and Expression

Open reading fame, 463 amino acids; expected mRNA size, 2,054 bases, in
agreement with a single RNA band of 2 kb. The 5' end was defined by primer
extension, cDNA sequencing and RNA sequencing. There is no apparent TATA
box. The 3' end was obtained from S1 mapping and the sequence of a cDNA
clone. There is one intron at —1.371/ —20, in the leader ( E f 1 1 Sequence)
(Walldorf et al. 1985; Hovemann et al. 1988).

Developmental Pattern

Expression is high throughout development, but it declines with age in adults
(Webster 1985). It is also 5-10 times higher in adult females than in males
(Walldorf et al. 1985; Hovemann et al. 1988).

Promoter

At —1,804 (373 bp upstream of the transcription initiation site) there is a
sequence very similar to the HOMOL1 box of yeast. In yeast, this sequence
occurs upstream of several genes for translation factors and ribosomal proteins
(Walldorf et al. 1985; Hovemann et al. 1988).

Efl 2

Gene Organization and Expression

Open reading frame, 462 amino acids; expected mRNA size, 2,555/2,558 bases,
in agreement with a single RNA band of 2.5 kb. The 5' end was defined by
primer extension and by sequencing of a cDNA. There is no apparent TATA
box. The 3' end was obtained from a cDNA sequence. There are four introns:
two in the leader, at -l,811/-567, and -479/-30, -27 (this intron has
two acceptor sites, and both are used), one in the Gly-275 codon and one
after the Gln-343 codon ( E f 1 2 Sequence) (Walldorf et al. 1985; Hovemann
et al. 1988).
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Ef1 2 SEQUENCE. Strain, Canton S. Accession, X06870 (DROEF1AF2).

Developmental Pattern

The level of expression is lower than that of Ef1 1, and it peaks during the
pupal stages (Walldorf et al. 1985; Hovemann et al. 1988).

Promoter

There are no obvious similarities with the promoter region of Ef1 1 (Walldorf
et al. 1985; Hovemann et al. 1988).



134 AN ATLAS OF DROSOPHILA GENES

References

Hovemann, B., Richter, S., Walldorf, U. and Cziepluch, C. (1988). Two genes encode
related cytoplasmic elongation factors 1-alpha (EF-la) in Drosophila melano-
gaster with continuous and stage specific expression. Nucl. Acids Res. 16:3175-
SI 94.

Shepherd, J. C. W., Walldorf, U., Hug, P. and Gehring, W. J. (1989). Fruit flies with
additional expression of the elongation factor EF-l live longer. Proc. Natl Acad.
Sci. (USA) 86:7520-7521.

Walldorf, U., Hovemann, B. and Bautz, E. K. F. (1985). Fl and F2: Two similar genes
regulated differently during development of Drosophila melanogaster. Proc. Natl
Acad. Sci. (USA) 82:5795-5799.

Webster, G. C. (1985). Protein synthesis in aging organisms. In Molecular Biology of
Aging, Gene Stability and Gene Expression, eds R. S. Sohal and R. G. Culter (New
York: Raven Press), pp. 263-289.



13

even-skipped: eve

Chromosomal Location:
2R, 46C3-11

Map Position:
2-58

Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern of the embryo,

Structure

The homeodomain occurs toward the N-terminus (Val-70 to Arg-129). The Gln
residue in position 9 of the third homeodomain helix (eve Sequence, H3) makes
EVE a homeoprotein of the Antennapedia (Antp) class (Hanes and Brent 1991).
Another noteworthy sequence feature is the Ala-rich segment spanning Ala-146
to Ala-179. Similar Ala repeats have been found in the genes caudal, engrailed
(en), Ultrabithorax (Ubx) and Kruppel (Kr); in the Kr product the Ala-rich
region seems to be associated with the repressor function of that protein
(Macdonald et al. 1986; Hoey et al. 1988; Biggin and Tjian 1989; Licht et al.
1990; Harrison 1991).

Function

Binding sites for EVE have been found in the region of the eve promoter
proximal to the site of transcription initiation and in the en promoter. The
sequences of the binding sites are quite different in the two promoters. The
consensus for the EVE binding site of the en promoter is TCAATTAAAT; this
is similar to binding sites of other homeodomain proteins of the Antp class and
was designated as class I (Levine and Hoey 1988; Hanes and Brent 1991). In
contrast, the EVE binding sites near eve have in common the sequence
TCAGCACCG and were designated as class II (Hoey and Levine 1988). EVE
binding sites with segments combining features of both class I and class II
sequences also exist in the eve autoregulatory region, 5.4-5.2 kb upstream of
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the transcription initiation site (see Promoter). The binding of EVE to these
sites is required for autoregulatory function as shown by germline transforma-
tion experiments (Jiang et al. 1991).

EVE is important in establishing segmentation in the early embryo. The
anterior borders of EVE stripes define the anterior border of the corresponding
en stripes at the anterior borders of odd-numbered parasegments. In the trailing
edge of the stripes, EVE represses fushi tarazu (ftz) expression, thus defining
the anterior border of FTZ stripes in even-numbered parasegments (Lawrence
et al. 1987; Ish-Horowicz et al. 1989). EVE seems to act directly on eve, f t z , en
and wingless (Macdonald et al. 1986; Harding et al. 1986; Frasch et al.
1988).

Tissue Distribution

As detected by antibody staining, EVE protein is localized in nuclei; and it
peaks briefly during the cellular blastoderm and gastrulation stages of embry-
onic development. EVE is first detectable in division-cycle-12 nuclei throughout
the embryo; by cycle 13, staining disappears from the poles and becomes
restricted to a band that extends from 70% to 20% egg length. Soon afterwards,
the striped pattern along the antero-posterior axis of the embryo develops
(Appendix, Fig. A.3). After germ band elongation, EVE protein persists only
in neurogenic cells. The developmental pattern of EVE protein follows closely
the distribution of eve transcript (Frasch et al. 1987; see below).

Mutant Phenotypes

eve is one of the pair-rule genes, hypomorphic eve mutants are embryonic lethals
having only half the correct number of segments. The missing elements
correspond to the posterior region of T2 and the anterior of T3, the posterior
of Al and anterior of A2, etc.; i.e., every other segment boundary and
neighboring areas (corresponding to odd-numbered parasegments) are missing.
In amorphic mutants, the bands of ventral denticles are replaced with a uniform
"lawn" of denticles, so that all obvious trace of segmentation is lost (Nusslein-
Volhard and Wieschaus 1980; Nusslein-Volhard et al. 1985; Akam 1987).

(previous pages) eve SEQUENCE. The segment from —202 to 1,423 has accession
number M14767 (DROEVE). The segment -498 to -203 is from Read et al. (1990).
The segment —1,601 to —931, the stripe 2 element, is from Stanojevic et al. (1991).
The segment —5,400 to —5,200, the autoregulatory region, is from Jiang et al. (1991).
GAGA (////>) and TCCT ( = = = =>), cores of the GAGA and TKK regulatory
protein-binding sites, are underlined and numbered; dashes ( ) underline EVE,
BCD, HB, GT and KR binding sites. The limits of the homeodomain are marked by
vertical lines under the sequence, asterisks indicate conserved amino acids, and dashes
underline the presumptive helices.
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Gene Organization and Expression

Open reading frame 376 amino acids; expected mRNA length, 1,416/1,421 bases.
There is a small uncertainty about the position of the 5' end of the transcript:
RNase protection experiments localized the 5' end at position — 93 (Macdonald
et al. 1986) while S1 mapping and primer extension indicate it is at position
— 98 (Frasch et al. 1987). RNase protection was used to define the 3' end. There
is an intron within the Glu-47 codon (eve Sequence) (Macdonald et al. 1986;
Frasch et al. 1987).

Developmental Pattern

This section was excerpted from Macdonald et al. (1986) and Frasch et al.
(1988). The level of eve transcript is very low in 0-2 h embryos, it peaks in
2-4 h embryos and then persists in ever-decreasing amounts until the first larval
instar. Early in nuclear cycle 13 (syncytial blastoderm), the transcript is localized
in the peripheral cortical region of the embryo forming a broad band, as
indicated by in situ hybridization. Over the next 30 min, this band intensifies
and expands until it covers most of the future segmented portion of the embryo
(20-70% egg length). As it expands, the band becomes subdivided into two,
then four and then seven stripes to produce the "zebra" pattern of expression
that is characteristic of pair-rule genes.

By the middle of nuclear cycle 14A (late syncytial blastoderm), expression
is localized in seven stripes, six of them being five- or six-nuclei wide while the
seventh posterior-most stripe is 6-8 nuclei wide; the stripes are separated by
2-3 nuclei wide spacers. Each eve stripe is asymmetric, with the anterior cells
showing the highest level of expression; this is the first sign of segment polarity.
Some transcript is also detectable in the yolk nuclei occupying the central region
of the embryo. During blastoderm cellularization, the stripes narrow to a width
of 2-3 nuclei.

At the beginning of gastrulation, the most anterior eve stripe is positioned
immediately anterior to the cephalic fold. The ftz transcripts, which also display
a seven-stripe pattern, are shifted posteriorly relative to eve such that the two
genes are expressed in alternating parasegments. As gastrulation proceeds, seven
minor eve stripes appear between the major ones. A similar pattern of
alternating major and minor stripes is also exhibited by en; however en major
stripes occur in even-numbered parasegments while eve major stripes are
localized in odd-numbered parasegments. At this stage, eve expression seems
to be localized to the anterior region of each of the 14 parasegments.

During germ band elongation, the segmented expression of eve disappears,
and a new site of accumulation appears posterior to the last major stripe. This
new site corresponds to cells of the proctodeal primordium, cells that also
express en, hairy and paired.

After gastrulation, eve expression can be detected only in small clusters of
neural ganglion mother cells in each parasegment; eve expression continues in
the nerve cord until late in embryogenesis. The rapid disappearance of eve
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transcript and protein suggest that these molecules have very short half-lives.
In the grasshopper, expression of the eve cognate gene occurs in neuroblasts
that occupy equivalent positions to those that express eve in Drosophila; the
"zebra" pattern of expression of early embryos, however, is absent. This suggests
that the role of eve in short germ band embryos is restricted to neurogenesis,
and the pair rule function was acquired secondarily during the evolution of
higher insects (Patel et al. 1992).

In null mutations, the sites of major and minor stripes, i.e., odd-numbered
parasegments and the anterior regions of even-numbered parasegments, are
missing. Thus, only the posterior regions of even parasegments are left; they
correspond to the denticle belts of T2, Al, A3, etc., which, becoming fused
without any naked cuticle to separate them, form the denticle "lawn" mentioned
above. In weaker alleles, only the sites of major stripes, i.e., the odd-numbered
parasegments, are missing (N sslein-Volhard et al. 1985; Macdonald et al.
1986).

Promoter

Regulation of the seven major stripes was investigated in some detail. The
production of the striped pattern seems to occur in two phases, an early phase
when seven regions of expression are established and a late phase when these
regions become narrower and expression intensifies such that stripes become
more sharply defined. The early phase is regulated by the gap gene products
and the maternal morphogen BCD (product of bicoid), all of which are
expressed in broad, non-periodic and partly overlapping areas (Appendix, Fig.
A.2). The late phase is controlled by the pair-rule gene products, EVE included,
which are distributed periodically along the antero-posterior axis of the embryo
(Goto et al. 1989; Harding et al. 1989 and references therein).

Early expression in stripes 1, 4, 5, and 6 seems to require unidentified
cis-acting elements located more than 8.0 kb upstream of the transcription
initiation site. An element located between 3.8 and 3.0 kb upstream of the
transcription initiation site is required for early expression in stripe 3; and
elements between 1.65 and 1.15 kb upstream of the transcription initiation site
are required for expression in stripes 2 and 7 (Goto et al. 1989; Harding et al.
1989).

The late or autoregulatory function is controlled by a segment between 5.9
and 5.2 kb upstream of the transcription initiation site. A construction in which
the 5.9-5.2 kb segment is linked to a reporter gene is expressed in all seven
stripes only if the host organism is wild-type for all pair-rule genes. In the
absence of the stripe-specific, early control elements, however, expression, is
much weaker (Goto et al. 1989; Harding et al. 1989).

In the segment regulating transcription in stripe 2, there are the following
protein binding sites: five for BCD, three for the hunchback (hb) product (HB),
three for the giant (gt) product (GT) and six for the Kr ppel (Kr) product (KR)
(eve Sequence). In the stripe 3 promoter segment, there are 18 HB binding sites.
The BCD binding sites have the consensus GGGATTAGA; KR binding sites
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are derivatives of the decamer AACGGGTTAA and the HB binding sites have
the consensus G/CA/CATAAAAAA (Stanojevic et al. 1989; Small et al. 1991).

When KR binding sites are inserted into the promoter region of a reporter
gene, the expression of the reporter is repressed by KR (Licht et al. 1990).
Studies on cultured cells transfected with one or more of the putative regulatory
genes (bcd, hb, gt or Kr) under the control of the Actin 5C promoter and
co-transfected with a reporter gene under the control of the stripe 2 regulatory
segment showed that BCD and HB are activators and that GT and KR are
repressers of stripe 2 transcription. These results suggest that relatively high
levels of BCD and HB in a region that includes the second stripe stimulate
eve transcription; posterior to stripe 2, the band of KR accumulation represses
transcription, thus defining the posterior boundary of stripe 2 (Appendix, Fig.
A.2 and Fig. A.3); anteriorly, a region of GT accumulation defines the anterior
border. The interactions between the regulatory factors seem to occur through
direct competition for binding sites. Eight binding sites in the stripe 2 segment
are sufficient for proper regulation, and these sites are arranged in two clusters:
the proximal cluster includes a BCD and an HB site, overlapped respectively by
KR and GT binding sites; the distal cluster includes two BCD sites also
overlapped by a KR and a GT site (eve Sequence) (Small et al. 1991). This view
of the regulation of stripe 2 expression is supported by studies on transgenic
organisms carrying various binding-site mutations (Stanojevic et al. 1991).

The results described above are consistent with genetic studies indicating
that KR is a repressor of eve and with the finding that establishment of the
"zebra" pattern (early phase) requires the function of gap genes hb, Kr, Knirps
and tailless (Frasch and Levine 1987).

Maintenance and refinement of the striped pattern (late phase) is dependent
on the pair-rule genes eve, hairy and runt (Frasch and Levine 1987) and the
autoregulatory region, 5.9-5.2 kb upstream of the transcription initiation site.
EVE, in cooperation with the general transcription factor GAGA (and possibly
with a zinc-finger protein coded by the gene tramtrack [ttk]), seems to interact
directly with a 200-bp segment in the autoregulatory region (eve Sequence)
(Jiang et al. 1991; Read and Manley 1992). The GAGA binding site has a
sequence related to GAGAG (Biggin and Tjian 1988) while the putative binding
site for the ttk product includes the octamer GGTCCTGC (see below) (Jiang
et al. 1991).

Two other clusters of EVE binding sites in the eve promoter are necessary
for transcription, one in a region 3.1-2.9 kb upstream of the transcription
initiation site and the other in a proximal region, 295-44 bp upstream of the
transcription initiation site (e4 and e5 in the eve Sequence). The proximal ones
belong to the class II of EVE binding sites as already discussed (Hoey and
Levine 1988). Sites e4 and e5 also bind the product of prd; e5 comprises two
sections and can bind two PRD molecules, one through the homeodomain
and the other through the paired domain (Treisman et al. 1991).

In vitro assays in the presence of proteins from embryonic nuclear extracts
showed that sequences between 179 and 72 bp upstream of the transcription
initiation site are required for transcription. Protein-binding assays identified
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12 binding sites in the segment between 574 bp upstream of the transcription
initiation site and 175 bp downstream of the transcription initiation site. Eleven
of those sites are between 390 and 0 bp upstream of the transcription initiation
site and one is 45 bp downstream. Eight of the eleven upstream sites probably
bind the GAGA factor (1-6, 9, and 10 in the eve Sequence) while the remaining
three (7, 8, and 11) seem to bind a different factor and share sequences related
to GGTCCTGC. The GAGA-binding protein is relatively constant through
development; but the TCCT-binding factor, the product of ttk, is apparently
restricted to developmental stages when eve is active (Read et al. 1990; Read
and Manley 1992).
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fushi-tarazu: ftz

Chromosomal Location: Map Position:
3R, 84B1-2 3-47.5

Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern of the embryo.

Structure

The homeodomain occurs between Ser-257 and Arg-316 (Laughon and Scott
1984). Like Antennapedia's (Antp) homeodomain (ANTP-HD), the ftz homeo-
domain (FTZ-HD) has a Gln in position 9 of helix 3 (ftz Sequence, H3); this
gives FTZ a binding specificity that distinguishes it from the bicoid ( b c d ) and
paired (prd) products, in which Lys and Ser respectively occupy position 9
(Treisman et al. 1989). FTZ occurs as a family of phosphorylated isoforms; 19
differently charged forms were detected. Given the numerous Ser and Thr
residues available for modification, the total number of specific isoforms could
be much larger. Some isoforms are specific to certain embryonic stages (Krause
and Gehring 1989).

Function

The binding of FTZ-HD to the engrailed (en) promoter binding site bs2 is
similar to the binding of ANTP-HD to this site (KD = 6-8 x 10 - 1 0 M); in
particular, the Gln in position 9 of H3 interacts with CC in the bs2 sequence
GCCATTAGA (Percival-Smith et al. 1990). In vitro, FTZ binds as a monomer
to 10-12bp binding sites. Six of those base pairs are critical, the optimal
sequence being C/TAATTA with an equilibrium dissociation constant of
2.5 x 10-11 (Florence et al. 1991).

FTZ is required for embryonic expression of the Antp proximal promoter
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(P2) and Ultrabithorax (Ubx) (Ingham and Martinez-Arias 1986). In experi-
ments carried out using cultured cells, FTZ stimulates Ubx transcription if a
segment of Ubx that extends from 225 to 292 bp downstream of the transcrip-
tion initiation site (Ubx downstream element U-B) is present (Winslow et al.
1989). Two FTZ-HD binding sites were detected in Antp by DNase I protection
assays; these are approximately 500 bp upstream of the P2 transcription
initiation site. Other homeodomain binding sites were detected near the distal
transcription initiation site, but it is less certain that they are functional. The
consensus sequence of these binding sites is CAATTA (Nelson and Laughon
1990).

FTZ is also required for expression of the ftz gene itself (see Promoter)
(Hiromi and Gehring 1987; Ish-Horowicz et al. 1989), and it is also involved
in the regulation of the segment polarity genes en and wingless (wg) (Howard
and Ingham 1986; Lawrence et al. 1987; Ingham et al. 1988).

ftz is one of the pair-rule segmentation genes. Its overall function is thought
to be to define the anterior border of even-numbered parasegments (Lawrence
et al. 1987).

Tissue Distribution

FTZ is first detectable by antibody-staining after the 13th nuclear division; it
is localized in nuclei in seven stripes each approximately four nuclei wide (the
spacing between stripes is also four nuclei). During gastrulation, the stripes
narrow to three nuclei wide; FTZ stripes disappear just before the germ band
is fully extended (Carroll and Scott 1985). FTZ and EVE (product of
even-skipped) accumulate during approximatey the same time in development.
At first, the areas of EVE and FTZ accumulation overlap somewhat; but, as
the stripes become narrower and better defined, the two products end up in an
alternating pattern, FTZ in even- and EVE in odd-numbered parasegments
(Appendix, Fig. A.3) (Frasch and Levine 1987). In embryos with fully extended
germ bands, antibody staining is visible in 15 metameric clusters of nuclei within
the developing ventral nervous system; this staining disappears soon after germ
band shortening is completed (10-12 h of development). In 12-15 h embryos,
FTZ reappears in the developing hindgut (Carroll and Scott 1985; Krause et
al. 1988).

ftz SEQUENCE (opposite). Strain carrying marker pp. Accession, X00854 (DROANTCF)
(modified by adding a G at —259 as per Brown et al. 1991). The following mutations
are indicated: ftzUa13, Pro-215 to Ser-215; /tzf47ts, temperature-sensitive, Ala-291 to
Val-291; and the chromosome 2 translocation ftzRp1, with a breakpoint after position
1,091 (Laughon and Scott 1984). The "zebra" element regulatory sites ftz-fl, ftz-f2
and ftz-f3 are from Ueda et al. (1990) and Brown et al. (1991). Sites ae2-ae3 (to
which activators bind), rel-re3 (to which repressers bind) and del-de2 (to which both
activators and repressers bind) are from Topol et al. (1991). ae2a and ae2b
correspond to the CAD-binding sites, cdre of Dearolf et al. (1989b).
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Mutant Phenotypes

Homozygotes for null alleles of ftz show severe developmental abnormalities
that become evident at about the time ftz should be expressed. These mutants
have half the correct number of segments due to the absence of regions
corresponding to even-numbered parasegments (Wakimoto et al. 1984).

The dominant gain-of-function mutations Uall, Ual2 and Ual3 cause
substitutions in Pro-211 and Pro-215 (ftz Sequence) which increase the half-life
of FTZ from < 10 min to 40 min. The increase in level and persistence of the
protein and the concomitant expansion of its domain result in the correspond-
ing suppression of eve expression in odd-numbered parasegments; this leads to
abnormalities in the parasegments where ftz is normally not expressed, the
anti-ftz phenotype. The Ual mutations affect a segment of the polypeptide
(Thr-210 to Ser-221) that seems to be conserved in other early development
genes (hb, eve and prd) as well as in myc. It has been suggested that those
12 residues serve as a signal for protein degradation (Kellerman et al. 1990).
PEST-like sequences, also thought to be involved in protein degradation, are
present in that region (Rogers et al. 1986).

Gene Organization and Expression

Open reading frame, 413 amino acids; expected mRNA length, approximately
1,770 bases (assuming it extends for 20-30 bases beyond the putative poly(A)
signal highlighted in the ftz Sequence), in agreement with an observed RNA
of 1.8kb (Laughon and Scott 1984). Primer extension analysis was used
to identify the 5' end (Dearolf et al. 1989a; Ueda et al. 1990). The 3' end
was not determined. There is an intron in the Asp-253 codon (Laughon and
Scott 1984).

ftz is centromere-proximal to Antp, separated from it by about 30 kb, and
transcribed in the opposite orientation (Weiner et al. 1984; Wakimoto et al.
1984).

Developmental Pattern

ftz transcripts appear in embryos after the 11th nuclear division; they accumu-
late along the periphery of the embryo between 65% and 15% egg length.
Between this stage and the end of nuclear cycle 13, the signal intensifies and
becomes less uniform along the antero-posterior axis. Eventually, in nuclear-
elongation-stage embryos (cycle 14), ftz RNA becomes localized in seven stripes
positioned between 65% and 15% egg length, and it remains so through the
completion of blastoderm cellularization. The anterior-most stripe is positioned
posterior to the cephalic furrow. Stripes are 3-5 cells wide, and they are
separated from one another by 3-5 cells. This segmented pattern persists
through the early stages of gastrulation, but by the time the germ band is fully
extended, ftz transcripts are no longer detectable.
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The strongest embryonic expression of ftz is restricted to the period between
2 h and 4 h of development approximately (Hafen et al. 1984). The turnover
rate of ftz mRNA is extremely high (half-life, 7-14 min) (Edgar et al. 1986);
and the phenotype of a gain-of-function mutation T(2; 3)ftzRpl seems to be the
result of increased mRNA stability, possibly because of the loss of degradation
signals in the 3' untranslated region (Kellerman et al. 1990).

The developmental pattern of ftz expression was also studied using the
promoter region of ftz and -galactosidase as a reporter enzyme. This method
demonstrates that the seven stripes are sharper and more intense at the anterior
border and that they fade posteriorly. The sharp anterior edge of each stripe
coincides with the anterior edge of en expression in even-numbered para-
segments, and it thus defines the anterior edge of these parasegments. (The same
kind of pattern is observed for eve expression, except that it is the odd-numbered
parasegments that are involved.) The -galactosidase method also demonstrates
segmental staining of prospective ventral ganglia neuroblasts in fully extended
germ-band embryos (Hiromi et al. 1985; Lawrence et al. 1987).

Promoter

Approximately 6 kb of 5' sequences are required for normal ftz expression (as
measured by the ability of fragments of various sizes to rescue ftz mutant
embryos in transgenic experiments). However, fusions of the promoter to the
reporter gene lacZ showed that the most proximal 0.62 kb of 5' sequences
("zebra" element) are sufficient to produce the "zebra" pattern of expression.
A segment between 2.45 and 0.62 kb upstream of the transcription initiation
site is required for expression in the ventral nervous system. A segment further
upstream, between 6.1 and 2.45 kb of the transcription initiation site, functions
as an enhancer of expression of the "zebra" pattern. In the absence of this distal
enhancer element, the striped pattern of expression is weaker, mostly restricted
to the mesoderm and extended anteriorly, so that one or two extra stripes
appear anterior to the cephalic furrow (Hiromi et al. 1985).

The "Zebra" Element The striped pattern of ftz expression seems to be
established through a combination of generalized activation of the gene
throughout the embryo and a specific pattern of repression. Two systems of
repression contribute to the ftz expression pattern: one system represses
expression in the anterior and posterior poles of the embryo, and the other
represses in the inter-stripe regions of the "zebra" pattern (Edgar et al. 1986).
Several activator and repressor sub-regions were identified within the "zebra"
element by promoter deletion analysis, and they were found to correspond to
protected regions in footprinting analysis (ftz Sequence) (Dearolf et al. 1989a;
Topol et al. 1991).

A search for /tz-promoter-binding proteins yielded three fractions: FTZ-F1,
FTZ-F2 and FTZ-F3.

FTZ-F1 first appears in 1.5-4.0 h embryos (at the time the ftz stripes occur);
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it then diminishes, to reappear after 13 h of development and in larval and
adult stages. FTZ-F1 binds to four sites in the ftz gene: site I is a 21-bp
segment from —362 to —343 (ftz Sequence), sites II and III are in the coding
region, and site IV (to which binding is 10 times weaker) partly overlaps the
binding site of FTZ-F2 (see below). Sites I, II and III have the consensus
sequence YCAAGGYCRCCR. Close contact with FTZ-F1 seems to be made
by the two consecutive Gs of the top strand (marked by an asterisk in the ftz
Sequence) and the two Gs on the bottom strand that are opposite the Cs at
positions 8 and 10. Expression of a construction containing the "zebra" element
attached to lacZ in transgenic embryos showed that mutations of site I that
abolish FTZ-F1 binding lead to overall reduced expression of f t z , in particular
in stripes 1, 2, 3, and 6 (Ueda et al. 1990). The sequence of FTZ-F1 has
similarities with proteins of the steroid receptor superfamily both in the putative
DNA-binding region and in the putative ligand-binding domain (Lavorgna et
al. 1991).

FTZ-F2 is present at low levels in 1.5-4.0 h embryos, and its concentration
rises after 4.0 h as expression of ftz diminishes. FTZ-F2 affords protection
against nuclease digestion to two sites within the "zebra" element that share
the sequence TGCNAGGACNT (ftz Sequence): ftz-f2 I (abbreviated f2 I) and
ftz-f2 II, located between — 260 and — 200. The two adjacent Gs marked with
asterisks seem to interact directly with an FTZ-F2 residue as indicated by
methylation interference. Mutant ftz-f2-binding sites are unable to bind FTZ-
F2. When such mutations are part of a "zebra"-element-/acZ construction,
there is continuous lacZ expression along the antero-posterior axis; i.e., the
repression of the ftz promoter in the inter-stripe regions fails. These mutations
also lead to precocious expression of f t z , as early as the third nuclear division
(Brown et al. 1991). FTZ-F2 is probably the product of tramtrack (ttk), a
Zn-finger protein (Harrison and Travers 1990; Brown et al. 1991; Read and
Manley 1992).

FTZ-F3 also bind to the "zebra" element, partly overlapping the FTZ-F2
binding sites (Brown et al. 1991).

CAD, the product of the segmentation gene caudal (cad), a homeodomain
protein that forms a gradient of increasing concentration from the anterior to
the posterior pole, participates in the regulation of ftz expression. CAD
activates expression of ftz in the posterior regions of the embryo through its
binding to the hexanucleotide TTTATG that is present in the protein binding
sites ae2a and ae2b of the "zebra" element (ftz Sequence) (Dearolf et al. 1989a,
1989b).

Distal Upstream Enhancers A DNA segment that extends from approximately
6.1 to 3.5 kb upstream of the transcription initiation site can direct transcription
of the basal Hsp70 promoter and an associated reporter gene in a seven-stripe
pattern in both ectoderm and mesoderm. The 2,574-bp segment contains
multiple regulatory regions; from distal to proximal they are: (1) the most
upstream 330 bp portion of this segment, which seems to be an activator of
parasegment 4 expression; (2) the Distal Enhancer, extending from 331 to 1,502,
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which is capable of directing expression in seven mesodermal stripes; (3) the
583-bp Element A of the Proximal Enhancer, between 1,780 and 2,363, which
can direct expression in seven stripes in the ectoderm and mesoderm; (4) the
211-bp Element B of the Proximal Enhancer, which is required, in conjunction
with element A, for ectodermal expression (Pick et al. 1990). There is also a
scaffolding attachment region that occurs in an AT-rich segment between
positions 575 and 763 of this distal upstream regulatory region (Amati et al.
1990).

FTZ itself seems to interact with the Distal Enhancer region to activate
transcription (Hiromi and Gehring 1987; Ish-Horowicz et al. 1989). Numerous
FTZ-binding sites are found within the Distal and Proximal Enhancers, and
two independent autoregulatory loops seem to control expression (Harrison
and Travers 1988; Pick et al. 1990). The product of ttk binds to DNA in the
distal upstream region (Harrison and Travers 1988, 1990).

The pattern of ftz expression also depends on the products of gap genes
and other pair-rule genes, eve and h in particular (Carroll and Scott 1986;
Howard and Ingham 1986; Harding et al. 1986; Frasch and Levine 1987;
Ish-Horowicz and Pinchin 1987).
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hairy: h

Chromosomal Location: Map Position:
3L, 66D8-15 3-26.5

Product

DNA-binding regulatory protein of the basic helix-loop-helix (bHLH) type
involved in embryonic segmentation and neurogenesis.

Structure

Sequence comparisons indicate that the HLH motif extends from Ala-45 to
Arg-90 (h Sequence), with 26% identity to a region of the mammalian oncogene
myc. The helices have the amphipathic nature characteristic of dimer-forming
regulatory proteins such as the products of the genes daughterless (da),
Enhancer of split [E(spl)j, extramacrochaetae (emc), twist and of the achaete-
scute complex genes ac, sc, Isc and ase. In the h and E(spl) proteins, the
sequences of the basic regions, adjacent to and upstream of the HLH domain
are more closely related to each other than to those in the da and AS-C proteins
(Rushlow et al. 1989; Harrison 1991; Van Doren et al. 1991).

Within the h sequence, the OPA (CAG) repeat occurs several times and
results in stretches of Gln, Ala or Ser in the C-terminal half of the protein. Near
the C-terminus there are also regions of similarity to PEST sequences (segments
rich in Pro, Glu, Ser and Thr that may be degradation signals). There are three
potential glycosylation sites, at Asn-9, Asn-209 and Asn-296 (Rushlow et al.
1989).

Function

During embryonic development, the HAIRY product seems to act as a represser
of fushi tarazu (ftz) helping to define the posterior border of ftz stripes. In h
mutants, ftz expression occurs, but the striped pattern fails to develop (Howard
and Ingham 1986; Carroll and Scott 1986; Ish-Horowicz and Pinchin 1987).
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During adult development, h seems to counteract the function of ac-sc complex
genes in the development of sensory organs (Botas et al. 1982; Ingham et al.
1985b). It has not been possible, however, to demonstrate direct interaction of
HAIRY with any of the ac-sc complex products involved (Van Doren et al.
1991).

Tissue Distribution

HAIRY is intranuclear, as revealed by antibody staining. In cellular-blastoderm-
stage embryos HAIRY-containing nuclei are distributed in eight stripes. After
the onset of germ band extension, HAIRY rapidly disappears from the seven
posterior stripes. (This pattern of occurrence is quite similar to that observed
at the RNA level, see below.) A little later, in embryos having fully extended
germ bands, HAIRY is transiently detectable in cells associated with pairs of
tracheal pits (parasegments 4-13); still later, during germ band retraction and
the following stages, HAIRY appears in the mesoderm, proctodeum and anal
plates (Carroll et al. 1988; Hooper et al. 1989; a detailed comparison of the
metameric distribution of HAIRY and other pair-rule-gene products is pre-
sented in these references). HAIRY also occurs in the imaginal discs of
third-instar larvae and early pupae. In the eye-antennal disc, HAIRY is
transiently present in a band of cells just anterior to the morphogenetic furrow.
In leg discs, HAIRY is localized in groups of cells that evolve into longitudinal
rows during disc eversion. In wing discs, expression occurs along presumptive
wing veins. In all these imaginal structures, HAIRY is excluded from peripheral
neurons and sensory organs (Carroll and Whyte, 1989).

Mutant Phenotypes

h belongs to the pair-rule class of segmentation genes. In amorphic h embryos,
certain metameric elements fail to develop in alternating segments. The missing
structures correspond to the regions where gene expression is detectable (see
below). Hypomorphic mutations are viable; they result in extra microchaetae
and other sensory organs in the adult epidermis. In these hypomorphic mutants,
the adult phenotype can be rescued by expression of h coding sequences under
the control of a heat-shock promoter 6-11 h after pupariation (Ingham et al.
1985b; Carroll et al. 1988; Hooper et al. 1989; Rushlow et al. 1989).

Gene Organization and Expression

The open reading frame that is thought to produce active protein is 337 amino
acids long. However, the Met at position 10 occurs within a very good

h SEQUENCE (previous pages). Accession, X15904 (DROHAIRG). The amino acids
underlined constitute the HLH domain. Asterisks mark the hydrophobic residues
thought to participate in the formation of dimers.
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translation initiation context and so may serve as an alternative initiation site.
There are two mRNAs, l, with an expected size of 2,335 bases and 2, with
an expected size of 2,139 bases; this is in agreement with the results of northern
analysis. The two different sites of transcription initiation involved in produc-
tion of the two mRNAs are 196 bp apart, and neither one has a canonical
TATA box. Primer extension and S1 mapping were used to define the 5' ends.
The 3' end was obtained from a cDNA sequence that included a poly(A) tail.
There are introns after the Arg-33 and Asp-65 codons (h Sequence) (Rushlow
et al. 1989).

Developmental Pattern

h transcripts are first detectable in 2-4 h embryos, and they remain present
throughout larval development. l mRNA is prevalent up to 4 h, then both
mRNAs are equally represented until the end of larval development, except for
late third-instar larvae when 2 becomes more abundant. In pupae, h mRNAs
nearly disappear, but they become abundant in adults, with the two RNAs
occurring in nearly equal amounts (Rushlow et al. 1989).

In situ hybridization shows that h mRNA in cell-cycle 12 embryos (syncytial
blastoderm) is nearly uniformly distributed around the periphery of the embryo.
Labeling then differentiates an anterior dorsal region (region 0 or AD) that
extends for 12-15 nuclei at 95-85% egg length (Appendix, Fig. A.3) and a
region of continuous labeling from 75% to 20% egg length. In the latter region
labeling becomes discontinuous; before the completion of cellularization (mid-
cycle 14), the labeling is distributed in seven evenly spaced stripes, each
approximately 3-4 nuclei wide. In the abdominal region, the stripes of
expression correspond to the posterior portion of the odd-numbered segments
and the anterior portion of the even-numbered ones. This pattern is carried
forward into the thoracic and cephalic regions, with the AD patch correspond-
ing to the labrum (Appendix, Fig. A.3). When gastrulation starts, the cephalic
fold invaginates between h stripes 1 and 2. Soon thereafter, the striped pattern
disappears; and, by the time of germ band elongation, h transcripts are most
evident in the hindgut and the foregut (Ingham et al. 1985a).

Promoter

As in the case of even-skipped (eve), the cis-acting regulatory region is very
extensive, > 14 kb; and the striped pattern is the result of independent
regulation of the individual stripes by various segments of the regulatory region.
Thus each section of the regulatory region responds to unique positional cues
along the antero-posterior axis of the embryo to activate transcription and
produce a particular stripe. The positional cues are given by maternal products,
gap genes and other pair-rule genes such as eve.

A construction that carries 14 kb of upstream sequences and the coding
region of h is sufficient, in germline transformants, to rescue the embryonic
mutant phenotype, but the adults that result exhibit a severe hairy phenotype.
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This suggests that the region controlling h expression in adults is located more
than 14kb upstream of the transcription initiation site (TIS) (Rushlow et al.
1989). The 14kb of upstream sequence was further subdivided into stripe-
specific segments using lacZ as a reporter gene in germline transformation
experiments. The whole 14kb segment resulted in expression in the seven
posterior stripes but not in the AD zone. Expression in individual stripes
requires the following segments: stripe 1, 4.9-4.0 kb upstream of the TIS; stripe
2, several elements dispersed between 9.4 and 4.0 kb upstream of the TIS; stripes
3 and 4, several elements dispersed between 14.0 and 6.4 kb upstream of the
TIS and elements further upstream; stripe 5, a segment between 6.8 and 4.0 kb
upstream of the TIS; stripe 6, a segment between 9.1 and 5.2 kb upstream of
the TIS; stripe 7, a segment between 11.0 and 9.4 kb upstream of the TIS. The
positions of stripes produced by many of these artificial promoters are shifted
slightly relative to positions of normal h stripes. Thus, with the possible
exception of stripe 1, sequences other than those listed here for each stripe are
required for normal expression (Howard and Struhl 1990; Pankratz et al. 1990;
Riddihough and Ish-Horowicz, 1991).

The products of the gap genes knirps (KNI) and Kr ppel (KR) bind, with
varying affinities, to several regions of the h promoter. For example, KR, which
is thought to act as a repressor, binds with high affinity to the region responsible
for stripe 6, and KNI, which is thought to act as an activator, binds with low
affinity to the same region. The formation of stripe 6 then, probably results
because there is only one zone along the axis of the embryo where KNI is in
high enough concentration to stimulate h transcription while KR concentration
is so low that it does not repress h; this zone is in the posterior region of the
embryo that corresponds to stripe 6 (Appendix, Figs A.2 and A.3). By this
argument, the anterior border of stripe 6 is defined by the posterior slope of
KR's bell-shaped concentration distribution. More posteriorly, stripe 7 may
arise by similar interactions involving KNI and the product of the gap gene
tailless (TLL). In this case TLL would act as a positive regulator at high
concentration; and KNI would act as a repressor, defining the anterior border
of stripe 7 through its posterior concentration gradient (Pankratz et al. 1990).
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hunchback: hb

Chromosomal Location: Map Position:
3R, 85A3-B1 3-48

Product

DNA-binding regulatory protein of the Zn-finger type involved in the earliest
stages of embryonic pattern determination.

Structure

The amino acid sequence of HB suggests that there are two Zn-finger domains,
one with four fingers, the other with two. Two short segments near the
N-terminus (boxes A and B, hb Sequence) have some similarity to the Kr ppel
(Kr) protein (KR, another finger protein) and to the retrovirus HIV-1 pol
product (Tautz et al. 1987; Evans and Hollenberg 1988; Harrison 1991).

Functions

HB participates in the transcriptional regulation of several developmentally
important genes; it recognizes a sequence distinguished mainly by a run of 6 As:

1. HB binding sites have been found in the hb promoter itself where it is
thought to stimulate transcription (Treisman and Desplan 1989).

2. Binding sites for HB have also been demonstrated in the even-skipped
(eve) promoter elements responsible for two of the embryonic stripes (#2 and
#3) in which eve is expressed; here again HB probably acts as a positive
regulator of transcription. (Stanojevic et al. 1989, 1991; Small et al. 1991).

3. HB has been demonstrated to repress Kr expression (Hoch et al. 1991).
Kr expression normally occurs in an embryonic band immediately posterior to
the area of HB accumulation (Appendix, Fig. A.2). HB is thought to be a
repressor of Kr at high concentration (thus defining the anterior edge of the
Kr zone of expression), and an inducer at low concentrations (H lskamp et al.
1990).
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hb SEQUENCE. Strain, Canton S. Accession, Y00274 (DROHBG). Binding sites for
DA/LSC (da, Isc products heterodimer), BCD, HB and KR are indicated by
underlining the short sequences that match the consensus (or its complement) in each
binding site. The presumptive Zn-binding Cys and His residues are underlined.

4. HB-binding sites exist in the knirps (kni) regulatory region (Pankratz et
al. 1992) where HB may act as a repressor at intermediate concentrations, thus
positioning the anterior border of kni expression more posteriorly than the
anterior border of Kr expression (H lskamp et al. 1990).

5. HB binds to a bithorax region enhancer (BRE) and thereby represses the
expression of Ultrabithorax in the anterior half of the embryo (Qian et al. 1991).

Tissue Distribution

HB is a nuclear protein localized initially in the anterior half of the embryo. It
does not appear until the hb RNA antero-posterior gradient is apparent (see
below), and thereafter it follows the general distribution of this RNA (Tautz
1988). After gastrulation, HB is detectable in four longitudinal rows of cells
(6-8 cells per row per segment) that correspond to the first wave of differentiat-
ing neuroblasts (Cabrera and Alonso 1991).

Mutant Phenotype

This gene belongs to the gap class of segmentation genes. In amorphic hb
embryos, gnathal and thoracic segments are absent, and there are abnormalities
in abdominal segments 7 and 8; it is an embryonic lethal (N sslein-Volhard
and Wieschaus 1980; Ingham 1988).
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Gene Organization and Expression

Open reading frame, 758 amino acids. There are three mRNAs: the two
transcribed from a proximal promoter have an expected size of 2,996 and 3,000
bases, and the third, transcribed from a distal promoter, has an expected size
of 3,348 bases. These expected sizes are consistent with the two RNAs of
approximately 2.9 kb and 3.2 kb detectable by northern analysis. Of the three
transcription initiation sites, the most upstream was deduced from Southern
analysis and sequence features while the other two were defined by S1 mapping
and sequence features (hb Sequence and Fig. 16.1) (Tautz et al. 1987).

The two proximal initiation sites are under the control of a single promoter
included within the leader intron of the distal transcription unit that extends
between —3,170 and — 1 8 . The proximal transcripts have leader introns that
extend between —300 and — 1 8 . There are no introns in the coding region
(Tautz et al. 1987).

The 3' end was deduced from Southern analysis and sequence features. All
transcripts have the same protein-coding capacity (Tautz et al. 1987).

The proximal breakpoint of the deficiency Df(3R)p-XT104 is within the
transcribed region and transcription is toward the centromere (Tautz et al.
1987).

Developmental Pattern

Overall, expression of hb is restricted to oogenesis and the first 8 h of embryonic
development.

The distal promoter is first expressed during oogenesis, and the mRNA
persists after fertilization. The 3.2 kb maternal RNA is uniformly distributed in
newly laid eggs. Between the 8th and 11th rounds of embryonic nuclear divisions
(Appendix, Fig. A.1), an anterior posterior gradient develops, probably by
differential degradation, and under the control of oskar (Tautz et al. 1987; Tautz
1988).

The first embryonic expression of hb is from the proximal promoter, and it
starts at the l l t h or 12th nuclear divisions under the control of the bicoid gene
( b c d ) product (BCD). A combination of threshold effect and BCD gradient
leads to uniform transcription of the 2.9 kb RNA in the anterior 45% of the
embryo, with a sharp posterior boundary. Initiation of transcription by the
proximal hb promoter is one of the earliest transcriptional events in embryo-
genesis. After cycle 14, with the beginning of gastrulation, the 2.9 kb RNA

FIG. 16.1. Gene organization
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disappears (Driever and N sslein-Volhard 1988, 1989; Schroder et al. 1988;
Struhl et al. 1989).

Beginning at cycles 13-14 the 3.2kb RNA is transcribed in a band at
approximately 53% egg length (Appendix, Figs A.2 and A.3) and in a region
of the embryo that corresponds to abdominal segments 7 and 8. During
gastrulation, the spatial distribution of the 3.2 kb RNA increases in complexity;
and after germ band extension, it becomes undetectable (Tautz et al. 1987;
Schroder et al. 1988).

Promoter

A 1.5-kb segment of DNA upstream of the distal transcription initiation site is
insufficient for correct expression of the 3.2 kb transcript. On the other hand,
a considerably smaller segment, one that extends between 50 and 300 bp
upstream of the proximal site of transcription initiation is sufficient for correct
developmental expression of the 2.9 kb transcript (Schroder et al. 1988; Driever
and N sslein-Volhard 1989). The active core of the proximal promoter is a
100 bp segment that extends between -540 and -640 bp (Struhl et al. 1989),
although some binding sites for the homeodomain protein BCD, as well as for
the finger proteins HB and KR, are found further upstream in the proximal
promoter region (hb Sequence).

The consensus sequence of the BCD-binding sites is TCTAATCCC. While
the central TAAT seems to be the most conserved element (Driever and
N sslein-Volhard 1989), the terminal CCC is important for discrimination
between the BCD and Antennapedia homeodomains (Hanes and Brent 1991).
Transcription from the proximal promoter in the posterior half of the embryo
is repressed by KR, for which there are two binding sites in this promoter
(Treisman and Desplan 1989; Licht et al. 1990). The existence of numerous
binding sites for hb product (hbl-hb8) seems to indicate that this gene is also
autoregulated (Stanojevic et al. 1989; Treisman and Desplan 1989).

At —847 there is a binding site for heterodimers of the helix-loop-helix
proteins DA (daughterless) and products of the achaete-scute complex. This site
may be responsible for activation of hb in neuroblasts, an activation that
requires the lethal of scute product (Cabrera and Alonso 1991).
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The Heat-shock Gene Cluster at 67B:
Hsp22, Hsp23, Hsp26, Hsp27, HspGl,

HspG2, HspG3

Chromosomal Location: Map Position:
2L, 67B 2-[28]
Synonyms for HspG1, HspG2 and HspG3: Gene1, Gene2 and Gene3

Products

Small heat-shock proteins (HSPs): proteins of 22, 23, 26, and 27 kD, and three
other small heat-inducible proteins.

Structure

The small HSPs of Drosophila are thought to be homologous to those of many
other species, from bacteria to mammals and higher plants. Although diverse
in sequence, they all share the following features: (1) heat-inducibility; (2) some
structural characteristics; and (3) the ability to form polymeric aggregates. In
some species, Drosophila included, these proteins are phosphorylated and
associated with RNA (see Lindquist and Craig (1988) for a review).

The polypeptides encoded by six of the genes in this cluster (HspG2 is the
exception) have two regions of similarities: (1) the 15 N-terminal amino acids,
a hydrophobic segment with some resemblance to signal peptides; and (2) a
segment of approximately 108 amino acids near the C-terminus with sequence
similarities that range between 45% and 75%. In the latter segment, the first
83-amino-acid stretch matches approximately 50% of the mammalian -
+crystallin B2 chain; in HspG3, the crystallin-like region is only 50 amino acids
long (Fig. 17.1) (Ayme and Tissieres 1985; Ingolia and Craig 1982; Southgate
et al. 1983; Pauli and Tonka 1987). The sequence similarities exhibited by these
six genes, their uniform lack of introns, and their clustering, suggest that they
are evolutionarily related to one another.

171



FIG. 17.1. Comparison of six of the sequences in the 67B cluster. A residue is indicated in the CON(sensus) if
three or more polypeptides agree in that position.
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Function

The specific function of small HSPs is unknown, but they seem to protect cells
from heat damage. An extensive mutagenesis screen focused on the 67A-D
region failed to uncover mutations in any of the small HSP genes. This failure
and the sequence similarities among the genes in the cluster suggest functional
equivalency and redundancy (Leicht and Bonner 1988).

HSP27 is localized in nuclei (Beaulieu et al. 1989). During development, the
level of this protein parallels the transcription profile of Hsp27 (Arrigo and
Pauli 1988).

Organization and Expression of the Cluster

The seven heat-inducible genes are clustered within 13-14 kb (Fig. 17.2).
In the absence of heat shock, all seven genes are expressed late in the third

larval instar and during early pupation under the control of -ecdysone
(Thomas and Lengyel 1986). The level of expression is not uniform for the
various genes: Hsp23 is the most active gene; Hsp26, Hsp27, HspGl and HspG3
are intermediate in activity and Hsp22 and HspG2 are the least active (Sirotkin
and Davidson 1982; Mason et al. 1984; Ayme and Tissieres 1985). The seven
genes are also expressed individually at other times in development.

All seven genes respond to heat shock (optimal temperature 35-36°C) at
every stage of development except for early embryogenesis (Zimmerman et al.
1983), with HspG2 response being lower than that of the others.

Transcriptional response to heat shock depends on the presence of at least
two copies of a short, nearly palindromic sequence known as the heat-shock
element, hse: CTNGAANNTTCNAG (Pelham 1985). In different genes, the
position of the hse's varies considerably; their effect is independent of position
so long as they lie within several hundred bp of the TATA box (see Hsp7O).

Hsp22

Gene Organization and Expression

Open reading frame, 174 amino acids; expected mRNA length, 957 bases.
Primer extension and S1 mapping were used to define the 5' end. S1 mapping
was used to define the 3' end. There are no introns (Hsp22 Sequence)

FIG. 17.2. Cluster organization
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Hsp22 SEQUENCE. Strain, Oregon R. Accession, J01098 (DROHSP671). Dashes
underline bases that match the consensus hse sequence. HspG2 is immediately
upstream of Hsp22: its poly(A) signal (— 763) and last poly(A) site (— 702) are indicated.
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(Holmgren et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al.
1983).

Developmental Pattern

Hsp22 is expressed in the third larval instar and, at barely detectable levels, in
early pupae (Mason et al. 1984).

Promoter

A 209-bp segment upstream of the transcription initiation site (to position
—458) includes three hse's, and is necessary for full developmental and
heat-inducible expression, as was demonstrated by study of 5' deletions
(Klemenz and Gehring 1986). These studies also suggest that the segment
between —443 and —383 is involved with hormonal induction. The first
26 bp of the leader seem to be important for transcription and for the
preferential translation of Hsp22 mRNA at high temperature (Hultmark et al.
1986).

Hsp23

Gene Organization and Expression

Open reading frame, 186 amino acids; expected mRNA length, 874 bases.
Primer extension and S1 mapping were used to define the 5' end. S1 mapping
was used to define the 3' end. There are no introns (Hsp23 Sequence) (Holmgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).

Developmental Pattern

Hsp23 is expressed in late third instar larvae as well as in early pupae, when
it is the Hsp gene that is most abundantly transcribed. Hsp23 transcript
reappears transiently in newly eclosed adults (Mason et al. 1984; Ayme and
Tissieres 1985).

Promoter

Deletion analysis of the promoter region suggests that heat inducibility is
controlled by a segment of the promoter region between — 260 and — 729. This
segment includes five of the six hse's that occur within the promoter (Pauli et
al. 1986). A segment between —250 and —490 is responsible for ecdysterone
induction (Mestril et al. 1986).
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Hsp26

Gene Organization and Expression

Open reading frame, 208 amino acids; expected mRNA length, 949 bases.
Primer extension and S1 mapping were used to define the 5' end. S1 mapping
was used to define the 3' end. There are no introns (Hsp26 Sequence) (Holmgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).

Developmental Pattern

In addition to being expressed in late third instar and early pupae, this gene is
active in ovarian nurse cells in egg chambers at stages 7-10; the transcripts are
transferred to the oocyte where they persist until the blastoderm stage of
embryogenesis (Zimmerman et al. 1983; Mason et al. 1984). Hsp26 promoter
expression in several other tissues, including spermatocytes was detected using
lacZ as a reporter gene (Glaser et al. 1986).

Promoter

The effects of partial promoter deletions on Hsp26 gene expression, as well as
the localization of DNA-binding proteins suggest that hsel-2 and hse6 (Hsp26
Sequence) are the cis-acting sequences responsible for heat-inducible expression
of Hsp26 (Cohen and Meselson 1985; Pauli et al. 1986; Simon and Lis 1987;
Thomas and Elgin 1988). Nuclease protection studies identified (1) a constitu-
tive footprint overlapping the TATA box and a fixed-position nucleosome
between hsel-2 and hse6 (Thomas and Elgin 1988) and (2) a footprint produced
by the GAGA-binding factor that extends from —312 to —264 (Gilmour et al.
1989).

Further upstream, from —704 to —534 there occurs a cis-acting region
necessary for ovarian expression. All of the necessary information for ovarian,
larval, pupal and heat shock expression is contained within the segment —910
to —169 (Cohen and Meselson 1985). Within that segment, two copies of the
ovary-specific regulatory sequence ( — 704 to —534) are required to stimulate
transcription of a basal-promoter/reporter-gene. Stimulation is very specific to
the nurse cells and oocytes in egg chambers from stage 6 onwards. Footprinting
experiments with ovarian nuclear proteins identified two binding sites in this
171-bp fragment (onfla and onf2a in the Hsp26 Sequence). Integrity of these
sites is required for maintenance of the regulatory activity of the 171-bp

Hsp23 SEQUENCE (opposite). From -613 to 995: strain, Oregon R. Accession, J01100
(DROHSP673) with additions from Pauli et al. (1986) (see also V00210, DROHS09).
From 996 to 1461, strain, Canton S, Hoffman and Corces (1986). Dashes underline
bases that match the consensus hse sequence.
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Hsp26 SEQUENCE. Strain, Oregon R. The segment —672/1,398 is from GenBank:
Accession, J01099 (DROHSP672), as modifed by Thomas and Elgin (1988) (see also
X03890, DROHSP26G). The segment -942/-S39 is from HspG1 Sequence. The
segment — 838/ —673 was kindly supplied by R. S. Cohen. Dashes underline bases
that match the consensus hse sequence. fT is the footprint associated with the TATA
box; fl-2 and f6 are footprints associated with hse's. The onfs are ovarian-nuclear-
factor binding sites. The polyadenylation sites of HspGl are indicated.

fragment. Second copies of these binding sites occur at —798 (onflb) and —474
(onf2b). The nuclear factors that bind to onfl and onf2 are ovary-specific
(Frank et al. 1992).

Hsp27

Gene Organization and Expression

Open reading frame, 213 amino acids; expected mRNA length, approximately
1 kb. Primer extension and S1 mapping were used to define the 5' end. The 3'
end has not been defined. There are no introns (Hsp27 Sequence) (Holmgren
et al. 1981; Ingolia and Craig 1981, 1982; Southgate et al. 1983).
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Developmental Pattern

The pattern of expression during late third instar, early pupal stages and
oogenesis is similar to that of Hsp26 (Zimmerman et al. 1983; Mason et al.
1984).

Promoter

Studies of 5' deletions established that the 579 bp upstream of the transcription
initiation site (to position —696) are sufficient for full response to induction
by ecdysterone (late third instar expression) or heat. The effect of the two
treatments is mediated by two independent regions of the promoter: the
hormonal-response segment extends from —696 to —572, and the heat-
induction segment from positions — 486 to — 345. This latter segment includes
five hse's in two clusters (Riddihough and Pelham 1986; slightly different results
were reported by Hoffman and Corces 1986). The positions of the hormonal
and heat-inducible regulatory regions are well correlated with DNase hyper-
sensitive sites (Costlow and Lis 1984).

HspG1

Gene Organization and Expression

Open reading frame, 238 amino acids; from the major 5' end (at —92), the
expected mRNA lengths are 1,423 and l,904bp, in agreement with bands of
1.6 and 1.9 kb seen in gels (the 1.9 kb band is the stronger). Primer extension
and S1 mapping were used to define the 5' ends. S1 mapping and cDNA
sequences were used to define the 3' ends. There are no introns (HspG1
Sequence) (Ayme and Tissieres 1985; Vazquez 1991).

Developmental Pattern

HspG1 is expressed in late third instar larvae, in white pupae and in freshly
eclosed adults (Ayme and Tissieres 1985). Heat shock causes a weak response
in embryos and adults but a 10-100 times stronger response in pupae. This
developmental response seems to be hormonally controlled, because cells in
culture respond much more strongly to heat shock if ecdysterone is present
(Vazquez 1991).

Hsp27 SEQUENCE (opposite). Strain, Oregon R. Accession, J01101 (DROHSP674) as
modified by Riddihough and Pelham (1986). This sequence follows immediately after
position 1,461 in the Hsp23 Sequence (Hoffman and Corces 1986). Dashes underline
bases that match the consensus hse sequence.
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HspG1 SEQUENCE. Strain, Oregon R. The segment -1,196/1,400 is from GenBank:
Accession, M26267 (DROHSP1). Downstream of the Pst I site, the sequence continues
in the Hsp26 Sequence. Several changes were introduced between 1,311 and 1,400
following R. S. Cohen (personal communication). The binding sites of Hsp26 ovarian
nuclear factors are indicated. Dashes underline bases that match the consensus hse
sequence.

HspG2

Gene Organization and Expression

Open reading frame, 111 amino acids; expected mRNA length, 465-622 bases
depending on which of the multiple polyadenylation sites and promoters are
used, or approximately 2 kb when a polycistronic mRNA is made in response
to heat shock. The corresponding RNA bands are observed in northern blots.
Two transcription initiation sites were defined by primer extension analysis and



184 AN ATLAS OF DROSOPHILA GENES

HspG2

HspG2 SEQUENCE. Strain, Oregon R. Accession, X07311 (DROHGSG2). In the first
line, double underlining marks the inverse complement of the TATA box of HspG3.
The sequence ends in the HindiI11 site located at —650 in the Hsp22 Sequence.
Dashes underline bases that match the consensus hse sequence. hse3 and hse4 are the
same segments labeled hse2 and hsel, respectively, in HspG3. The x-mark under the
TATA box marks a nucleotide that also belongs to hsel-2 (two partly overlapping hse's).

HspG3 SEQUENCE (opposite). Strain, Schneider cell line 3. Accession, X06542
(DROHSPG3). The inverse complement of the HspG2 distal TATA box is at
— 370/ —365. Dashes underline bases that match the consensus hse sequence; hsel
and hse2 correspond to hse4 and hse3, respectively, of HspG2.
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cDNA sequences. Sequencing of multiple cDNA clones suggested three different
3' termini; at least one of which may be an artifact of cDNA cloning resulting
from the presence of a stretch of As. Transcripts from the distal promoter have
an intron between —135 and —64, and transcripts from both promoters have
introns within the Leu-41 and Asn-94 codons (HspG2 Sequence) (Pauli et al.
1988).

Developmental Pattern

The distal transcript is testes specific; it appears first in early pupae and persists
in adult males. The proximal transcript appears first in 7-h embryos, reaches a
maximum at 10-12 h and persists through the second larval stage. It drops to
very low levels in third instar larvae and adults, but rises to a second
pronounced peak in early pupae.

Heat shock induces transcription from the proximal promoter but normal
termination fails so that the HspG2 heat-shock transcripts extend to the next
polyadenylation site, that of Hsp22 (Hsp22 Sequence and Fig. 17.2). However,
the amount of Hsp22 transcript in the 2 kb RNA is a small fraction of that
derived from the Hsp22 promoter. Whether or not the polycistronic nature of
this mRNA is functionally significant is not known. The two introns are
properly excised. Of the genes in the cluster, HspG2 is the least responsive to
heat shock (Pauli et al. 1988).

Promoter

There are 430 bp between the divergent, heat-inducible, transcription initiation
sites of HspG2 and HspG3, and there are four putative hse's in that region.
Whether some hse's are allocated to one gene and some to the other or whether
they are shared is not known.

HspG3

Gene Organization and Expression

Open reading frame, 169 amino acids; expected mRNA length, 979 bases, in
agreement with the observed 1.0kb major RNA. Upon induction, two minor
RNA bands (1-2% of the major band) are also detectable; they are 1.6 kb and
2.3 kb long and appear to result from downstream extension of the major RNA.
The site of transcription initiation was determined by primer extension, S1
mapping and the sequence of a cDNA clone. The polyadenylation site was
obtained from the sequence of a cDNA clone. There are no introns (HspG3
Sequence) (Pauli and Tonka 1987).
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Developmental Pattern

During embryogenesis, the expression of HspG3 is first detectable at 7-8 h and
reaches a peak at 10-12 h. No mesage is detectable through most of the larval
period, but it reappears in the late third instar and peaks in early pupae. HspG3
responds strongly to heat shock (Pauli and Tonka 1987).
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The Hsp70 Gene Family: Hsp70A7d,
Hsp70A7p, Hsp70Cldl, Hsp70Cld2,

Hsp70Clp

Chromosomal Location:
Hsp70A7d,Hsp70A7p
Hsp70Cldl/2, H s p 7 0 C l p

3R, 87A7
3R, 87C1

Map Position:
3-[51]
3-[51]

Products

Heat-shock proteins of 70 kD, HSP70s, the most abundant type of heat-shock
proteins.

Structure

The sequence of Drosophila HSP70s is 70-80% identical to heat-shock proteins
of groups as distant as vertebrates and vascular plants (Fig. 18.1), and some of
the properties discussed below are from studies in other organisms. The different
members of the Drosophila HSP70 family are no less than 97% identical. Two
distinct regions have been identified in these proteins. The more highly
conserved region is near the N-terminus; it contains an ATP-binding site and
has weak ATPase activity. The other region, closer to the C-terminus, is more
variable, and it has sites important for nucleolar localization. It has been
suggested that a hydrophobic pocket on the protein surface is the site of HSP70
binding to hydrophobic residues of partly denatured proteins (Lindquist and
Craig 1988; Schlesinger 1990 and references therein).

Function

Organisms subjected to mildly elevated temperatures become more tolerant of
subsequent high-temperature exposure. It has been suggested that HSP70 may
be capable of preventing the denaturation of cellular proteins; and, with the
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FIG. 18.1. Comparison of HSP70s from Drosophila, the pig (Accession, M69100) and Petunia (Accession,
X13301). The CON(sensus) line indicates positions at which all four sequences agree. Where there is no such
agreement, the residue occupying that position in each sequence is indicated. There is 89% overall identity
between Hsp70A7 and the porcine sequence. Sequences aligned with the GCG Pileup program.
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expenditure of ATP, it may be involved in the renaturation of denatured
proteins and the dissociation of abnormal protein complexes. HSP70 is related
to other non-heat-shock proteins known as "molecular chaperones". Molecular
chaperones are involved in the translocation of proteins across membranes and
also seem to have a role in controlling denaturation and renaturation of proteins
(Schlesinger 1990; Gething and Sambrook 1992).

Tissue Distribution

HSP70 is present at low levels in untreated flies. During heat stress, Hsp70
transcription increases, and HSP70 becomes prominent in the nucleus and the
nucleolus where it forms insoluble complexes. After return to normal tempera-
tures, HSP70 levels remain high for some time, but the protein returns to the
cytoplasm (Velazquez and Lindquist 1984; Schlesinger 1990).

Organization and Expression of the Clusters

The two Hsp70 genes at 87A7 are separated by a 1.6kb spacer, and they are
divergently transcribed. At 87C1, a centromere proximal gene, Hsp70C1p, is
separated from two centromere-distal genes, Hsp70C1d1 and Hsp70C1d2, by
40 kb of DNA. The distal genes are tandemly transcribed toward the telomere
while the proximal gene is transcribed in the opposite direction. None of the
Hsp70 genes have introns (Fig. 18.2).

A large portion of the spacer between the proximal and distal copies at
87C1 is made up of simple sequences designated alpha, beta and gamma; these
are arranged in various repeat patterns. The gamma element includes a copy of
the Hsp70 regulatory region and, in response to heat shock, it promotes
transcription of the spacer sequences. As far as is known, the spacer transcripts
have no coding capacity and area non-functional (Ish-Horowicz and Pinchin
1980; Hackett and Lis 1981).

FIG. 18.2. Organization of the Hsp70 clusters. (A) Cluster at 87A7. (B) Cluster at 87C1.
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In D. simulans and D. mauritiana, there are only four Hsp70 genes; that is,
two divergently transcribed genes occur at each of two loci corresponding to
87C1 and 87A7. Thus, it appears that duplication of the distal gene at 87C1
and multiplication of the simple spacer sequences are recent events unique
to D. melanogaster (Leigh-Brown and Ish-Horowicz 1981; see reviews in
Schlesinger et al. 1982).

All copies of Hsp70 are very similar, especially in the coding and 5' regions.
In a segment that extends from —610 to 1 (the first codon), the various genes
present the following frequencies of base substitution, addition, or deletion
relative to Hsp70C1d1: Hsp70C1d2, 0.5%; Hsp70Clp, 1.4%; Hsp70A7d, 6.5%.
In contrast, at the 3' end of the genes, Hsp70C1d1 is much more similar to
Hsp70Clp than to Hsp70Cld2. Within the segment -610/1 Hsp70A7d and
Hsp70A7p differ by 3%, but further upstream the two sequences appear
unrelated. Because sequence similarities and repeats occur in blocks having no
apparent functional significance, it has been suggested that much of the
sequence conservation of the Hsp70 genes may be due to intergenic corrections
rather than negative selection against deleterious mutations (Torok et al. 1982).

Developmental Pattern and Promoter

Transcription of the Hsp70 genes in Drosophila occurs only in response to heat
and other stressful conditions usually associated with protein denaturation; i.e.,
no developmentally related expression occurs (Mason et al. 1984).

Most studies of transcription regulation were carried out with Hsp70A7
promoter sequences. However, given the great deal of sequence conservation
in the promoter regions, the available information about transcriptional
regulation probably applies equally to all Hsp70 genes. As is true for other Hsp
genes, the heat-shock response seems controlled by the heat-shock element (hse)
consensus sequence CTNGAANNTTCNAG that must be present in at least
two adjacent copies (Pelham 1985; Bienz and Pelham 1987).

Germline transformations involving 5' deletions demonstrated that the
97 bp upstream of the transcription initiation site (to coordinate —348), a
segment that includes hsel and hse2 (Hsp70 Sequences), are sufficient for
normal levels of heat-induced transcription (an approximately 100-fold increase
as compared to the uninduced state) (Dudler and Travers 1984). Thus, these
two hse's seem to be the main functional regulatory elements. Repositioning a
51-bp segment that includes the two hse's at various distances from the TATA
box does not affect expression very much (Simon and Lis 1987). This flexibility
contrasts with the sequence conservation noted earlier.

More detailed studies involving in vitro mutagenesis, germline transforma-
tion, and in vitro binding assays led to a reassessment of the sequence elements
responsible for heat induction. The conclusion from those studies is that hse's
possess alternating repeats of the 5-bp unit NGAAN and its reverse comple-
ment, NTTCN. There are three or four such units in the hse's of the Hsp70
genes (Xiao and Lis 1988; Perisic et al. 1989).

Transcription is activated by a heat-shock transcription factor (HSF). HSF
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(continued)
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Hsp70 SEQUENCES. Accession, J01104, J01105 (DROHSP7D1) and JO 1103
(DROHSP7A2). The numbered line shows the sequence of Hsp70C1d1; where the
sequence of Hsp70A7d differs, the changed bases are indicated above and the amino
acid substitutions below the Hsp70C1d1 sequence. Dashes represent gaps in one
sequence relative to the other. Asterisks below the sequence mark positions that
match the hse consensus.
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has an apparent Mr of 110kD and binds with high affinity (dissociation
constant, 4 x 10 -12) to two contiguous segments designated fl and f2 in
the Hsp70 Sequences; these binding sites extend from —315 to —290 and from
— 340 to —315, respectively (between 40 and 90 bp upstream of the transcrip-
tion initiation site). Two additional binding sites occur farther upstream, at
_440 to -415 (f3) and at -510 to -485 (f4). The binding of HSF to these
secondary sites has a minor effect on in vitro transcription; it is not clear what
their in vivo role might be. All the binding sites overlap hse's (Wu et al. 1987;
Topol et al. 1985).

HSF seems to preexist as an unbound monomer in all cells. In response to
heat, it is reversibly changed to the active form capable of specific DNA binding;
that change includes the formation of oligomers (Westwood et al. 1991). Heat
treatments as short as 30 s are sufficient to induce detectable binding of HSF
to Hsp70 promoter fragments (Zimarino and Wu 1987). Binding of HSF to hse
is highly cooperative, and the cooperativity is itself temperature-dependent
(Xiao et al. 1991).

At normal temperatures, RNA polymerase II binds to the region around
the transcription initiation site of Hsp70 (coordinates —186 to —263), and
transcription is initiated but blocked. It is only after heat shock, and presumably
after binding of HSF, that the transcription block is released and RNA
polymerase II becomes detectable along the whole length of the gene (Gilmour
and Lis 1985, 1986; Rougvie and Lis 1988).

Another factor, a 66 kD protein, seems to associate with the segments of
alternating CT (or GA) sequence found between positions —415 and —360
and between —325 and —319. This same protein, the GAGA, factor binds
sequences upstream of the histone genes His3 and His4, the heat shock gene
Hsp26 and Ultrabithorax (Gilmour et al. 1989).

Hsp70 mRNA is very stable and efficiently translated at 36°, but has a
half-life of only minutes at 25°. This insures that when Drosophila flies or cells
are returned to 25° after a heat shock, HSP70s cease to be synthesized. AU-rich
sequences in the 3' untranslated region of the mRNA are responsible for the
specificity of temperature-dependent degradation of Hsp70 mRNA (Petersen
and Lindquist 1989).

Hsp70A7d
(Distal gene at 87A7)

Gene Organization and Expression

Open reading frame, 643 amino acids, expected mRNA length, 2,389 bases.
Primer extension and S1 mapping were used to define the 5' end. The 3' end
was obtained by S1 mapping (Hsp70 Sequences) (Karch et al. 1981; Torok and
Karch 1980; Torok et al. 1982).

The transcription initiation site of Hsp70A7p (the proximal gene at 87A7)
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is approximately 1,630 bp upstream of the Hsp70A7d transcription initiation
site. Only a few hundred bp at the 5' and 3' ends of Hsp70A7p have been
sequenced. Assuming conservation of the intervening coding region, the segment
of sequence similarity between Hsp70A7d and Hsp70A7p extends approxi-
mately from coordinates —600 to 2,130 (Hsp70 Sequences and Fig. 18.1).
This would leave, between the inverted repeats, a spacer of approximately
940 bp made up largely of blocks of simple sequence DNA (Mason et al. 1982).
The two genes do not seem to share regulatory elements, i.e., each has its own
ds-acting hse's.

Hsp70C1d1
(first distal gene at 87C1)

Gene Organization and Expression

Open reading frame, 641 amino acids; expected mRNA length, ca. 2,360
bases. Primer extension and S1 mapping were used to define the 5' end.
The 3' end was not denned ( H s p 7 0 Sequences) (Ingolia et al. 1980; Karch
et al. 1981).

The repeat containing Hsp70C1d2 (the second distal gene at 87C1) begins
576 bp downstream of the Hsp70C1d1 termination codon (ca. coordinate 2510).
The two genes are part of a tandem duplication of approximatey 2,900 bp from
coordinates —820 to 2,080 of Hsp70C1d1. Such alignment leaves a spacer of
approximately 430 bp between the repeats (from 2,080 to 2,510) (Hsp70
Sequences and Fig. 18.2); it is not clear whether this spacer originated at the
time of the duplication or whether it arose by sequence divergence at one or
both ends of the repeat. Hsp70Cld2 has been only partially sequenced but it
appears very similar to Hsp70C1d1. The most extensive sequence divergence
occurs within the last 100 bp at the 3' end, especially around the polyadenyla-
tion signals (Torok et al. 1982).

The region of sequence similarity between Hsp70Cldl and Hsp70C1p (for
which only the 5' and 3' end-sequences are available) starts near coordinate
— 600 and extends to coordinate 2,540. The overlap of Hsp70A7 with Hsp70C1p
sequences extends from — 600 to 1,940.

Related Genes

Hsp68 at chromosomal location 95 D is a heat-shock gene related to the Hsp70
family. Hybridization data indicate that Hsp68 and Hsp70 are 75-85% identical.

Seven other genes identified by cross-hybridization are the heat shock
cognate genes, Hsc1-Hsc7. They are expressed very strongly during develop-
ment but are not heat-inducible or clustered (Lindquist and Craig 1988).
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janus: janA, janB

Chromosomal Location: Map Position:
3R, 99D4-8 3-[101]

Products

The properties and functions of janus products are unknown. Allowing for nine
gaps, there is 37% sequence identity between JANA and JANB.

Organization of the janus Cluster

janus is a small but complex locus that includes two partly overlapping
transcription units: janA is upstream and its 3' untranslated region contains
the transcription initiation site of janB (jan Sequences and The Serendipity
Gene Cluster Fig. 28.1) genes probably originated by duplication, judging from
their sequence similarities and the comparable positions of two of the three
introns in each gene (Yanicostas et al. 1989).

janA

Gene Organization and Expression

The structure of all the transcription products is not yet clear; a final description
will be possible only after more cDNA sequences become available. There are
two initiation sites, 18 bp apart, two polyadenylation sites, 5 bp apart, and a
facultatively spliced intron that spans part of the leader and part of the coding
region. The open reading frames are 119 and 135 amino acids long, and the
expected mRNA length is between 638 and 731 bases depending on which 5'
and 3' ends occur and whether or not the leader intron is spliced. These sizes
are in agreement with a 0.8 kb band observed in RNA gels (but see below).
Primer extension and a cDNA sequence were used to define the upstream 5'
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jan SEQUENCES. Strain, Canton S. Accession, M27033. The TATA box and
transcription initiation site of Sry are indicated (near — 200).

end; and primer extension was used to define the downstream 5' end. The 3'
ends were obtained from two cDNA sequences. There is a leader intron starting
at —41, with an acceptor site at +29. One cDNA in which this intron wa
spliced out, and one in which it was not, were sequenced. If this intron is spliced
out, translation might start with Met-17 at +49. There are also introns in the
Ala-64 and after the Gln-105 codons (jan Sequences) (Yanicostas et al. 1989).

Developmental Pattern

The 0.8 kb janA transcript is present at all developmental stages in both sexes;
it is particularly high in 0-12 h embryos and in the ovaries of adult females. In
addition, there is a 0.95 kb transcript that differs from the 0.8 kb transcript only
in the length of its poly(A) tail. The 0.95 kb transcript is sex-specific, occurring
only in males from the third larval instar onward; the highest levels are in the
adult male, where it is found in the gonads (Yanicostas et al. 1989).

Promoter

The gene Sry is upstream of janA and transcribed in the opposite direction
(see Sry, Fig. 28.1). Less than 100 bp separate the putative TATA boxes of Sry
and janA; and since they are both expressed at high level in ovaries, it is likely
that the two genes share regulatory sequences (Yanicostas et al. 1989).

janB

Gene Organization and Expression

Open reading frame, 140 amino acids; expected mRNA length, 579 bases.
Primer extension, S1 mapping and a cDNA sequence defined the 5' end. The
3' end was obtained from S1 mapping and a cDNA sequence. There are introns
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in the G1n-18 and Leu-70 codons and after the Arg-111 codon (jan Sequences)
(Yanicostas et al. 1989).

Developmental Pattern

janB transcripts are present only in males from the third larval through the
adult stages; the highest levels occur in adults. Expression appears to be
restricted to the gonads. The leader region of janB has striking sequence
similarity with the leader element of mst(3)gl-9, a gene that is thought to
mediate spermatid-specific translation (Yanicostas et al. 1989).

Promoter

Accurate and tissue-specific transcription requires no more than 175 bp up-
stream of the transcription initiation site of janB (Yanicostas et al. 1989;
Yanicostas and Lepesant 1990). When there is active transcription of jan A,
there is a reduced accumulation of RNA from the janB transcription initiation
site; this is probably a case of transcription interference similar to that observed
in Adh (Yanicostas and Lepesant 1990).
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knirps and Related Genes: kni, knrl, egon

Chromosomal Location:
kni
knrl
egon

3L, 77E1-2
3L, 77E1-2
3L, 79B

Map Position:
3-[46]
3-[46]
3-C47]

Products

DNA-binding regulatory proteins of the steroid/thyroid hormone receptor
superfamily that includes receptors for vitamin D and retinoic acid in
vertebrates.

Structure

Throughout this superfamily of proteins, the region extending from Cys-5 to
Arg-81 is conserved, with 20 amino acids being identical in all of the related
proteins and 40 others common to several of them (kni Sequence). In the
km-group proteins, as in other proteins in the superfamily, the conserved region
is divided into two putative finger domains: one with four Cys (C4) and one
with five (C5) (Evans 1988; Evans and Hollenberg 1988; Nauber et al. 1988;
Harrison 1991). The three proteins encoded by the kni-group genes are more
than 80% identical in the finger regions and identical for a group of 19 amino
acids adjacent to the fingers (KNI box), but they are completely divergent in
other regions, kni and knrl have several segments of short repeats (Fig. 20.1)
(Rothe et al. 1989).

It should be noted that the classification of KNI-group proteins with the
hormone receptor superfamily is based on similarities in the DNA-binding
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kni SEQUENCE. Accession, X14153 (DROKNR1). krl and kr2 are two KR binding
sites. An exclamation sign at — 1,003 marks the 5' end of a cDNA. Dashes under the
amino-acid sequence mark conserved positions in the C4/C5 finger regions, and
asterisks, the relevant Cys residues.

regions only; the C-terminal regions of KNI-type proteins bear no resemblance
to the C-terminal regions of the mammalian receptors to which hormones bind.
Further, there is no evidence that function of the KNI-type proteins in
Drosophila requires the presence of a ligand, as is the case for the steroid/thyroid
hormone receptors.
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kni

Product

Functions

KNI plays an important role in the early stages of embryonic pattern
determination in the posterior region of the embryo. The consensus binding
site of KNI is AA/TCTAA/GATC (Hoch et al. 1992).

1. KNI is one of the regulators of the embryonic "zebra" pattern of
expression of the pair-rule gene hairy (h): two of the functions of KNI appear
to be the activation of stripe 6 of h and the repression of anterior expansion
of stripe 7. Strong binding of KNI to the h promoter in the stripe-7 regulatory
element and weak binding to that of stripe 6, has been observed (Pankratz et
al. 1990).

2. KNI has a binding site in cdl, a ds-acting regulatory region of Kr. This
binding site partly overlaps a bicoid protein (BCD) binding site and the two
regulatory proteins compete for binding: excess KNI prevents BCD from
activating Kr (Hoch et al. 1992).

Tissue Distribution

At blastoderm stage, the KNI protein is localized in a band that extends
approximately between 43% and 27% egg length (Appendix, Fig. A.2).

Mutant Phenotypes

This is one of the gap genes. In embryos homozygous for a null allele, abdominal
segments A1-A7 are fused and replaced by a single segment with a broad band
of ventral denticles (embryonic lethal) (Niisslein-Volhard and Wieschaus 1980;
Ingham 1988).

Gene Organization and Expression

Open reading frame, 429 amino acids; expected mRNA length, ca. 2,068 bases.
A cDNA sequence provides the only information on the 5' and 3' ends. There
are two introns at — 732/0 and after the Lys-26 codon. These parameters agree
with an RNA of 2.2 kb detected in northerns. A second RNA of 2.5 kb has been
reported; it is not clear if this is generated by alternative splicing or by
alternative initiation or termination, kni is transcribed toward the telomere (kni
Sequence) (Nauber et al. 1988).

Developmental Pattern

Accumulation of kni RNA is first evident in 2-4 h embryos and reaches a
maximum by 4-6 h. After 8 h the RNA level is very low and it becomes





FIG. 20.1. Alignment of the KNI-related polypeptides by the GCG program Pileup. Asterisks mark
Cys in the C4/C5 finger domains. The KNI box is underlined. The CON(sensus) sequence identifies
residues identical in the three sequences.
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undetectectable in larval stages. The 2.2 kb transcript is present transiently
during the blastoderm stage while the 2.5 kb transcript predominates in the
later stages (Nauber et al. 1988). RNA is first detectable, by in situ hybridization,
after the 11th round of embryonic nuclear division when it appears in a broad
band centered at 40-35% egg length (Appendix, Figs A.I A.3). Soon thereafter,
RNA appears at the anterior tip; and, still later, during blastoderm cellulariza-
tion, a third zone of expression becomes evident as a narrow stripe at 75-70%
egg length. Expression in the posterior domain diminishes during gastrulation
and eventually ceases altogether. In the anterior tip, on the other hand,
expression persists through gastrulation when it exhibits a complex pattern. In
yet older embryos, kni transcription is limited to distinct areas of the epidermis
and gut (Rotheet al. 1989).

Promoter

The expression of kni is stimulated by the Kruppel protein (KR) either directly
or indirectly, and there are two KR binding sites between —2,300 and —2,400
(Pankratz et al. 1989; Capovilla et al. 1992). Anteriorly, transcription of kni
seems mainly regulated by the product of hunchback (HB) (and perhaps the
product of bicoid), being repressed at intermediate and high concentrations,
and stimulated at low concentrations. Similarly, kni is repressed by the tailless
product (TLL) which is present at the posterior end of the embryo. It is
proposed that these interactions explain the expression of kni in a broad band
immediately posterior to the band of Kr expression in the mid-section of the
embryo (Appendix, Figs A.2 and A.4) (Hiilskamp et al. 1990).

A 4.4 kb fragment upstream of the transcription initiation site is sufficient
for normal kni expression. Deletion mapping of this DNA segment indicates
the presence of several sub-regions in whose absence kni expression in embryos
expands either anteriorly or posteriorly. The presence of HB and TLL binding
sites in those sub-regions led to the suggestion that kni expression is activated
throughout the embryo and that the broad band of kni transcription in the
posterior half of the embryo is achieved through repression by HB (anteriorly)
and TLL (posteriorly) (Pankratz et al. 1992).

knrl
(knirps-related)

Product

Unknown. No mutations are known in this gene (Fig. 20.1).

Gene Organization and Expression

Open reading frame, 647 amino acids. One cDNA of 3,505 bases was sequenced;
a single band of 3.8 kb is detected by northern analysis. That cDNA
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sequence provides the only information on the 5' and 3' ends (Oro et al.
1988).

Developmental Pattern

A low level of maternal knrl RNA is uniformly distributed throughout
pre-blastoderm embryos. After the 12th nuclear division a posterior band forms
as is also the case for kni RNA; and afterwards expression of the two genes is
almost the same. However, knrl transcription never ceases altogether; a low
level of expression is maintained in all stages (Oro et al. 1988; Rothe et al. 1989).

egon
(embryonic gonad)

Product

Unknown. No mutations are known in this gene (Fig. 20.1).

Gene Organization and Expression

Open reading frame, 373 amino acids. There is one intron after Lys-26.

Developmental Pattern

Transcripts are restricted to late embryogenesis and they are 10-fold less
abundant than for kni or knrl. After germ band shortening, transcripts appear
only in the gonadal primordia that form in abdominal segment 5, as demon-
strated by in situ hybridizations (Rothe et al. 1989).
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Kriippel: Kr

Chromosomal Location: Map Position:
2R, 60F3 2-107.6

Product

DNA-binding regulatory protein of the Zn-finger type that plays a central role
in the early stages of embryonic pattern determination in the mid-section of
the embryo.

Structure

The protein sequence can be divided into three regions. Two of the regions, the
amino-terminal and carboxy-terminal segments (221 and 108 amino acids,
respectively) are >30% Ala, Ser, and Pro. The third region, at the middle of
the protein, is made up of four and a half repeats of a 28-amino-acid segment;
these segments have the characteristics of C2H2 Zn-fingers. A potential
glycosylation site is found near the C-terminus. Short segments near the
N-terminus show similarities with the hunchback (hb) protein (Rosenberg et al.
1986; Evans and Hollenberg 1988; Harrison 1991).

Function

Distinct DNA-binding and represser domains have been identified in KR. KR
finger domains bind to AANGGGTTAA decamers, sequences that are known
to occur in the promoters of several genes controlled by KR (Pankratz et al.
1989; Stanojevic et al. 1989; Treisman and Desplan 1989). Transcriptional
repression is effected through an Ala-rich region of the protein included in the
segment from amino acids 26-110 (Licht et al. 1990).

KR acts as a represser of the anterior gap gene hb (hb), the pair-rule gene
eve-skipped (eve) (Licht et al. 1990) and probably giant (gt) (Kraut and Levine
1991). In the posterior regions of the embryo, it interacts with the pair-rule
gene hairy (h) and with the gap gene knirps (kni), which it activates, perhaps
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indirectly, by repressing the expression of gt, a represser of kni (Capovilla et
al. 1992). KR-binding sites exist in several of the stripe-specific regulatory
elements in the promoters of eve and h, as well as in the promoters of hb and
kni. These interactions play important roles in the periodic expression of the
primary pair-rule genes eve and h and consequently, in the future segmentation
pattern along the antero-posterior axis of the embryo (Pankratz et al. 1989,
1990; Small et al. 1991; Stanjojevic et al. 1989, 1991; Treisman and Desplan
1989).

KR may be involved in developmental processes other than segmenta-
tion. After gastrulation, the protein can be seen in the nuclei of some
neuroblasts, Malpighian tubule anlagen, amnion serosa and other cells; in some
sites, KR persists until the end of embryogenesis (Gaul et al. 1987).

Tissue Distribution

The Kr protein is localized in nuclei with a pattern of accumulation that agrees
roughly with what would be expected from the regions and stages of embryonic
Kr transcription (see below). The correspondence is not exact, however; the
protein begins to appear 30min later than mRNA, during the 13th nuclear
division, suggesting that there exists a mechanism of post-transcriptional
control. During the blastoderm stage, when metameric determination is taking
place, KR accumulates in a bell-shaped concentration profile. That is, the
protein is detectable between approximately 60 and 33% egg length (Appendix,
Figs A.2 and A.3) with the concentration being maximum in the middle of the
embryo and declining in steep exponential fashion toward each pole (Knipple
et al. 1985; Gaul et al. 1987).

Mutant Phenotypes

This is one of the gap genes. Embryos amorphic for Kr lack the three thoracic
and first five abdominal segments; Kr is an embryonic lethal without maternal
effect (Niisslein-Volhard and Wieschaus 1980; Ingham 1988).

Gene Organization and Expression

Open reading frame, 466 amino acids. Primer extension and cDNA sequencing
were used to define the 5' end. Two cDNAs having different 3' ends (368 bp
apart) were sequenced. Spliced and unspliced RNAs are abundant. Thus it
might be expected that RNAs of several sizes ranging between 1,851 and 2,591
bases would be observed. However, only two bands of approximately 2.5 kb
are detectable; one has an intron, the other does not. The intron is in the Thr-13
codon, and there are several short open reading frames within the intron that
might serve for translational control (Kr Sequence) (Gaul et al. 1987).

When a genomic library was searched extensively with a Kr probe consisting
of only the finger domains, eight cross-hybridizing clones were identified. One
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Kr SEQUENCE. The segment from —267 to 2,483 is from GenBank, Accession, X03414
(DROKR). His and Cys of the Zn-finger repeats are underlined, as is a potential
glycosylation site (Asn-399). The segment from -3,267 to -2,543 (Kr730) is from
Hoch et al. (1992) and is numbered arbitrarily. This regulatory region starts at the
BamH1 site approximately 3 kb upstream of Kr. Symbols under the sequence indicate
various footprints: t11, for TLL; |||bcd for BCD, ///hb for HB (Hoch et al. 1991,
1992) and \\\gt for GT (Capovilla et al. 1992).

of these was characterized in some detail. It was localized to the left arm of
chromosome two in region 26A-B. Sequence analysis identified three finger
domains of the Kr type; greatest similarity was found in the seven amino acids
that separate adjacent fingers (the "H/C-link"; Schuh et al. 1986).

Developmental Pattern

Both Kr transcripts are present primarily in 2-5 h embryos, blastoderm to
gastrula stages (Rosenberg et al. 1986).

Kr transcripts are first detected in syncytial blastoderm embryos, after the
llth nuclear division (Appendix, Fig. A.I). RNA occurs in the peripher
cytoplasm confined to a band 8-10 nuclei wide in the mid-embryo (55-45% egg
length; Appendix, Figs A.2 and A.4). By the cellular blastoderm stage (3.5 h of
development), the level of transcript has greatly increased; the RNA appears in
a band about 12-14 cells wide as well as in the cytoplasm of yolk cells. Durin
this stage, Kr RNA also accumulates in a posterior cap; the cap is 10 cells wide
and does not include the pole cells. Early in gastrulation, a third zone of gene
expression develops in the anterior portion of the embryo; and, as gastrulation
progresses, expression becomes yet more widespread. By the end of germ-band
extension (6 h), Kr RNA occurs throughout the embryo, from the posterior
edge of the cephalic furrow and through the thoracic and abdominal anlagen.
The transcripts then begin to diminish; and, by the beginning of germ-band
shortening (8 h), they reach near background level (Knipple et al. 1985).
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Promoter

An upstream segment of DNA 18-kb long is necessary for normal Kr expression.
Within this region, there are at least seven independent cf's-acting elements that,
alone or in various combinations control Kr expression at each of the ten
identified embryonic sites where Kr product is found.

Two of the cis-acting elements (cdl and cd2), located from 1 to 3 kb
upstream of the transcription initiation site, are primarily responsible for
expression in the central domain of the embryo (Hoch et al. 1990). During the
blastoderm stage, the central region of expression is, at least in part, defined
by the gradients of bicoid (bcd) and hb gene products; Kr transcription appears
to be stimulated by low concentrations and repressed by high concentrations
of those proteins (Hiilskamp et al. 1990). A 400-bp segment in cdl is essential
for expression of a reporter gene in the central region of the embryo. The
cis-acting function of cdl depends on the presence of wild-type alleles of hb
(repressing Kr transcription) and bcd (activating transcription). Clustered in
730 bp of cdl (the Kr730 element) are 10 HB and 6 BCD binding sites (Hoch
et al. 1991). Seven binding sites for the product of til (TLL) are also found in
the Kr730 element. The TLL sites partly overlap BCD binding sites, and there
is competition for occupancy such that the activating function of BCD can only
occur if TLL concentration is low enough. Similar competition occurs between
BCD and the kni product (KNI); but there is only on KNI binding site, so its
effect does not appear to be so significant as TLL's (Kr Sequence) (Hoch et al.
1992).

The repressive action of BCD may be effected directly or through its
activation of gt, which in turn would interact with HB to repress Kr (Kraut
and Levine 1991). The repressive action of gt on Kr, if it occurs, would be
mediated by gt protein binding sites in the regulatory regions cdl (Kr Sequence)
and cd2 (Capovilla et al. 1992).
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The Metallothionein Genes: Mtn, Mto

Chromosomal Location: Map Position:
Mtn 3R, 85E10-15 3-48.8
Mto 3R, 92 3-[68]

Products

Small, Cys-rich cadmium- and copper-binding proteins.

Structure

MTN and MTO share properties with the metallothioneins (MT) of other
invertebrate and vertebrate species: they are small, they lack aromatic amino
acids and Cys residues constitute 25% or more of the protein (Lastowski-Perry
et al. 1985; Mokdad et al. 1987). One striking feature of MTN is the arrangement
of its 10 Cys residues in Cys-X-Cys groups that are distributed almost
identically to the Cys-X-Cys groups in the N-terminal half of mammalian MT
(Lastowski-Perry et al. 1985; Maroni 1990). Otherwise, sequence identity beteen
MTN and MTO, or between either one of the Drosophila MTs and a mam-
malian MT is not extensive, being only 20-25% in all pairwise combinations.

Cu-MTs may be precursors of the copper- and sulfur-rich concretions that
are detectable in the middle mid-gut of larvae fed on Cu+ + -containing food
(Tapp and Hockaday 1977; Maroni et al. 1986b; Lauverjat et al. 1989).

MTO has been purified and partially sequenced (Silar et al. 1990); but MTN
has proven surprisingly intractable in this respect, and purification of the
protein has not been achieved (Silar et al. 1990; G. Maroni, unpublished
observations).

Function

MTs are involved in metal tolerance as evidenced by the fact that flies with
duplications for Mtn have increased tolerance to Cu + + and Cd+ + in the
medium. Such duplication-carrying flies have been obtained from many natural
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populations where it is thought that elevated Cu+ + level has acted as a selective
agent (Otto et al. 1986; Maroni et al. 1987; Theodore et al. 1991). Also, cells
in culture that had been selected for increased tolerance to Cd+ + showed higher
levels of MT (probably MTO) accumulation (Debec et al. 1985; Mokdad et al.
1987). Whether these proteins also serve a role in metal homeostasis is not
known; null mutations are not available.

Tissue Distribution

Synthesis of MT is stimulated by the presence of Cd+ + or Cu+ + in the food
and the proteins accumulate primarily in the midgut of individuals so treated
(Maroni and Watson 1985).

Mtn

Gene Organization and Expression

Open reading frame, 40 amino acids. There are two common alleles: Mtn'3,
thought to be closer to the ancestral allele, is expected to make an mRNA 387
bases long; Mtn1 has lost 49 bases of the 3' untranslated region (Mtn Sequence)
and is expected to make an mRNA 338 bases long. These estimates are in
agreement with RNA bands of 0.4 and 0.5 kb detected by northern analysis.
Primer extension and cDNA sequencing were used to define the 5' end. The 3'
end was obtained from a cDNA sequence that included a poly(A) tail. There
is an intron in the Gly-8 codon (Mtn Sequence) (Lastowski-Perry et al. 1985;
Maroni et al. 1986a; Theodore et al. 1991).

Duplications occur in natural populations and in laboratory strains; they
always involve the Mtn1 allele. The two copies are in direct tandem repeats at
a distance of 1-5 kb of each other (Otto et al. 1986; Maroni et al. 1987; Lange
et al. 1990).

Flies carrying the allele Mtn'3, an allele that is present primarily in African
populations, accumulate approximately 30% as much mRNA as those carrying
Mtn1; the extra 49 bases in the 3' untranslated region of Mtn'3 may increase
its mRNA turnover rate (Theodore et al. 1991).

Developmental Pattern

Cadmium, copper, mercury, silver and zinc induce transcription of Mtn in
larval and adult mid-guts, zinc being the least effective of these metals.
Treatment with high metal concentrations leads to expression in the fat bodies
and other tissues as well. Mtn RNA is not detectable early in embryogenesis,
but it is clearly present, even in the absence of a metal supplement, in 18-24 h
embryos, larvae, and adults (Lastowski-Perry et al. 1985; Silar et al. 1990).



224 AN ATLAS OF DROSOPHILA GENES

Mtn SEQUENCE. Accession, M12964 (DROMETG). The numbered lines represent the
sequence of the Mtn1 allele, above it are the four base substitutions and the extra 49
bases present in the allele Mtn .3 . Between positions —250 and —170, the 8-bp cores
of putative metal regulatory elements are underlined.
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Mto SEQUENCE. Strain, Oregon R. Accession, X52098 (DROMTOG). Between
positions —300 and —140, the 8-bp cores of putative metal regulatory elements are
underlined.
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Promoter

A fragment that extends from 373 bp upstream to 54 bp downstream of the
transcription initiation site is sufficient for apparently full metal response and
for control of the expression of reporter genes. The addition of 3,500 bp farther
upstream does not seem to increase the metal-induced response. Within the
373-bp segment that precedes the transcription initiation site, there are several
copies of a 12-bp sequence that is related to the mammalian metal regulatory
element (Mtn Sequence). The Drosophila Mtn promoter is capable of supporting
metal-regulated expression of a reporter gene transfected into baby hamster
kidney cells (Maroni et al. 1986a; Otto et al. 1987).

Mto

Gene Organization and Expression

Open reading frame, 43 amino acids; expected mRNA length, 376 bases, in
agreement with RNA detected in northern blots. Primer extension was used to
define the 5' end. The 3' end was obtained from a cDNA sequence that included
a poly(A) tail. There is an intron in the Asn-9 codon (Mto Sequence) (Mokdad
et al. 1987; Silar et al. 1990).

Developmental Pattern

Cadmium, copper, zinc, mercury and silver induce transcription of Mto in larvae
and adults, zinc being the least effective inducer (Silar et al. 1990). RNA
accumulations reach levels that are only 30-50% of the levels reached by Mtn
when the same metals are used (G. Maroni and J. E. Young, unpublished
observations). During embryonic and larval development, in the absence of a
metal supplement, Mto RNA is present at approximately constant levels; in
adult females it is barely detectable; and it is absent from males (Silar et al.
1990).

Promoter

There is no canonical TATA box upstream of the transcription initiation site.
As in the Mtn promoter, there are several short sequences related to the metal
regulatory elements found in mammalian metallothionein promoters (Silar et
al. 1990).
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ovarian tumor: oiu

Synonym: Transcription unit K of the chorion gene cluster on the X

Chromosomal Location: Map Position:
X, 7F1 X-23.2

Products

Proteins of 98 and 104 kD of uncertain function.

Structure

In each case, the apparent Mr is slightly larger than predicted from the sequence,
probably due to the skewed amino-acid composition. OTU proteins are largely
hydrophilic and rich in Pro (approximately 10%) (Steinhauer et al. 1989;
Steinhauer and Kalfayan 1992).

Tissue Distribution

OTU proteins are localized in ovaries. The 104 kD form predominates in pupal
stages when advanced stages of oocyte maturation are absent. The 98 kD form
is the more abundant one in adult females, when most of the ovarian mass
comprises egg chambers at more advanced stages (G. L. Sass and L. L. Searles,
personal communication).

Mutant Phenotypes

Mutations in otu lead to female-sterility; they have no effect on viability in
either sex or male fertility. Null alleles of otu (the QUI alleles) result in the
total absence of germ cell proliferation. Severely deficient alleles (the ONC
alleles), seem to result in germ cell proliferation with little or no differentiation
while more subtle mutations (DIP alleles) produce ovarioles with mixtures of
egg chambers that have reached various degrees of differentiation (King et al.
1986; Steinhauer and Kalfayan 1992; Sass et al. 1993.
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By in vitro mutagenesis of otu, two constructions were prepared, one that
could produce only the 104 kD protein and another that could produce only
the 98 kD protein. When introduced into QUI mutants, the 104kD protein
restores fertility. The 98 kD protein is unable to rescue the QUI mutant
phenotype but does restore some fertility to ONC or DIP type alleles. Thus, it
would appear that the 104 kD protein is capable of carrying out all otu functions
while the 98 kD protein can perform some of the late oocyte maturation
functions but is unable to carry out early oocyte maturation functions or those
required for controlled cell proliferation (A. R. Comer and L. L. Searles,
personal communication).

Gene Organization and Expression

Open reading frame, 811 (98 kD protein) or 853 (104 kD protein) amino acids
depending on splicing; mRNA, 3,045-3,230 bases, depending on the start site
and splicing. The most common RNA is approximately 3.2 kb, but other
cross-hybridizing RNAs occur. The 5' end was defined by SI mapping, primer
extension, and the sequencing of two cDNA clones. Several sites are used for
transcription initiation, the main ones being those at positions —668, —659
and —658 (otu Sequence). There is no TATA box associated with any of
the 5' ends. The 3' end was denned from a cDNA sequence that contained a
poly-A tail. There are eight introns: one is in the leader between positions
— 541 and —7, the others are after the Lys-76 codon, in the Arg-109, Ser-161
and Gly-293 codons, and after the Lys-338, Val-380 and Gln-795 codons.
The 126-base exon starting with the Val-339 codon is often spliced out to
produce mRNA that codes for the 98 kD protein (otu Sequence, Fig. 23.1)
(Champe and Laird 1989; Steinhauer et al. 1989; Comer et al. 1992; Steinhauer
and Kalfayan 1992).

otu SEQUENCE (previous pages). Strain, Canton S. Accession, M30825 (DROOTUA)
and XI3693 (DROOTU). Arrows above the sequence, between -720 and -658,
indicate possible sites of transcription initiation; the exclamation mark at —688
marks the 5' end of two independently obtained cDNAs. Several mutations are
indicated in the sequence: otu5 and otu14 cause premature termination, and
homozygotes accumulate smaller proteins (both alleles belong to the DIF class); otu13

is unable to produce the 104 kD protein because it has a disabled acceptor site in
exon 7; and otu11 has an amino-acid substitution in exon 7 (both otu11 and otu1 3

affect the 104 kD protein but not the 98 kD protein and both are ONC alleles)
(Steinhauer and Kalfayan 1992). The four P element insertions near the 5' end seem
to affect transcription, and the severity of their phenotypes is generally proportional
to the size of the insertion: otufl (2.9 kb) is a QUI allele, otup2 (2.0 kb) is an ONC
allele, and otup3 (0.6 kb) and otup2 (0.5 kb) are DIF alleles (Sass et al. 1993).
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FIG. 23.1. otu and neighboring genes Cp36 and Cp38

The otu gene is 0.06 map units away from the chorion protein gene
Cp38, closer to the centromere, and transcribed convergently with Cp38, toward
the telomere; the two 3' ends are approximately 1.4 kb apart (Fig. 23.1). otu is
amplified, together with the chorion genes, in follicular cells, but it is not
expressed in those cells (Parks and Spradling 1987; see also Chorion Protein
Genes).

Developmental Pattern

The predominant 3.2 kb transcript is present mainly in female pupae and adults.
It occurs in nurse cells and oocytes, and the peak of expression is egg chambers
between stages 8 and 10. This transcript is found at much lower levels in female
heads and thoraxes and in male testes along with other cross-hybridizing
transcripts. Given that null mutations have no effect other than on female
sterility, it is likely that the non-ovarian transcripts lack any function (Mulligan
et al. 1988).

Promoter

Studies of a reporter gene under the control of an otu fragment that extends
from 452 bp upstream of the transcription initiation site to the end of the first
exon, showed expression, in ovaries, in nurse cells and oocytes as well as in the
germarium. In males, expression was detected in the anterior tip of the testes,
in the region of stem cells and primary spermatocytes (Comer et al. 1992).

Constructions with 310bp of upstream sequence and the complete tran-
scribed region produced apparently normal levels of 3.2 kb RNA and rescued
otu mutations. Similar constructions with only 190 bp of the promoter region,
however, were unable to support gene expression (Comer et al. 1992).
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6-Phosphogluconate Dehydrogenase Gene:
pgd

Chromosomal Location: Map Position:
X, 2D4-6 1-0.6

Product

6-Phosphogluconate dehydrogenase (6-PGD) (B.C. 1.1.1.44), a member of the
pentose shunt.

Structure

The sequence of Drosophila 6-PGD is 50% identical to prokaryotic 6-PGD and
60-70% identical to the porcine and ovine enzymes (Fig. 24.1) (Scott and
Lucchesi 1991). 6-PGD is a homodimer; the monomer has a Mr of approxi-
mately 53 kD (Williamson et al. 1980).

Function

6-PGD is responsible for the oxidative decarboxylation of 6-phosphogluconate
(6-PG) to yield ribulose-5-phosphate and reduced nicotinamide adenine
dinucleotide phosphate (NADPH); these two products are important for the
biosynthesis of ribose and lipids, respectively (Wood 1985).

Tissue Distribution

The specific activity of the enzyme increases during the larval stages to reach
a maximum early in the third instar. Activity diminishes late in the third instar
and early pupal stages, then climbs again in late pupae and adults (Williamson
et al. 1980). In larvae, highest activity is observed in fat bodies and actively
dividing imaginal cells (Gutierrez et al. 1989; Scott and Lucchesi 1991).
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FIG. 24.1. Comparison of the sheep (Accession, 60195) and Drosophila (Dm) sequences. There is 72%
overall identity between the proteins. Sequences aligned with the GCG Pileup program.
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Pgd SEQUENCE. Strain, Canton S. Accession, M80598 (DROPGD).

Phenotype of Mutations

Two electrophoretic variants (A and B) have been described (Kazazian et al.
1965). Pgd null mutations are lethal due to the accumulation of 6-PG; viability
can be improved by dietary manipulations that reduce 6-PG synthesis or by
the introduction of a null mutation on a second gene in the pentose shunt,
Zwischenferment (Zw). Zw is the structural gene for glucose-6-phosphate
dehydrogenase, G-6-PD, the enzyme that precedes 6-PGD in the pentose
biosynthetic pathway, and it is required for the synthesis of 6-PG (Hughes and
Lucchesi 1977, 1978).

Gene Organization and Expression

Open reading frame, 481 amino acids; mRNA length, 1,659 bases, in agreement
with an RNA of 1.7 kb observed in gels. Primer extension and S1 mapping
were used to define the major 5' end (there seem to be several minor
transcription initiation sites as well). The 3' end was obtained from a cDNA
sequence. There is a short intron in the Gly-3 codon and a long one in the
Ala-78 codon (Pgd Sequence) (Scott and Lucchesi 1991).

Promoter

In transgenic animals, a 4.7 kb fragment that extends 1,172 bp upstream of the
transcription initiation site and 442 bp downstream of the poly(A) site is
sufficient for apparently normal expression of Pgd in larvae. Removal of the
small first intron does not significantly affect expression, but removal of the
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larger second intron leads to a 10-fold reduction in enzyme levels. The second
intron is specifically required for expression in the fat body, but apparently not
necessary for expression in actively dividing imaginal cells. Expression in
imaginal cells requires only a 421-bp segment immediately upstream of the
transcription initiation site (Scott and Lucchesi 1991).
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paired: prd

Chromosomal Location: Map Position:
2L, 33C1-2 2-45

Product

A DNA-binding regulatory protein of the homeodomain type important in
establishing the segmentation pattern in early embryos.

Structure

The following potentially important sequence features occur.
1. The segment between residues 27 and 154 has great similarity to

regions in both gooseberry genes and has been designated the "paired
domain" (Bopp et al. 1986). This is a DNA-binding region (Treisman et al.
1991).

2. A homeodomain occurs between Gln-213 and His-272 (Frigerio et al.
1986; Harrison 1991). The sequence similarities between prd and gooseberry
extends 18 amino acids upstream of the homeodomain (Bopp et al. 1986). A Ser
in position 9 of the recognition helix (H3 in prd Sequence) differentiates the
binding specificity of PRD from that of the products of bicoid (bed), andfushi
tarazu ( f t z ) which have Lys and Gln, respectively, in that position. In vitro,
the PRD H3 does not bind sequences derived from the "standard" homeo-
domain binding site (TAAT). It is able to bind to the sequence TTTGACGT
but only if the C-terminal region of the protein is removed. In vivo, the latter
may be a regulatory region that is moved out of the way by interactions with
other molecules (Treisman et al. 1989).

3. The C-terminus of PRD is characterized by a high proportion of His
and Pro residues called the "PRD repeat". Using a DNA fragment from the
PRD repeat, 11 other cross-hybridizing sequences were identified, one of which
was bed (Frigerio et al. 1986).
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prd SEQUENCE. Accession No. M14548 (DROPRD). An exclamation mark at —244
marks the 5' end of the longest cDNA. Allele prd2-*SA1 is an insertion of 1.1 kb
following position 569, with a concomitant 5-bp deletion of positions 569-573. In
cDNA sequences, two natural variants were detected; these involve changes in the
amino-acid sequence at codons 164 and 220. A homeodomain spanning Gln-213 to
His-272 is delimited by vertical bars and conserved residues are marked with
asterisks; within the domain, the three putative helices, HI, H2 and H3, are

(continued)
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Function

Treisman et al. (1989, 1991) have demonstrated direct binding of PRD to
element e5 of the even-skipped (eve) promoter. The homeodomain and the paired
domain bind to different sub-regions of e5.

Mutant Phenotype

prd is one of the pair-rule genes. Null mutants are embryonic lethals with only
half the correct number of segments. The missing elements correspond mainly
to odd-numbered parasegments (Appendix, Fig. A.3); i.e., posterior region of
T2 and the adjacent boundary to T3, the posterior of Al and the adjacent
boundary to A2, etc. (every other segment boundary and neighboring areas are
missing). The pattern is similar to that affected by eve, but the position of the
missing elements is shifted anteriorly by a fraction of a parasegment in prd as
compared to eve (Niisslein-Volhard and Wieschaus 1980; Niisslein-Volhard et
al. 1985). It would appear that, in mutants, the regions of the segmented embryo
that are lacking are those in which prd is maximally expressed in normal
embryos (see below).

Gene Organization and Expression

Open reading frame, 613 amino acids; expected mRNA length, 2,417+ bases;
in agreement with a 2.5 kb band detected by northern analysis); information
on the 5' and 3' ends is from a cDNA sequence. There is an intron in the Asp-23
codon (prd Sequence) (Frigerio et al. 1986).

Developmental Pattern

The prd transcript is absent from oocytes and barely detectable in 0-2 h
embryos; it peaks in 2-4 h embryos and disappears soon afterward. The
transcript is first detectable by in situ hybridization during nuclear cycle 12
(syncytial blastoderm) in the primordial cephalic region (77-63% egg length;
Appendix, Figs A.I-A.3). By nuclear cycle 14 (late syncytial blastoderm),
expression is localized in seven bands covering the area from the cephalic region
to the eighth abdominal segment (75-20% egg length). These bands are more
intense on the dorsal than on the ventral side of the embryo. In general terms,
the seven bands of prd expression have a two-segment periodicity similar to
that of other pair-rule genes such as eve, ftz and hairy (h). The prd bands,

(continued) underlined; these were identified based upon their similarity to
Antennapedia helical regions. The PRD repeat, spanning His-552 to His-572, and
PRD domain, spanning Gly-27 to Asp-154, are also delimited by vertical bars.
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however, are broader with the area covered by each band corresponding to
more than one segment, i.e., they extend posteriorly from the middle of one
segment to the posterior boundary of the next segment. The intensity of
expression increases posteriorly within each band so that the regions of highest
prd expression correspond to the posterior compartments of the mandibular,
labial, T2, Al, A3, A5 and A7 segments. At this time expression starts in a new
domain in the anterior pole of the embryo, at 93-87% egg length, but in the
dorsal region only (Kilchherr et al. 1986; Akam 1987; Baumgartner et al. 1987).

Around the time of blastoderm cellularization, an eighth band appears
posteriorly (at 13% egg length), and bands 2-1 of the original seven become
double because transcripts disappear from the central portion of each band.
Thus, in the segmented germ band region, there are 14 stripes; 13 of them are
two-cell-wide bands that appear to correspond to the two most posterior cells
of each segment in the region from the mandibular segment to the A7 segment.
The 14th band is wider and includes A8 and A9. This banded pattern persists
until the beginning of gastrulation but disappears soon thereafter (Kilchherr
et al. 1986; Baumgartner et al. 1987). In later stages, expression is restricted to
the head region and central nervous system (Gutjahr et al. 1993).
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Ribosomal protein 49: Rp49

Chromosomal Location: Map Position:
3R, 99D4-8 3-[101]
Synonym: M(3)99D

Product

Protein 49 of the large ribosomal subunit (Vaslet et al. 1980; O'Connell and
Rosbash 1984). The syntheses of ribosomal proteins are coordinately regulated
and at least part of that regulation occurs at the level of translation. For
instance, while almost all Rp49 mRNA is translated during oogenesis, only a
small fraction is associated with polysomes early in embryogenesis (Al-Atia et
al. 1985).

Mutant Phenotype

Heterozygotes for a deletion show a strong Minute phenotype (Kongsuwan
et al. 1986).

Gene Organization and Expression

Open reading frame, 133 amino acids; mRNA length, ca. 520 bases in agreement
with a 0.6 kb band from RNA blots. S1 mapping was used to define the 5' and
3' ends; the 3' end is near position 570. There is no apparent TATA box.
There is an intron after Ser-31 (Rp49 Sequence) (O'Connell and Rosbash 1984).
Rp49 is in the Serendipity cluster (Chapter 28, Fig. 28.1); it is transcribed
convergently with Sry , the 3' ends of these genes being approximately 300 bp
apart.
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Salivary Gland Secretion Protein Genes:
Sgs3, Sgs5, Sgs7, Sgs8

Chromosomal Location:
Sgs3, Sgs7, Sgs8 3L,

Sgs5 3R,
68C3-5
90B3-8

Map Position:
3-35.0
3-[60]

Products

Glue proteins in the salivary gland secretion of third-instar larvae.

Structure and Function

Genes for seven proteins have been identified, SGS1 and SGS3-8. Proteins are
numbered in order of increasing electrophoretic mobility except for SGS6 which
is slightly slower than SGS3 (Velissariou and Ashburner, 1981). Partial
sequences for SGS3, SGS7 and SGS8 confirmed the primary structure derived
from nucleotide sequences and the existence of a 23-amino-acid signal peptide
(Fig. 27.1) (Crowley et al. 1983). These proteins attach larvae to a solid
substratum prior to pupariation. Cys residues and glycosylation appear to play
a role in the function of SGS.

Tissue Distribution

The glue proteins are synthesized in the larval salivary glands between
106 h and 120 h after fertilization, during the second half of the third instar
(Beckendorf and Kafatos 1976; for reviews, see Berendes and Ashburner 1978;
Ashburner and Berendes 1978).

Evolutionary Relationships

The evolutionary relationships among the Sgs genes are not entirely obvious.
It is clear from amino-acid sequence similarities, intron position, sequence of
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FIG. 27.!. Comparison of SGS3, SGS7, SGS8 and SGS5 amino-acid sequences. Only positions in which three of
the four sequences agree are represented in the CON(sensus). The vertical line at position 23 marks the last residue
in the signal peptides of SGS3, SGS7 and SGS8 (Crowley et al. 1983). The caret at position 10 marks the intron in
Sgs3, Sgs7 and Sgs8, and at positions 234 and 297, the introns in Sgs5.
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regulatory elements and clustering of the genes, that the three genes at 68C
have a common ancestor (Martin and Meyerowitz 1988). On the other hand,
Sgs5 is similar to the other genes in the group only with respect to protein
function and possibly some regulatory sequences (Fig. 27.1) (Shore and Guild
1986; Todo et al. 1990). It is likely that at least some SGS proteins are
functionally equivalent since natural variants causing a deficiency in SGS5
(Shore and Guild 1987), SGS4 or SGS6 (Velissariou and Ashburner 1981) have
no obviously deleterious effect.

Gene Expression and Developmental Pattern

The Sgs genes are expressed in salivary glands during the third larval instar
(Meyerowitz and Hogness 1982). Transcription starts approximately 96-98 h
after fertilization, reaches a plateau by approximately 112 h, and becomes
undetectable by 120 h, the time of pupariation (Hansson and Lambertsson 1983;
Georgel et al. 1991). An increase in ecdysterone level is necessary for the start
of transcription in the middle third instar (Hansson and Lambertsson 1983).
Subsequently, however, in late third instar larvae, high levels of this hormone
repress transcription (Crowley and Meyerowitz 1984). Chromosomal puffing
accompanies transcriptional activity, but the two processes seem to be some-
what independent of each other (Crowley et al. 1984; Hansson and Lambertsson
1983). There is considerable information on the expression of Sgs4; the complete
sequence, however, is not available.

Promoters

The consensus sequence TNTTTGNXTCCAT(T/A), in which Afx represents a
variable number of nucleotides (values between 18 and 39 have been observed),
was identified as a tissue-specific, cis-acting regulatory element of Sgs3; such
sequences were also found upstream of Sgs5, Sgs7 and Sgs8 (Todo et al. 1990;
Hofmann et al. 1991).

Sgs Gene Cluster at 68C:
Sgs3, Sgs7 and Sgs8

Organization and Expression of the Cluster

The three genes are contained in less than 5 kb of DNA. The arrangement of
the genes is shown in Fig. 27.2; Sgs8 is centromere distal (Garfinkel et al. 1983).
Sgs? and Sgs8 are separated by 475 bp and they are transcribed divergently.
The developmental expression of Sgs7 and Sgs8 seems to be controlled by
common enhancer elements (Todo et al. 1990; Hofmann et al. 1991). The levels
of RNA accumulation are comparable for Sgs3 and Sgs? and an order of
magnitude lower for Sgs8 (Crowley and Meyerowitz 1984).
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FIG. 27.2. Organization of the 68C cluster.

Sgs3

Product

SGS3 is heavily glycosylated (Beckendorf and Kafatos 1976) and very rich in
the likely target of glycosylation, Thr residues (45% in the mature peptide).
SGS3 is most similar to SGS7 and SGSS in the amino-terminal 20-25 residues
and the carboxy-terminal 50 residues. In particular, the position of eight Cys
is conserved among the three sequences. The middle segment of SGS3 is not
represented in SGS7 or SGSS; this segment is 235 amino acids long and
contains most of the Thr residues: the first 50 amino acids constitute a Thr- and
Cys-rich region (residues 23 to 72), and the last 185 amino-acid segment (from
73 to 257) is composed of 37 repeats of the peptide Pro Thr Thr Thr Lys, and
variants thereof (Garfinkel et al. 1983). Twenty of the repeats are lacking from
a natural variant found in the strain Formosa (Sgs3 Sequence) (Mettling et al.
1985).

Gene Organization and Expression

Open reading frame, 307 amino acids; expected mRNA length, 1,117 bases. The
strain Formosa makes an mRNA that is 300 bases shorter due to an internal
deletion (Mettling et al. 1985). Primer extension was used to define the 5' end.
The 3' end was obtained from a cDNA sequence. There is an intron in the
Ala-10 codon (Garfinkel et al. 1983).

Promoter

Two ds-acting regulatory elements were identified by in vitro mutagenesis and
analysis of DNase-hypersensitive sites. Either element is sufficient for correct
developmental regulation of transcription, albeit at reduced level; when both
elements are present, the transcription level increases 20-fold (Martin et al.
1989a, 1989b; Meyerowitz et al. 1987; Roark et al. 1990). Mutational analysis
of the proximal element established that it is bipartite: the critical sequences
being TGTTTG (pa, at -120, in SgsS Sequence) and TCCATT (pb at -96).
Sequences related to these two hexanucleotides are also found in the promoter
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Sgs3 SEQUENCE. Strain, Oregon R. Accession, X01918 (DROSGS378). Arrows labeled
da, db, pa and pb underline the a and b parts of the distal and proximal promoter
elements. The Formosa strain deletions that occur in the repetitive middle portion of
the coding region are delimited by vertical bars (Mettling et al. 1985).

Sgs7

Product

SGS7 is not glycosylated (Beckendorf and Kafatos 1976); it contains only 4%
Ser/Thr (Shore and Guild 1986).

region of Sgs7 and Sgs8 and within the distal element of Sgs3, at —651 (da)
and —617 (db) (Todo et al. 1990). A DNase-hypersensitive site near —630
occurs only in the chromatin of salivary glands of third instar larvae, and DNase
protection experiments identified two footprints overlapping da and db. There
are three other hypersensitive sites near the 5' end of Sgs3, including one around
—100; but these are not restricted to the tissue in which Sgs3 is expressed
(Georgel et al. 1991).

A 115-kD protein that binds specifically to the distal promoter element, the
Glue Enhancer-Binding Factor, GEBF1, was isolated from nuclear extracts. It
appears that GEBF1 binds to both parts of the distal promoter element (da
and db). The amount of GEBF1 found in extracts rises in parallel with the
transcriptional activity of the salivary gland secretion genes during the third
instar. GEBF1 is absent from extracts of the Broad Complex mutant /(7)t4 3 5

(located in region 2B5, the site of an early, ecdysone-irreducible, puff) (Georgel
et al. 1991). This allele also reduces or eliminates expression of the glue genes
(Crowley et al. 1984). These observations suggest that (a) a gene in 2B5 is,
directly or indirectly, responsible for the synthesis of GEBF1; and that (b)
ecdysone induces the glue genes indirectly, by inducing the appearance of a
regulatory factor (Georgel et al. 1991).
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Sgs7 SEQUENCE. Strain, Oregon R. Accession, X01918 (DROSGS378). Arrows labeled
la, Ib, 2a and 2b, underline the a and b parts of the two putative promoter elements
responsible for the regulation of Sgs7 and Sgs8. Element 2a partially overlaps a
putative CAAT box. The 5' end of Sgs8 (on the opposite strand) is marked by <-- at

(continued)
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Gene Organization and Expression

Open reading frame, 74 amino acids; expected mRNA length, 319 bases. S1
mapping was used to define the 5' end. The 3' end was obtained from a cDNA
sequence. There is an intron in the Ala-10 codon (Sgs7 Sequence) (Garfinkel
et al. 1983).

Promoter

A region between — 243 and — 75 is necessary for transcription of Sgs7 and
Sgs8. Within this region, the segment between —165 and —80 enhances
transcription from the Sgs3 promoter in promoter fusion experiments. This
85-bp segment contains two copies of the bipartite regulatory element defined
experimentally for Sgs3: la, 1b, 2a and 2b (Sgs7 Sequence) (Todo et al. 1990;
Hofmann et al. 1991).

Sgs8

Product

SGS8 is not glycosylated (Beckendorf and Kafatos 1976); it contains only 4%
Ser/Thr (Shore and Guild 1986).

Gene Organization and Expression

Open reading frame, 75 amino acids; expected mRNA length, 353 bases.
S1 mapping was used to define the 5' end. The 3' end was obtained from a
cDNA sequence. There is an intron at Ala-10 (Sgs8 Sequence) (Garfinkel et al.
1983).

Promoter

The putative regulatory elements, between positions —452 and —370, are the
same as those described above for Sgs7 (Todo et al. 1990).

(continued) —507 and the TATA box at —478 is double underlined. A base
substitution (at 245) found in the strain Formosa is indicated (Mettling et al. 1985).
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Product

SGS5 is lightly glycosylated (Beckendorf and Kafatos 1976; it contains 12%
Ser/Thr distributed throughout the sequence; Cys (6.75%) is also distributed
without any apparent pattern (Shore and Guild 1986).
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Sgs5 SEQUENCE. Strain, Oregon K. Accession, X04269 (UKUSUS5). The sequences
with similarity to the Sgs3 regulatory element are underlined by the arrows at —150
and -120. The natural variant Sgs5n 1 , found in strain CA-2 fails to express this gene.
The base substitutions that distinguish CA-2 from Oregon R are shown above the
Oregon R sequence (Shore and Guild 1987).

Gene Organization and Expression

Open reading frame, 163 amino acids; expected mRNA length, 646-653 bases.
The average polyadenylation tail is 100-150 bases long. Transcription appears to
initiate with equal frequency at the first A or at any of the five Gs between —33
and —25. Nuclease protection was used to define the 5' and 3' ends. There are
introns in the Pro-90 and Pro-153 codons (SgsS Sequence) (Shore and Guild 1986).
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Promoter

A DNA fragment that extends from - 205 to 806 is capable of autonomous
expression in a somatic transformation assay. A segment that extends from
— 151 to —93 contains cis-acting sequences necessary for expression (Shore
and Guild 1987). The shorter interval includes sequences that resemble the
bipartite regulatory elements of Sgs3 (Todo et al. 1990).
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The Serendipity Gene Cluster:
Sry Sryfi, Sryd

Chromosomal Location:
3R, 99D4-8

Map Position:
3-[101]

Organization of the Cluster

Sry , Sry and Sryd are grouped in a dense cluster within an 8 kb segment that
also includes janA, jan B and the ribosomal protein gene rp49 (Fig. 28.1). The
three Sry genes are transcribed in the same direction; the distance between the
poly-A signal in one gene and the TATA box of the next is a few hundred bp.
In addition to the gene-specific transcripts, two other longer poly-A RNAs are
detectable. These include sequences from neighboring genes: either plus a
or a plus d are combined. These longer RNAs are thought to be the
consequences of transcription starting normally in one gene but then proceeding
to "read-through" to the end of the next gene downstream (Vincent et al. 1984,
1985).

FIGURE 28.1. Organization of the Sry cluster. For the sake of clarity, jan B was drawn
on a separate line; it actually overlaps janA
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Srya.

Product

A 58 kD protein without resemblance to other known proteins (Vincent et al.
1985).

Tissue Distribution

It is present very briefly in embryos undergoing blastoderm cellularization.
The Srya protein (SRY ) accumulates sharply during nuclear cycle 14 and
disappears as gastrulation proceeds. As the embryonic syncytium becomes
partitioned into individual cells, SRYa is concentrated at the leading edges of
the invaginations of the plasma membrane; this intracellular distribution is very
similar to that of actin filaments (Schweisguth et al. 1990).

Mutant Phenotypes

In embryos homozygous for a deletion of Srya., the process of cellularization
is severely disrupted, surface invaginations of the plasma membrane are very
irregularly distributed, and they often encompass multiple nuclei. Such Srya
mutation is an embryonic lethal (Schweisguth et al. 1990).

Gene Organization and Expression

Open reading frame, 530 amino acids; expected mRNA length, 1,862 or 1,952
bases depending on whether the major or minor polyadenylation site is used.
The 5' end was determined by SI mapping and primer extension; the 3' end
was defined by SI mapping. There are no introns (Sry Sequences) (Vincent
et al. 1985).

Developmental Pattern

Expression of Srya is restricted to 2-4 h embryos (Vincent et al. 1985).
In accordance with the pattern of protein synthesis, Srya. mRNA is first
detectable in syncytial blastoderm embryos, during nuclear division cycle
11; it peaks in cycle 14 and disappears soon afterwards (Schweisguth et al.
1989).

Promoter

P elements that included 5' sequences from Srya. and -galactosidase as a
reporter gene, were used to define regions important for transcription. A 248-bp
segment that extends from 118 bp upstream of the transcription initiation site
to 130 bp downstream of the transcription initiation site is sufficient for specific
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Sry SEQUENCES. Accession X03121 (DRYOSRYG1). The Cys and His residues of the
Zn-fingers are underlined. Four mutations in Sryd are also indicated.

266                         DROSOPHILA GENES



The Serendipity Gene Cluster: Srya, Sryp, Sry 267

activation in blastoderm stage embryos, although at much reduced level. A
segment extending between 311 and 118 bp upstream of the transcription
initiation site is necessary to increase the level of transcript. The latter segment
also seems to be responsible for repression of Srya activity in the peripheral
nervous system (Schweisguth et al. 1989).

Sry and Sryd

Products

DNA-binding proteins of the Zn-finger type.

Structure

The amino-acid sequences of SryfS and Sryd proteins have some similarities to
the Xenopus transcription factor TFIIIA and other Zn-finger proteins. There
is a repeating unit of 28 or 29 amino acids characterized by Cys at positions
1 and 4 and His at positions 17 and 21/22 of the repeat (a C2H2 finger). A Phe
at position 8 is also frequent. Sry has six such repeats and Sryd seven, both
are in the C-terminal half of the molecule (Sry Sequences). Although residues
in other positions are not conserved from one repeat to the next, the C-terminal
regions of SRY and SRY and 50% identical; this suggests that the two genes
were generated by a duplication. No sequence similarities are evident outside
the coding regions (Vincent et al. 1985; Vincent 1986; Evans and Hollenberg
1988; Payre et al. 1990; Harrison 1991). An 18-amino-acid segment (residues
180-197) was identified as the nuclear localization signal of SRY ); within that
segment, the heptapeptide Pro-188/Lys-194 has strong similarity to the nuclear
localization signals of SV40 large T antigen and c-myc (Noselli and Vincent
1991).

Function

The two proteins bind DNA, both in solution and in polytene chromosomes.
SRY binding sites include the consensus sequence YCAGAGATGCGCA and
SRY binding sites the sequence YTAGAGATGGRAA (Payre et al. 1990;
Payre and Vincent 1991).

Tissue Distribution

SRYa and SRY are maternally inherited and present in embryonic nuclei at
the onset of zygotic transcription as well as in numerous cell types throughout
development. Zygotic synthesis starts during the syncytial blastoderm stage
(nuclear division cycles 12-13) for SRY and during germ band extension (stage
10 embryos) for SRY (Payre et al. 1989, 1990).
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Mutant Phenotypes

Four amino acid substitutions in Sry are lethal (Sry Sequences). These mutants
can be rescued by germ line transformation with Sry6 but not by an extra copy
of Sry sequences, an indication that the two genes have different functions
(Crozatier et al. 1992).

Sry

Gene Organization and Expression

Open reading frame, 356 amino acids, expected mRNA length, 1,314 bases. The
5' end was determined by S1 mapping and primer extension; the 3' end was
defined by S1 mapping. There is an intron within the Gly-25 codon (Sry
Sequences) (Vincent et al. 1985; Payre et al. 1990).

Developmental Pattern

See Sry .

Sry

Gene Organization and Expression

Open reading frame, 434 amino acids; expected mRNA length, 1,476 bases. The
5' end was determined by S1 mapping and primer extension; the 3' end was
defined by S1 mapping. There are no introns (Sry Sequences) (Vincent et al.
1985).

Developmental Pattern

Expression of Sry (and of Sry ) is very high during oogenesis and early
embryonic development; it remains significant, but lower, throughout the life
cycle (Vincent et al. 1985; Payre et al. 1990).

Sry transcripts are abundant in nurse cells up to stage 10, at which time
they begin to be transferred to the oocyte. Approximately 4 h after oviposition,
transcripts from embryonic nuclei are added to the maternal complement. The
total level of transcripts gradually decreases after germ band extension (Payre
et al. 1989).
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UHrabithorax: Ubx

Chromosomal Location: Map Position:
3R, 89E1-2 3-58.8

Products

DNA-binding regulatory proteins of the homeodomain type involved in the
determination of segmental identity in the mid-section of the embryo.

Structure

A family of at least five related polypeptides of approximately 40 kD, translated
from alternatively spliced mRNAs (see Fig. 29.1B and discussion under
Gene Organization and Expression). They all share the sequences encoded in
exons at the 5' and 3' ends of the transcription unit; but they differ from
each other with respect to whether they include one or more of three short
internal segments, one nine amino acids long and the other two 27 amino acids
each.

The homeodomain is near the C-terminus. Other sequence features include
an alanine-rich segment near the homeodomain (see eve) and a glycine-rich
segment between residues 111 and 129 (Ubx Sequence) (Weinzierl et al. 1987;
O'Connor et al. 1988; Kornfeld et al. 1989). For a comparison of Ubx protein
and DNA sequences in D. melanogaster and other species, see Wilde and Akam
(1987).

All isoforms of UBX are multiply phosphorylated at Ser and Thr residues
that occur between amino acids 39 and 183. Most of the phosphorylation is
between residues 130 and 183 (Gavis and Hogness 1991).

Function

UBX helps to define segment identity (Lewis 1978) by acting as a transcriptional
regulator. There is evidence that UBX acts on homeotic genes. In particular, it
stimulates its own transcription while repressing transcription of Antennapedia
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A. Ubx Domain of the BX-C
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FIG. 29.1. Organization of the Ubx transcriptional unit: (A) based on Simon et al.
(1990); and (B) based on O'Connor et al. (1988) and Kornfeld et al. (1989).

(Antp); this may serve to modulate the segmental distribution of the two
products (Beachy et al. 1988; Biggin and Tjian 1989; Samson et al. 1989 and
references therein). The identity of the UBX-controlled effector genes that are
directly responsible for carrying out segmental differentiation is a subject of
active current research.

UBX Ib, a member of the family that includes all three internal polypeptide
segments, was produced in E. coli and cultured insect cells and tested for
DNA-binding activity using DNA fragments from the neighborhoods of the
Antp and Ubx genes. Five binding sites were found near Antp: A-l, A-2 and
A-3 (approximately 6 kb upstream of the transcription initiation site P1), A-A
and A-B (300-400 bp downstream of PI). Two binding sites, u-A and u-B, were
detected near Ubx. These are 60 bp and 250 bp downstream of the transcription
initiation site (Ubx Sequence). Multiple repeats of the trinucleotide TAA is a
characteristic of all these binding sites (Beachy et al. 1988).
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Ubx SEQUENCE. Accession, Y00206, X05723 (DROUBX1), X05724 (DROUBX2),
X05725 (DROUBX3), X05727 (DROUBX5), X05427 (DROUBXG5). Discontinuities
in the sequence at 785, 1,091 and 1,213 correspond to introns that have not been
completely sequenced; those gaps are not reflected in the numbering system. Position
739 is the alternative donor site of the first exon. Underlining in the interval between
— 1,160 and —600 marks protein-binding sites. The various sites are associated with
the following proteins: gl-g4, GAGA protein; zl-z5, ZESTE; u-A and u-B, UBX; fp4,
a protein that also binds to the Ddc promoter; and A, an unidentified protein (Biggin
and Tjian 1988). Marks above the sequence indicate the following mutations: a
vertical bar (at —4,036), the breakpoint of translocation Hm, a regulatory mutation
of the bxd/pbx type (Bienz et al. 1988); |- -|Def. 6.28 (between position 81 and 112)
and |- -|Def 9.22 (between positions 1,468 and 3,046), two Ubx deletions; and an
A-for-G base substitution (at position 1,173), a nonsense mutation; all but Hm are
null mutations (Weinzierl et al. 1987). The limits of the homeodomain are indicated
by vertical lines below Arg-295 and Ala-356; helices 1, 2 and 3 (HI, H2, H3) are
underlined and asterisks mark conserved positions. Helix 4, is seven amino acids long
and follows immediately after H3 by analogy to the ANTP homeodomain (Qian
et al. 1989).

The homeodomain controls specificity of DNA binding (Gehring 1987;
Hayashi and Scott 1990; Harrison 1991), while other region(s) of the protein
act as effectors, either stimulating or repressing transcription (Kuziora and
McGinnis 1989). The Gin at position 9 of helix 3 (H3), characterizes UBX as
an Antp class homeodomain (bicoid class homeoproteins have a Lys in that
position) (Hanes and Brent 1991). Amino acids within the homeodomain but
outside of H3 must distinguish the DNA-binding specificities of UBX and the
product of Deformed, another homeotic of the Antp class, since both proteins are
identical in H3 but interact with different genes (Kuziora and McGinnis 1989).
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The optimal in vitro binding sequence was identified by the following
procedure: an affinity matrix containing the UBX homeodomain was used to
select random-sequence oligonucleotides capable of binding. The bound oligo-
nucleotides were eluted and amplified by the polymerase chain reaction. The
process was repeated several times. The sequence of the selected oligonucleotide,
TTAATGG is found near the decapentaplegic gene in seven near-perfect copies
of that consensus; and these sequences are afforded protection from DNase I
digestion by a 70-amino-acid polypeptide that includes the UBX homeodomain
(residues 295-365) (Ekker et al. 1991).

Tissue Distribution

Antibodies against an epitope common to all of the Ubx products were used
to detect gene expression. UBX is first detectable in early stage 9 embryos
(approximately 3 h 45 m of development) as a single band that occupies the
posterior portion of parasegment 6 (anterior compartment of the first
abdominal segment, Ala) (Appendix, Fig. A.3). Next UBX appears in para-
segments 8,10 and 12 and soon afterward in all parasegments between 5 and 13.
In parasegment 7-12 UBX forms a repeating pattern wherein, in each
parasegment, expression is weaker in the anterior portion and stronger in the
posterior portion (Irvine et al. 1991). During the rest of embryogenesis UBX
appears in a complex pattern that includes the nervous system; in larvae, UBX
is found in imaginal discs. Highest antigen levels are observed in T3p and Ala
structures (parasegment 6), in T2p and in the anterior compartment of A2-A7.
UBX is localized in nuclei (Beachy et al. 1985).

The tissue distribution of UBX is in general agreement with the sites of gene
transcription (see below) and with the sites of gene activity deduced from the
effects of Ubx mutations.

Mutant Phenotypes

Ubx is a homeotic gene. Null mutations transform structures of parasegment 5
and parasegment 6 origin to parasegment 4 type differentiation, and they also
cause minor abnormalities of the abdominal segments. (Lewis 1978; Sanchez-
Herrero et al. 1985; Duncan 1987; Akam 1987).

Organization of the Complex

Ubx is part of the bithorax complex (BXC), a three-gene, 300-kb cluster.
Approximately 60 kb upstream of Ubx is the 3' end of abdominal A, which
extends for 25 kb, and 90 kb further upstream is Abdominal B. All three genes
are transcribed toward the centromere (reviewed by Duncan 1987; Peifer et al.
1987). Ubx itself is spread over 77 kb of DNA, and not all of it has been
sequenced.
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Gene Organization and Expression

The published Ubx sequence includes four exons and small sections of the
neighboring introns. The open reading frames of several alternative splicing
products vary between 346 and 389 amino acids. The expected size of mRNAs
are 3,096 and 3,123 bases (Fig. 291IB), forms 1a and Ib with polyadenylation
at the proximal site) and approximately 4,100-4,200 (forms II and IV with
polyadenylation at the distal site, see below). These sizes are in agreement with
the occurrence of two main poly(A)+ RNA bands of 3.2 and 4.3 kb detected
by northern analysis. There are introns within the Ser-256, Gly-273 and Gly-290
codons (Saari and Bienz 1987; Weinzierl et al. 1987; O'Connor et al. 1988;
Kornfeld et al. 1989). Primer extension, S1 mapping and a cDNA sequence
were used to define the 5' end at — 966/ —964. There is no discernible TATA
box appropriately positioned upstream of the Ubx transcription initiation site
(Saari and Bienz 1987; O'Connor et al. 1988; Kornfeld et al. 1989). S1 protection
was used to localize the two 3' ends 1.1 kb apart; the proximal 3' end was also
identified by a cDNA sequence (Kornfeld et al. 1989).

Data from two studies (O'Connor et al. 1988; Kornfeld et al. 1989) on a
total of 78 embryonic cDNAs indicates the following forms of splicing (see Ubx
Sequence and Fig. 29.1B): Exon 1 has two donor sites, a and b; site a is used
80% of the time. Splicing can occur so that all four exons are included (forms
la and Ib, 75%), or so that exon 2 is spliced out (forms IIa and II, 21%), or
so that both exons 2 and 3 are spliced out (form IVa, 3%); IVb has not been
observed. These alternative splicings introduce only small differences in the size
of the mRNA: the two donor sites in exon 1 are only 27 bp apart while exons
2 and 3 (the two "micro" exons) are only 51 bp long. Thus, the main differences
in the expected sizes of mRNAs depends on which polyadenylation site is used.
As already mentioned, the proximal poly(A) site is used predominantly in form
I RNA (the form that carries two micro exons) and the distal one in forms II
and IV (one micro exon and no exon, respectively).

The unusually long leader region of this gene (l,066bp) includes a
potentially functional second open reading frame of 69 codons. The first 23
residues of this putative protein resemble a signal peptide; it has been suggested
that translation of the leader peptide may be involved in regulating translation
of the UBX protein (Ubx Sequence) (Saari and Bienz 1987).

In addition to the RNAs described above, there are other minor transcripts
of uncertain function (O'Connor et al. 1988; Kornfeld et al. 1989).

Developmental Pattern

Ubx expression is undetectable before fertilization; transcripts are first detected
at the end of the syncytial blastoderm stage, immediately after the 13th nuclear
division at approximately 2 h 30 m (Akam and Martinez-Arias 1985). There is a
60-75 min lag between the time of appearance of Ubx RNA and the time when
protein is first detected (Irvine et al. 1991). This delay has been ascribed to the
enormous size of the 77 kb transcript, and Kornfeld et al. (1989) proposed that
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size may serve a regulatory function to insure the correct timing of UBX protein
accumulation. Ubx expression increases dramatically between 3 h and 6 h of
embryonic development, reaches a plateau by 9 h and remains at a high level
until 15 h. The level of transcripts then decreases and remains relatively constant
and low through to the adult stage (O'Connor et al. 1988).

The choice of splicing and polyadenylation sites are also developmentally
regulated. Form I transcripts predominate (70-80% of Ubx transcripts) early
in embryogenesis (3-8 h of development); they decrease during middle and late
embryogenesis to approximately 30% and then rise once again to 50-60%
during larval and adult stages. Form II rises from very low levels early in
embryogenesis to 30-40% after 10 h of development and stays in that range.
Form IV peaks late in embryogenesis and disappears after the second instar
(O'Connor et al. 1988; Kornfeld et al. 1989).

Late in the cellular blastoderm stage (4 h), transcripts are detectable
extending from 50% to 20% egg length (Appendix, Fig. A.3). The concentration
of transcript is significantly higher in a zone that probably corresponds
to parasegment 6 (between 50% and 45% egg length). With the onset of
gastrulation, the distribution of transcripts becomes more complex. During the
extended germ band stage (6-8 h) transcripts seem to accumulate in ectodermal
and mesodermal derivatives of regions that correspond to parasegments 6-12.
In parasegments 5 and 13, transcripts are more localized to ectodermal
derivatives (Akam and Martinez-Arias 1985). In older embryos and larvae, Ubx
expression is evident in ectodermal and many mesodermal (but not endodermal)
derivatives. In 12-20 h embryos, strongest expression is in the nervous system.
Expression is not uniform in all segments: in third instar larvae, expression in
muscle extends primarily between Al and A6; in the nervous system, highest
RNA levels are detected in T3 and Al (Akam 1983).

The mRNAs also display tissue specificity: form I predominates in
embryonic myoblasts, while forms II and IV predominate in neuroblasts
(O'Connor et al. 1988).

The pattern of Ubx expression early in development is determined by the
action of maternal and segmentation genes. After the end of the germ band
extension period, that pattern seems to be maintained through the rest of develop-
ment by the products of genes of the Polycomb (Pc) group. It has been proposed
that the PC protein acts by modification of chromatin organization to prevent
ectopic activation of Ubx (Paro and Hogness 1991 and references therein).

Promoter

P-Element-mediated transformation experiments showed that a segment
extending from 1.7 kb upstream of the transcription initiation site to the first
codon, when attached to a reporter gene, supports transcription in embryonic
ectoderm. The expression is evident along the entire length of the embryo in a
segmented pattern and is called the "basal pattern" of expression. The intensity
of the "basal pattern" depends on sequences within 626 bp of the transcription
initiation site while the segmented nature of the expression is dependent on
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regions of the Ubx leader that seem to coincide with homeoproteins binding
sites (Bienz et al. 1988; Ubx Sequence).

In vitro transcription experiments defined a minimal promoter region that
responds to nuclear extracts of staged embryos: a segment starting 154bp
upstream of the transcription initiation site and extending 41 bp into the leader
is capable of supporting transcription in the presence of extracts from 8-12 h
embryos (but not with extracts from 0-4 h embryos, where Ubx is not normally
expressed). Proteins that bind 5' upstream sequences include the GAGA
protein, the zeste product, and a factor that also binds to a promoter element
of Dopa decarboxylase (Biggin and Tjian 1988; Biggin et al. 1988; Ubx
Sequence). At least one element downstream of the transcription initiation site
is also required for in vitro transcription (designated A, in the Ubx Sequence).
Just beyond this element are segments u-A and u-B to which UBX binds
specifically and which are thought to be important in transcriptional regulation
(Beachy et al. 1988; Kuziora and McGinnis 1989). Experiments using cultured
cells demonstrated that ANTP and FTZ (the product of fushi tarazu) require
element u-B to stimulate Ubx transcription (Winslow et al. 1989).

In addition to the proximal DNA elements responsible for the "basal
pattern", there are at least two more distal regions that play a role (Fig. 29.1 A).
The bxd/pbx region, extending from 3 kb to > 30 kb upstream of the transcrip-
tion initiation site is thought to be involved in the regulation of Ubx expression
in parasegments 5, 6, and perhaps also in the abdominal segments. A segment
of DNA that extends from 35.4 kb upstream of the transcription initiation site
to the eighth codon of Ubx can drive the expression of lacZ in an embryonic
pattern identical to that of Ubx. A reporter gene construction in which the
regulatory region extends 22.2 kb upstream of the transcription initiation site
shows some deviations from normal Ubx expression; and, when only 5 kb of
upstream DNA are included, lacZ is expressed in the "basal pattern" described
above (Irvine et al. 1991).

The abx/bx regulatory region, found within the last intron of Ubx (Cabrera
et al. 1985; White and Wilcox 1985; Peifer and Bender 1986) contains a 2-3-kb
segment (approximately between —77 and —80 in Fig. 29.1 A) that behaves as
an enhancer and appears to be responsible for defining parasegment 5 as the
anterior boundary of Ubx expression (Simon et al. 1990).

In a separate set of experiments, Qian et al. (1991) identified a 500-bp
segment of the bx region (near coordinate —63 kb in Fig. 29.1 A) containing
an enhancer (called bre) that activates the minimal promoter to strong
expression in parasegments 6, 8, 10 and 12 and represses its expression in
the anterior half of the embryo. The hunchback product binds to three sites
in the bre and this binding is necessary for repression of Ubx transcription in
the anterior half of the embryo.

Other Transcripts

The bxd region produces a 27-kb transcript early in embryogenesis, between
3 h and 6 h of development. This transcript includes at least 11 exons that are
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spliced in different combinations to give rise to numerous distinct poly-
adenylated RNAs. It is doubtful, however, that these are functional mRNAs
because their coding capacity is very poor as judged from the length of open
reading frames and codon usage. Another bxd transcript is synthesized later,
from the third larval instar onward. In contrast to the early transcripts, this is
a simple, unspliced poly(A) + RNA with a 110-amino-acid open reading frame
and good codon usage. It is not clear what role these upstream transcription
units might play in the control of Ubx expression. It has been suggested that
bxd transcripts are completely incidental, resulting because the strong Ubx
enhancers can activate cryptic promoters (Lipschitz et al. 1987; Saari and Bienz
1987).
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vermilion: v

Chromosomal Location: Map Position:
X, 10A1-2 1-33.0

Product

Tryptophan oxygenase, TO (EC 1.13.1.12), an enzyme involved in the bio-
synthesis of brown eye pigment.

Structure

A 150 kD protein, it requires a hematin cofactor for activity (see review by
Phillips and Forrest 1980).

Function

TO converts tryptophan to N-formylkynurenine, the first step in the synthesis of
xanthomatin from tryptophan. This is the major pathway for utilization of non-
protein tryptophan in higher insects; and xanthomatin is the only brown eye
pigment in Drosophila (Phillips and Forrest 1980 and references therein). There
is considerable similarity between Drosophila and mammalian TO (Fig. 30.1).

Mutant Phenotypes

Null alleles such as v36f and v48a have no enzymatic activity, do not accumulate
xanthomatin and display bright red eyes when present alone, or pure white
when combined with brown (bw), a mutation that blocks synthesis of the red
pigment. Severe hypomorphic alleles such as vl have a few percent of normal
enzyme activity, accumulate a small amount of xanthomatin and develop a
slightly off-white eye color when in combination with bw. Mutations in another
gene, suppressor of sable (su(s)), cause v1 homozygotes to accumulate 20% of
normal TO level and to develop normal eye pigmentation, v mutations are not
cell-autonomous (Phillips and Forrest 1980 and references therein) (see below).
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FIG. 30.1. Comparison of the rat (M55167) and Drosophila (Dm) sequences. There is 50% overall identity
between the proteins. Sequences were aligned with the GCG Pileup program.
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(continued)
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v SEQUENCE. Accession, M34147 (DROVERM). Mutations vl, v2, pk, t'H2a and u48a are
indicated as well as a mutation produced in vitro, vkLTR. ukLTR, in which Met-32 and His-55
are replaced, codes for an inactive enzyme (v Sequence) (R. A. Fridell and L. L. Searles,
personal communication). Allele t v48a, in which 50 amino acids are missing, accumulates
normal levels of RNA, but produces no detectable enzymatic activity. The mutation v36f is
caused by insertion of a the transposable element B104 and leads to a null phenotype. The
mutation vH2 is caused by insertion of a P element (Searles et al. 1990). Numerous
mutations of v sequenced by Nivard et al. (1992), and designated by numbers between 200
and 299, are also shown.



vermilion: v 287

Gene Organization and Expression

Open reading frame, 379 amino acids; expected mRNA length, 1,306 bases, in
agreement with an RNA of 1.4kb detected by northern analysis. Primer
extension and SI mapping were used to define the major 5' end. The two longest
cDNA clones identified extend 60-80 bp upstream of the major 5' end; these
may represent minor transcription initiation sites. There are no correctly
positioned TATA boxes. The 3' end was obtained from a cDNA sequence that
included a poly(A) tail. There are 5 introns: in the Gly-9 and Ala-63 codons,
after the Lys-107 codon and in the Tyr-310 and Ser-341 codons (v Sequence)
(Searles et al. 1990).

Mutations v1, v2 and vk are all the result of insertion of the transposable
element 412 in the leader region. Homozygotes for these mutations accumulate
trace amounts of a v RNA of almost normal size. This apparently functional
RNA (its coding region is unaltered) is produced because transcription from
the v promoter is normal, and because rare splicing events using cryptic splice
sites near the ends of 412 remove most of the 412 sequences from the v transcript.
Mutations in suppressor of sable (su(s)) lead to increased accumulation of these
spliced RNAs and thus to suppression of the mutant phenotype (Fridell et al.
1990; Pret and Searles 1991). A similar mechanism of suppression is found in
some y mutations.

Developmental Pattern

v RNA begins to accumulate in 12-24 h embryos, it remains at a constant level
between the first larval instar and the beginning of the third larval instar,
becomes very low during the pupal stages and rises again in adults. Using a
chimeric v-lacZ construction that included 1.1 kb upstream of the transcription
initiation site and the v leader, it was determined that larval expression is
restricted to the fat body (Fridell and Searles 1992).

Promoter

Analysis of deletions of upstream and leader segments showed that sequences
upstream of the 5' end plus a segment of the leader are necessary and sufficient
for normal expression in transgenic animals. The upstream elements are located
in the intervals -550 to -350 and —210 to -110 and the leader element is
between positions —38 and —12 (Fridell and Searles 1992).
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Vitelline Membrane Protein Genes:
Vm26Aa, Vm26Ab, Vm32E, Vm34C, Fcp3C

Chromosomal Location:
Vm26Aa, Vm26Ab

Vm32E
Vm34C
Fcp3C

2L, 26A
2L, 32E
2L, 34C
X, 3C

Map Position:
2-[20]
2-[44]
2-[47]
l-[3]

Products

The vitelline membrane is made up of 6-10 proteins that range in size from 10
to 100 kD; these proteins are secreted by the follicle cells that surround the
developing oocyte.

Structure

The complete sequences of four genes for vitelline membrane proteins (Vm26Aa,
Vm26Ab, Vm32E and Vm34C) are available: all of these genes are in the left
arm of the second chromosome. The predicted amino-acid sequences for the
four proteins include a common 38-amino-acid segment: within this segment,
the sequences of Vm26Aa and Vm34C are identical to each other and
to the consensus sequence; the Vm26Ab sequence differs from the consensus
in 10% of the positions and the Dm32E sequence differs by 24%. Outside
of this region, the protein sequences are quite different, but putative signal
peptides have been identified. Vm26Ab has 6-7 repeats of the octapeptide
Tyr-Ser-Ala-Pro-Ala-Ala-Pro-Ala, a sequence that occurs only once in Vm32E
and Vm34C (Fig. 31.1). These predicted sequences indicate the proteins
are rich in Ala (10-27%) and Pro (9-16%) (Popodi et al. 1988; Scherer et al.
1988).
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FIG. 31.1. Amino-acid sequence comparison of four vitelline membrane proteins. Gaps were introduced to

which three of the four sequences agree.
highlight sequence features present in more than one protein.  The CON(sensus) line indicates positions at
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Tissue Distribution

Synthesis takes place during egg-chamber stages 8-11, i.e., immediately before
the synthesis of the chorion proteins that will form the outer eggshell (Petri et
al. 1976; Fargnoli and Waring 1982; Mindrinos et al. 1985).

This chapter describes genes that are expressed exclusively in follicle cells
at the time of vitelline membrane synthesis and, in addition to vitelline
membrane proteins, includes the gene Follicle cell protein at 3C.

Follicle Cell Gene Cluster at 26A

Organization and Expression of the Cluster

The cluster consists of four transcriptional units (TU) contained in a little over
7 kb of DNA (Fig. 31.2). TU2 and TU4 (Vm26Aa and Vm26Ab, respectively)
have been sequenced. Their in vitro translation products comigrate with
identified vitelline membrane proteins. The other two transcription units are
expressed at much lower levels: TU1 produces a 1.3-kb transcript; TU3
produces a 0.7-kb transcript which may be translated in vitro into a 20-kD
protein. All four genes in the cluster are expressed exclusively in the follicle cells
of egg chambers during the period of vitelline membrane deposition (Popodi
et al. 1988).

FIG. 31.2. Follicle cell gene cluster at 26A.

Vm26Aa

Product

Vitelline membrane protein Svl7.5.

Gene Organization and Expression

Open reading frame, 141 amino acids; expected mRNA length, 629 bases,
in agreement with the results of northern analysis. SI mapping and sequence
features were used to define the 5' end. The 3' end was obtained from
a cDNA sequence. There are no introns (Vm26Aa Sequence) (Burke et al.
1987).
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Vm26Aa SEQUENCE. Accession, Ml8280 (DROVITA). The vertical bars at Val-23 and
Ser-25 mark potential signal peptide cleavage sites.

Developmental Pattern and Promoter

High levels of RNA are evident in follicle cells between stages 8 and 11 (Burke
et al. 1987). A 170-bp segment upstream of the site of transcription initiation
controls developmental specificity (Jin and Petri, personal communication).

Vm26Ab

Product

Vitelline membrane protein Sv23 (Popodi et al. 1988). The female sterile
mutation fs(2)QJ42 is rescued by transformation with Vm26Ab DNA (Savant
and Waring 1989).

Gene Organization and Expression

Open reading frame, 168 amino acids; expected mRNA length, ca. 625 bases,
in agreement with the results of northern analysis. Primer extension was used
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Vm26Ab SEQUENCE. -96 to 567, from Popodi et al. (1988); the segment from -207
to — 97 was kindly supplied by Gail L. Waring. The vertical bar at Thr-23 marks a
potential signal peptide cleavage site.

to define the 5' end, and SI mapping gave the approximate position of the 3'
end. There are no introns (Vm26Ab Sequence) (Popodi et al. 1988).

Developmental Pattern and Promoter

High levels of RNA are present in follicle cells of stage 8-10 egg chambers.
Vm26Ab RNA is approximately half as abundant as Vm26Aa RNA, but it is
20-40 times more abundant than TU1 or TU3 transcripts (Popodi et al. 1988).
One hundred and forty-seven bp upstream of the transcription initiation site
seem sufficient for correct gene expression (Savant and Waring 1989).

Vm32E

Product

Vitelline membrane protein of approximately 12 kD (Gigliotti et al. 1989).
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Vm32E SEQUENCE. Strain, Oregon R. Accession, M27647 (DROVMP).

Gene Organization and Expression

Open reading frame, 116 amino acids; expected mRNA length, 434 bases, in
agreement with a 0.46-kb RNA detected by northern analysis. Primer extension
and SI mapping were used to define the 5' end. The 3' end was obtained from
the sequence of several cDNA clones. There are no introns (Vm32E Sequence)
(Gigliotti et al. 1989).

Developmental Pattern

Transcription seems to be restricted to follicle cells in stage 10 egg chambers
(Gigliotti et al. 1989).

VmUC

Product

Vitelline membrane protein of approximately 10-11 kD (Mindrinos et al. 1985).

Gene Organization and Expression

Open reading frame, 119 amino acids. Northern analysis revealed an RNA
of approximately 0.6 kb. Primer extension was used to define the 5' end.
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Vm34C SEQUENCE. Kindly supplied by W. H. Petri and L. J. Sherer and from
Mindrinos et al. (1985). The vertical bar at Ala-19 marks a potential signal peptide
cleavage site. Also indicated are a BamHI site present near the 3' end of all Vm genes
and a potential poly(A) signal.

The 3' end was not determined. There are no introns (Vm34C Sequence)
(W. H. Petri and L. J. Scherer, personal communication; Mindrinos et al.
1985).

Developmental Pattern

High levels of RNA are present in follicle cells of stage 8-10 egg chambers
(Mindrinos et al. 1985).
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Fcp3C
(Follicle cell protein at 3C)

Product

Unknown. The predicted amino-acid composition is relatively rich in Ser and
Thr (11% each). The sequence shows no obvious similarity to other proteins
(Burke et al. 1987).

Gene Organization and Expression

Open reading frame, 217 amino acids; expected mRNA length, 770/786 bases:
two sites, 16 bp apart, were indicated to be the likely position of the 5' end by SI

FcpSC SEQUENCE. Accession, M18281 (DROVITB).
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mapping and cDNA sequencing. The 3' end was obtained from a cDNA
sequence. There is one intron after the Thr-152 codon (FcpSC Sequence) (Burke
et al. 1987).

Developmental Pattern

Transcription occurs during vitellogenesis and is restricted to the follicle cells.
RNA is first detectable in stage 9 egg chambers, it reaches a maximum during
stages 10 and 11, and it is absent from stage 12 chambers (Burke et al. 1987).
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yellow: y

Chromosomal Location: Map Position:
X, 1B1 1-0.0

Product

Unknown. It plays a role in the accumulation or deposition of melanins in
larval and adult cuticles.

Structure

Several features of the y product are suggested by the predicted amino-acid
sequence (y Sequence). A signal peptide-like segment is an indication that the
protein is either secreted or incorporated into membrane. Two potential
N-glycosylation sites (Asn-X-Thr/Ser) are present, occurring at Asn-144 and
Asn-215. The widespread occurrence of Pro and Gly residues suggests that
extensive regions of a-helix or ^-pleated sheet do not occur (Geyer et al. 1986).

Mutant Phenotypes

Mutations are classified into two groups. Type 1 alleles are probably amorphs;
they show a uniform absence of melanin (yellow color) in all structures.
Type 2 alleles show the mutant phenotype in some structures (body cuticles,
wing blades) and the wild-type appearance in others (denticles, bristles, sex
combs).

Gene Organization and Expression

Open reading frame, 541 amino acids; expected mRNA length, 1,985 bases.
Primer extension and the sequences of two cDNA clones were used to define
the 5' end. The 3' end was obtained from a cDNA sequence. There is an intron
in the Gly-80 codon (y Sequence) (Geyer et al. 1986).
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y SEQUENCE. Strain, Canton S. Accession, X04427 (DROYELLOW) and X06481
(DROYELL5). An insertion of the transposable element gypsy following the A at
— 870 causes the mutation j;2. Mutations y76d28 and y1 #1 are both caused by
insertion of a P element at the same site in the leader, but the insertions are in
opposite orientations.

Most type 1 mutations occur in the transcribed region of the gene and likely
result in non-functional y product (Chia et al. 1986; Geyer et al. 1986). Mutation
y?6d28 is the result of a P element insertion in the leader (y Sequence). In this
insertion, P is transcribed in the opposite orientation from y and the RNA
produced is derived from the y promoter. Some of that RNA includes both y
and P sequences and is not functional. In a small fraction of the RNA, however,
splicing of most of the P sequences takes place through the use of cryptic splice
signals in the y leader and the P element. This processed RNA codes for a small
amount of normal y product that is responsible for a hypomorphic phenotype.
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Mutations in suppressor of sable (SM(S)) leads to increased accumulation of
processed RNA and a more complete restoration of the normal phenotype
(Geyer et al. 1991). This mechanism of suppression is similar to that observed
in some t; mutations.

y is less than 1 kb from achaete, centromere distal and transcribed toward
the centromere (Fig. 1.1).

Developmental Pattern

There are two broad peaks of expression, one beginning late in embryonic
development (16-20 h) and lasting until the second larval instar, the other
during the middle pupal stages, about 48 h after pupariation. Gene expression
is detectable in epidermal structures in which pigmentation will develop
(Parkhurst and Corces 1986; Martin et al. 1989).

Promoter

Analysis of 5' deletions by germ line transformation identified 2,873 bp
upstream of the transcription initiation site (up to — 3,042) that are sufficient
for full expression of y. The region between —3,042 and —2,038 controls
expression in the wing blade and the adult abdominal cuticle. The region
between —2,038 and —665 contains a a's-acting regulatory signal that also
contributes to expression in the adult abdominal cuticle. Deletions that leave
only 495 bp of the promoter region cause yellow body and wing blades but
pigmented larval mouth parts and denticle belts and adult bristles and sex
combs. The segment between —665 and 166 upstream of the transcription
initiation site seems to control expression in larval mouth parts and denticle
belts, and the segment between 166 and 95 appears to include elements that
contribute to y expression in larval structures as well as elements that determine
expression in the adult tarsal claws and sex combs. With 95 bp of the 5' region
left, only bristles are pigmented normally (Geyer and Corces 1987; Martin et al.
1989).

The long intron contains enhancer-like sequences that seem to be respon-
sible for increased transcript levels; they act in a position-independent manner
(Geyer and Corces 1987; Martin et al. 1989).

Most type 2 mutations, including y2, are associated with rearrangements in
the 5' region of the gene; these seem likely to affect the regulation of y
transcription (Chia et al. 1986; Geyer et al. 1986).

References

Chia, W., Howes, G., Martin, M., Meng, Y. B., Moses, K. and Tsubota, S. (1986).
Molecular analysis of the yellow locus of Drosophila. EM BO J. 5:3597-3606.

Geyer, P. K. and Corces, V. G. (1987). Separate regulatory elements are responsible for
the complex pattern of tissue-specific and developmental transcription of the
yellow locus in Drosophila melanogaster. Genes Dev. 1:996-1004.



304 AN ATLAS OF DROSOPHILA GENES

Geyer, P. K., Spana, C. and Corces, V. G. (1986). On the molecular mechanism of
gypsy-induced mutations at the yellow locus of Drosophila melanogaster. EM BO
J. 5:2657-2662.

Geyer, P. K., Chien, A. J., Corces, V. G. and Green, M. M. (1991). Mutations in the
su(s) gene affect RNA processing in Drosophila melanogaster. Proc. Natl Acad.
Sd.(USA) 88:7116-7120.

Martin, M., Meng, Y. B. and Chia, W. (1989). Regulatory elements involved in the
tissue-specific expression of the yellow gene of Drosophila. Mol. Gen. Genet.
218:118-126.

Parkhurst, S. M. and Corces, V. G. (1986). Interactions among the gypsy transposable
element and the yellow and suppressor of Hairy-wing loci in Drosophila melano-
gaster. Mol. Cell. Biol. 6:47-53.



33

The Yolk Protein Gene Family:
Ypl, Yp2, Yp3

Chromosomal Location:
Ypl
Yp2
Yp3

X, 8F-9B
X, 8F-9B
X, 12B-C

Map Position:
1-30
1-29.5
1-44

Products

Yolk proteins 1, 2 and 3 (YP1, YP2, YP3) of 46, 45 and 44 kD, respectively;
also known as vitellogenins, when circulating in the hemolymph, and vitellins,
when deposited in the oocyte.

Structure

YP precursors contain signal peptides that are cleaved before secretion (Warren
et al. 1979). Other post-translational modifications include the sulfation of Tyr
residues (Tyr-172 in YP2) (Baeuerle and Huttner 1985; Baeuerle et al. 1988),
glycosylation and phosphorylation (Minoo and Postlethwait 1985; Brennan
and Mahowald 1982).

Judging from the predicted amino-acid sequence, the three yolk proteins
have only moderate similarity (Fig. 33.1); sequence identities are 48-53% in
pairwise comparisons over the whole lengths of the proteins and 73% if the
comparisons are restricted to the C-terminal one-third (Hung and Wensink
1983; Garabedian et al. 1987; Yan et al. 1987).

The yolk proteins of higher dipterans seem to be related to the triacyl-
glycerol lipase family of proteins rather than to the vitellogenins of vertebrates,
nematodes and lower insects, which have a different common evolutionary
origin (Terpstra and Geert 1988). Comparison to the yolk proteins of the
Mediterranean fruit fly, Ceratitis capitata, shows that the most conserved region
extends from residue 202 to 427 of YP1; in this segment there is 40% identity
between the two species and 40% of the substitutions are conservative. In terms
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FIG. 33.1. Amino-acid sequence comparison of the three yolk proteins. The CON(sensus) sequence
indicates positions in which there is identity in all three sequences.
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of gene organization, the Mediterranean fruit fly has two types of yolk protein
genes, one type with only one intron, as in Drosophila Ypl and Yp2, and the
other with two introns at the same positions as in Drosophila Yp3 (Rina and
Savakis 1991).

Function

Yolk proteins are the main protein component of the yolk platelets stored in
mature oocytes.

Mutant Phenotype

Mutation Yp3Si occurs in the signal peptide (Yp3 Sequence) and blocks normal
processing and secretion; as a consequence, YP3 fails to accumulate in oocytes
(see below). Viability and fertility are normal, suggesting that Yp3 has a
redundant function (Liddell and Bownes 1991).

Tissue Distribution

YP synthesis occurs only in adult females. The proteins are barely detectable
in newly eclosed females, but the rate of synthesis increases steadily during the
first 24 h after eclosion. The main sites of synthesis are the fat body and the
follicle cells. In female fat bodies, YP can reach 20-30% of newly made proteins,
and all three YPs are produced in comparable amounts. YPs are secreted into
the hemolymph and then pinocytosed by the maturing oocytes. Follicle cells
of stages 9 and 10 egg chambers also actively synthesize YPs; these are
transferred to the oocyte through the intercellular matrix, without entering the
hemolymph. Follicle cells contribute a significant proportion of YP1 and YP2,
but YP3 synthesis is under-represented by four-fold in these cells (Brennan et al.
1982; Bownes 1986 and references therein). Synthesis of YPs is under hormonal
control: 20-hydroxyecdysone stimulates fat bodies to synthesize all three YPs;
juvenile hormone stimulates synthesis in fat bodies and ovaries, but the effect
is more pronounced on YP1 and YP2 than on YP3 (Jowett and Postlethwait
1980).

Organization and Expression of the Cluster

Ypl and Yp2 are separated by 1,228 bp and transcribed divergently; Yp3 is
several hundred kb closer to the centromere (Fig. 33.2).

Developmental Pattern

Transcription is limited to ovaries and fat bodies of adult females (Garabedian
et al. 1985). Expression of Ypl and Yp2 occurs, in general, in follicle cells lining
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Yp3 SEQUENCE. Strain, Canton S. Accession, Ml5898 (DROYP3) and X04754
(DROYP3G) as corrected near the transcription initiation site by Liddell and Bownes
(1991). The vertical line at Ala-19 marks the putative cleavage site of the signal peptide.

FIG. 33.2. Yp cluster, centromere to the right. Note that Yp3 is many kbs from
Ypl/Yp2 and that the direction of transcription of the three genes relative to the
centromere is not known
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the maturing oocyte (stages 8-10) but not in the nurse cells (Logan and
Wensink 1990) (see Ypl Promoter).

Ypl

Gene Organization and Expression

Open reading frame, 439 amino acids; expected mRNA length, 1,559 bases, in
agreement with northern analysis. SI mapping, primer extension and sequence
features were used to define the 5' end. The 3' end was obtained from SI
mapping. There is one intron in the Tyr-74 codon (Ypl Sequence) (Hung and
Wensink 1981; Hovemann and Galler 1982).

Promoter

There is evidence that the 1,228-bp segment separating Ypl and Yp2 includes
two ds-acting regulatory elements, one for ovarian and the other for fat body
expression; these two elements control both Ypl and Yp2. The two genes were
cloned separately into P elements; this split the 1,228-bp segment leaving 886
associated with Ypl and the remaining 342 with Yp2. In germline transformants,
the fragment with Ypl was expressed only in fat bodies and the one with Yp2
only in ovaries (Garabedian et al. 1985).

Fat Body Enhancers Deletion mapping and ligation of fragments to a
heterologous promoter (Hsp70) and a reporter gene (lacZ) showed further that
125 bp of the 886-bp segment (from —378 to —253 in the Ypl Sequence) was
sufficient for stage-, sex- and tissue-specific expression in adult female fat bodies.
This regulatory segment of DNA acts relatively independently of its orientation
and distance from the genes, and it acts on both Ypl and Yp2 (Garabedian et al.
1986; K. Coschigano and P. Wensink, personal communication). The rest of
that segment, from —942 to —378 contains a weaker fat body enhancer
(P. Wensink, personal communication).

Sex-specificity of expression seems to be controlled by the doublesex (dsx)
gene products; these bind to three sites in the fat body enhancer, and all three
binding sites contain sequences related to CTACAAAGT (Burtis et al. 1991).
Binding sites A and B (between —378 and —253) direct male-specific repression
(mediated by binding of DSXM, the product of dsx in males) and female-specific
stimulation (mediated by binding of DSXF, the product of dsx in females) (K.
Coschigano and P. Wensink, personal communication). Partly overlapping
binding site A are binding sites for two regulatory proteins (AEF-1 and C/EBP)
that are also involved in regulating Adh expression in fat body (Ypl Sequence)
(Falb and Maniatis 1992).

Ovarian Enhancers Expression of Ypl and Yp2 in ovarian follicle cells is
controlled by an enhancer, oel, located in the interval between —1,242 and
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312 AN ATLAS OF DROSOPHILA GENES

Ypl SEQUENCE. Strain, Canton S. Accession, V00248 (DMYOLK), X01524, J01157
and Ml 1170 (DROYP12). The segment between -1,453 and -1,282 corresponds to
the reverse complement of Yp2: sites of transcription and translation initiation are
indicated. The vertical line at Ala-19 marks the putative cleavage site of the signal
peptide. A, B and C indicate the footprints produced by the dsx products in the main
fat body enhancer; and aef-1 and c/ebp are footprints of fat-body specific proteins.
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Yp2 SEQUENCE. Strain, Canton S. Accession, X01524, J01157 and Ml 1170
(DROYP12). The vertical line at Gly-19 marks the putative cleavage site of the signal
peptide.

— 942 in the Ypl Sequence, between 43 and 343 bp upstream of the transcription
initiation site of Yp2 (Logan et al. 1989). oel is composed of multiple parts,
each controlling the expression in various subsets of follicle cells (Logan and
Wensink 1990).

oe2, located between - 1,389 and - 1,284 (the first 105 bp of the first exon
of Yp2), is also necessary for expression of Ypl in ovaries (Logan et al. 1989).

Other Regulatory Elements Another ds-acting regulatory region was identified
by its ability to bind YPF1, a heterodimer with subunits of 85 and 69 kD, very
specifically and very tightly (KD < 5 x 10 ~16). This element occurs in the
translated region of Ypl (between positions 82 and 126 in the Ypl Sequence)
and is necessary for Ypl transcription (Mitsis and Wensink 1989a, 1989b).

Yp2

Gene Organization and Expression

Open reading frame, 442 amino acids; expected mRNA lengths, 1,546 or 1,630
bases depending on which of two polyadenylation sites is used. SI mapping
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and primer extension were used to define the 5' ends. The 3' ends were obtained
by SI mapping. There is an intron in the Tyr-79 codon (Yp2 Sequence)
(Hovemann and Galler 1982; Hung and Wensink 1983).

Promoter

See discussion of the Ypl promoter, above.

Yp3

Gene Organization and Expression

Open reading frame, 420 amino acids; expected mRNA length, 1,488 bases. SI
mapping and cDNA sequencing were used to define the 5' and 3' ends. There
are two introns, at Tyr-69 and after He-196 (Yp3 Sequence) (Garabedian et al.
1987; Van et al. 1987; Liddell and Bownes 1991).
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Size Variations Among the Elements
that Constitute the Genes of Drosophila
(Leader, coding region 3' untranslated

region, exons, introns)

The discussion in this chapter centers around two questions: (1) what are the
size ranges of the various elements that constitute a functional gene? and
(2) is there a correlation between the size of one element and the size of another.

The data analyzed in this chapter are derived from 73 of the genes presented
in Part I. Because 12 of those 73 genes have multiple transcripts, they encompass
a total of 87 transcripts. Two partly overlapping datasets can be examined:
Dataset A includes all 87 transcripts, but elements shared by different transcripts
of the same gene are considered only once. For example, if two transcripts of
a gene differ only with respect to the poly (A) site, both 3' untranslated regions
(3' UTR) are included in the analysis, but the leader is counted only once, since
it is the same for both transcripts. Dataset B includes only one representative
from each family of related genes or from the group of multiple transcripts of
a given gene. In this case the sample is reduced to 40 "unrelated" transcripts.
The size of a few elements were found to be outside the expected size range
suggested by statistical analyses and so were excluded from the analysis.
These elements are the 3' UTR ofbsg25D II and the leader, 3' UTR and introns
of Ubx.

Coding Regions and Untranslated Regions

The questions posed in the first paragraph are discussed as they apply to those
parts of the gene that give rise to the mature mRNA: the leader, the coding
region and the 3' untranslated regions (the size of these regions in bp will be
represented by the symbols Leader, CR and 3'UTR, respectively, and mRNA
will be used for mRNA size. These elements are often encoded by segments in
more than one exon; however, because they are the constitutive parts of the
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mature message, they will be considered here as units. The size and position of
exons and introns will be discussed in the next section.

Size Distribution

Table 34.1 covers Dataset A and lists 87 transcripts arranged in order of
increasing CR, values are given for Leader, CR, 3'UTR, mRNA, and the fraction

TABLE 34.1. Dataset A

#

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*

*
*

Gene

Mtn
Mto
CecAl
CecA2
CecB
Sgs7
Sgs8
CytC2
CytCl
Hspg2
Hspg2 d
Lcp3
S15
Vm32E
Lcp2
Lcpl
Rp49
JanA
Cpl6
JanB
Vm26Al
Sgs5
Vm26A2
Hspg3
Cpl8
Cpl9
Hsp22
Hsp23
ASC-ac
Ddc-Cc
Hsp26
Hsp27
Fcs3C
Hspgl
Ddc-Cs
Adhd
Adh p
ASC-lsc
Cp36

Leader

124
144
73
81
71
32
32
44
68
60

182
45
45
29
42
42

9
60
46

100
81
33
62

168
44
45

251
112
63

200
184
119
111
93

353
123
70
27
31

CR

123
132
192
192
192
225
228
318
327
336
336
339
348
351
381
393
402
408
417
423
426
492
507
510
519
522
525
561
606
612
627
642
654
717
738
771
771
774
861

3'UTR

140
100
81
81

61
92

311
212
69

103

126
54

241
52
56

122
129
56

301
86
86

181
201
243
376
138

41

605
173
173
383
112

mRNA

387
376
346
354

319
353
673
607
465
622

519
434

661
515
579
629
653
625
979
649
653
957
874
912

1,188
949

786

1,696
1,067
1,014
1,184
1,004

CR/mRNA

0.32
0.35
0.55
0.54

0.71
0.65
0.47
0.54
0.72
0.54

0.67
0.81

0.62
0.81
0.73
0.68
0.75
0.81
0.52
0.80
0.80
0.55
0.64
0.66
0.52
0.66

0.83

0.44
0.72
0.76
0.65
0.86



TABLE 34.1. Continued

*

*
*
*

*

*

*

*

*

*

*

*
*

*

*

*

*

*

*

*

*
*

Gene

Cp38
Sgs3
h alpha 1
h alpha2
ASC-sc
Ubx IVa
Sryb
ActSC I
ActSC II
ActSC III
ActSC IV
Act42A
Act79B
Act87E I
Act87E II
Act88F
eve
Ubx la
ftz
Yp3
kni
Sry d
Ypl
YP2(I)
Yp2(II)
EF-1AF2
EF-1AF1
Kr(I)
Kr(II)
Ddcl
Pgd
ASC-ase
Amy
Ddc-DoxA
bed
DdcII
Ddc-amd
Sry a
y
prd
Hsp70Cld
Hsp70A7d
bsg25D I
bsg25D II
h b d
h b p
otu2
otul

Leader

77
29

491
295
117
966
144
155
155
119
119
102
147
82
82
95
94

966
70
59

271
67
61
51
51

138
80

185
185
197
35

456
33
90

169
232
150
43

171
245
242
246
296
296
510
161
122
171

CR

921
924

1,014
1,014
1,038
1,041
1,056
1,131
1,131
1,131
1.131
1,131
1,131
1,131
1,131
1,131
1,131
1,143
1,242
1,260
1,290
1,293
1,320
1,329
1,329
1,389
1,392
1,401
1,401
1,428
1,446
1,461
1,485
1,485
1,485
1,533
1,533
1,593
1,626
1,842
1,926
1,932
2,226
2,226
2,277
2,277
2,436
2,562

3'UTR

293
164
830
830
283

2,100
99

184
543
184
543

355
367

191
986

168
507
104
181
166
250

1,030
582
265
633
298
178
346
83
82

817
298
99

226
188
330

210
198

2,227
561
561
486
486

mRNA

1,290
1,117
2,335
2,139
1,438
4,106
1,299
1,560
1,919
1,524
1,883

1,568
1,580

1,416
3,096

1,490
2,068
1,464
1,562
1,546
1,630
2,558
2,054
1,851
2,219
1,923
1,659
2,263
1,601
1,657
2,471
2,064
1,782
1,862
1,985
2,417

2,388
2,720
4,749
3,348
3,000
3,045
3,220

CR/mRNA

0.71
0.83
0.43
0.47
0.72
0.25
0.81
0.73
0.59
0.74
0.60

0.72
0.72

0.80
0.37

0.85
0.62
0.88
0.85
0.86
0.82
0.54
0.68
0.76
0.63
0.74
0.87
0.65
0.93
0.90
0.60
0.74
0.86
0.86
0.82
0.76

0.81
0.82
0.47
0.68
0.76
0.80
0.80

Asterisks mark transcripts included in dataset B.
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FIG. 34.1. Frequency distributions of size classes of: mRNA, coding regions, leaders
and 3' UTRs. Open bars represent Dataset A, shaded bars represent Dataset B. The
"Count" scale measures the absolute number of cases in each class and it applies to
both datasets. The "proportion per bar" scale measures the fraction of the total in
each class and it applies only to dataset A. The transcripts for Ubx and bsg25D II
were excluded.

(A) Leader:
Dataset A
Dataset B

(B) Coding Region:
Dataset A
Dataset B

(C) 3' UTR:
Dataset A
Dataset B

(D) mRNA:
Dataset A
Dataset B

N

79
39

76
39

66
34

72
39

Mm.

9
9

123
123

41
41

318
354

Max.

510
491

2,562
2,436

1,030
1,030

3,348
3,044

Mean

127
137

959
1,036

250
260

1,412
1,517

St. Dev.

103
101

589
575

206
236

773
770

322



Size Variations Among the Elements o/Drosophila 323

of the mature mRNA represented by CR. Fig. 34.1 shows frequency distribu-
tions for the size of these elements. For both datasets, mRNA and CR are
broadly distributed; 90% of all mRNA values lie between 350 bp and 2,500 bp
and 90% of all CR values are between 120 bp and 1,600 bp. For Dataset B, the
Leader profile also forms a broad shoulder, but the 3'UTR distribution is more
skewed toward the smaller sizes. Both variables seem to have a threshold at
the smaller end of the distribution, Leader at about 30 bp (with only 9 bp, RP49
has the smallest leader) and 3'UTR at about 50 bp (no 3'UTR is smaller than
40 bp). Among the longer elements is found the leader of Ubx (966 bp) (excluded
from the data in Fig. 34.1), which may contain a functional open reading frame
(the leader associated with this secondary open reading frame is only 12 bp).
The 3' UTR of some Ubx and bsg transcripts are also outside the size normal
range at approximately 2,100 and 2,200 bp, respectively.

Size Correlations

When regression analyses were applied to Dataset A, significant correlations
were observed for several pairs of variables (3'UTR vs CR, Leader vs 3'UTR,
etc.). However, many of these correlations were probably due to the inclusion
of multiple members of the same family of transcripts. When the analysis was
carried out using Dataset B, most of the correlations disappeared; the exceptions
are as follows (Table 34.2):

1. There was a highly significant correlation (p < 0.001) between Leader
and 3'UTR. Even when a single representative from each family of transcripts
was considered, 31% of the variability in Leader was associated with changes
in 3'UTR (r2 = 0.31) (Fig. 34.2).

2. Leader (r2 = 0.23), CR (r2 = 0.86) and 3'UTR (r2 = 0.42) were correlated
to mRNA. This is as would be expected since the last variable is the sum of
the first three.

TABLE 34.2. Size correlations for various pairs of genetic elements from Dataset B

Leader
CR
3'UTR
Exonl
Exon2
LastExon
mRNA
Intronl
Intron2

Leader CR 3'UTR Exonl

NS *** NS
NS NS

NS

Exon2

NS
NS
NS
NS

LastExon

**
***
***

NS
NS

mRNA

***
***
***

NS
NS
***

Intronl

*
*

NS
NS
NS

*
*

Intron2

NS
NS
NS
NS
NS
NS
NS
NS

The significance of each correlation is indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, indicates
that the correlation is not significant. Exonl, Exon2 and Intronl are not correlated with any of the variables.
Exonl is not correlated with the number of exons either.
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FIG. 34.2. Plot of leader size as a function of 3' UTR size for Dataset B (Ubx was
excluded). Regression analysis is actually not permissible on the raw data because
there is lack of variance homogeneity. To obviate this problem a logarithmic
transformation was applied and significant correlation was observed between the
transformed variables.

Introns and Exons

The Number of Introns

Fig. 34.3 shows the frequency distribution of transcripts according to the
number of introns. For genes with 0 to 3 introns, there was no statistically
significant correlation between number of introns and Leader, CR, 3'UTR or

FIG. 34.3. Frequency distribution of transcripts classified according to the number
of introns. See Fig. 34.1 legend.
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TABLE 34.3. The size of the leader, the coding region, the 3'
UTR and the mRNA in genes with various number of introns

Number of introns

Leader

3' UTR

CR

mRNA

0

125
(20, 24)

203
(17, 24)

881
(20, 129)

1,167
(17, 142)

1

108
(40, 15)

222
(31, 32)

880
(40, 92)

1,306
(31, 142)

2

173
(11,45)

338
(10, 90)

1,164
(10, 166)

1,647
(10, 234)

3

144
(6, 25)

281
(6, 113)

837
(6, 275)

1,244
(6, 336)

Mean size in bp. Numbers in parentheses indicate the number of observations
and the standard error of each mean.

mRNA (Table 34.3). There was no correlation either between number of introns
and exon sizes.

The Size of Exons

In order to study the size distribution of exons, the last exons of all the genes
were classified in a single category. The remaining exons were classified as
exon 1, exon 2, exon 3, etc., starting at the 5' end; the size of the corresponding
exons are designated LastExon, Exonl, Exon2, and Exon3. No significant
differences were found among Exonl, Exon2 and Exon3; meaningful com-
parisons among higher numbered exons were not possible because they are
so few in numbers. Exonl, Exon2 and Exon3 (U pstreamExons), however,
are significantly smaller than LastExon. The frequency distribution of
VpstreamExons is shown in Fig. 34.4; the most frequent size class, is between
50 and 150 bp. LastExon shows a much broader distribution (Fig. 34.5).

In order to evaluate the frequency with which leader introns occur, a plot
was prepared of the frequency distribution of genes according to the position
of the first intron. As Fig. 34.6 shows, the distribution is fairly uniform around
the AUG codon; i.e., there is no obvious cluster of genes possessing a leader
intron. It would appear that there is a preferred location for the first intron in
the neighborhood of the AUG codon, and whether it occurs to its right or to
its left is a question of chance. For Dataset A, the position of the first intron
is centered around the origin of translation, with more than 50% of transcripts
having the first intron within 50 bp on either side of the AUG. For dataset B,
however, the peak is not quite so sharp, and it is centered 50 bp downstream
of the AUG codon. This preference for the first intron to be near the translation
initiation site may be a simple coincidence of the average sizes of leaders and
first exons, or it may be determined by certain sequence characteristics of that
region. That the first explanation is most likely the correct one is suggested by
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FIG. 34.4. Frequency distribution of upstream exons classified according to size.
See Fig. 34.1 legend. Ubx was excluded.

Dataset A
Dataset B

N

89
55

Min.

22
22

Max.

1,245
1,245

Mean

245
264

St. Dev.

240
242

AN ATLAS OF DROSOPH1LA GENES

the fact that leader introns seem to be more common among genes with longer
leaders (Table 34.4).

The Size of Introns

The size distribution of introns appears to be uniform across the various classes
of introns (intron 1, intron 2, etc.), and values were pooled for Fig. 34.7A and
B: 47% of all introns fall in the size class 50-75 bp; and 24% are between 60
and 70 bp. However, introns that are many thousands of bp long also occur,
as in the case of Ubx.

Size Correlations Dataset B was used to estimate correlations between various
pairs of variables with the following results (Table 34.2):

1. Exonl and Exon2 were independent of the size of the mature mRNA,
but LastExon was highly correlated to mRNA (r2 = 0.64).

2. As might have been expected from the LastExon/mRNA correlation, CR
(r2 - 0.55) and 3'UTR (r2 = 0.22) were correlated with LastExon. Leader was
also correlated with LastExon (r2 — 0.32). This might not have been expected
except for the observation that Leader was correlated with 3'UTR, as was
mentioned in the previous section.
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FIG. 34.5. Frequency distribution of the last exons classified according to size.
See Fig. 34.1 legend. Ubx and bsg II were excluded.

Dataset A
Dataset B

N

50
39

Mm.

124
124

Max.

2,856
2,856

Mean

1,046
1,109

St. Dev.

713
698

FIG. 34.6. Frequency distribution of transcripts classified acccording to the position
of the first intron. Position 0 marks the AUG codon. See Fig. 34.1 legend. Ubx was
excluded.
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TABLE 34.4. Genes in dataset B classified by the size of intron 1

Gene

Adh p
CecA2
Ddc-Cs
Ddc-DoxA
eve
Fcs3C
Hspg2
JanB
Lcpl
Pgd
Rp49
S19
S36
Sgs5
Sryb
Yp3

Leader

70
81

353
90
94

111
60

100
42
35

9
45
31
33

144
59

3'UTR

173
81

605
82

191
41
69
56

178

86
112
129
99

168

EXON1

169
180
53

254
233
568
181
152
54
43

102
60
79

301
217
264

INTRON1

65
58
62
61
71
73
67
58
64
75
59
89
91
56
68
62

LASTEX

440
174

1,643
1,403
1,183

218
124
146

1,392

593
925
164

1,082
843

mRNA

1,014
354

1,696
1,657
1,416

786
465
579

1,659

653
1,004

653
1,299
1,490

CR

771
192
738

1,485
1,131

654
336
423
393

1,446
402
522
861
492

1,056
1,260

X(INTJ)

99
99

-300
164
139
457
121
52
12
8

93
15
48

268
73

205

EXON > 1

405

160
156, 125

224

188

383

INTRON > 7

70

72
57. 61

1,419

60

72



Amy
ASC-sc
CytCl
Hsp22
Hsp70A7d
Hspg3
Sry a
Vm26Al

Act5C I
bed
bsg25D I
Ddcl
Ddc-Cc
EF-1AF2
ftz
h alpha 1
h b p
Kr(I)
kni
Mtn
otu2

prd
y

33
117
68

251
246
168
43
81

155
169
296
197
200
138
70

491
161
185
271
124
122

245
171

83
283
212
181
210
301
226
122

184
817
198
298
376

1,030

830
561
265
507
140
486

330
188

147
334
528
191
401

22
827
590
144
222
271
146
118

312
409

1,667
559
776
869
360

1,245
150

1,021
283
372
733
265
537

356
2,719

1,413
1,102
1,947
1,646

787
1,390

1,649
2,856
1,629
1,719

241
663

2,105
1,576

1,601
1,438

607
957

2,388
979

1,862
629

1,560
2,471
2,720
1,923
1,188
2,558

2,335
3,000
1,851
2,068

387
3,045

2,417
1,985

1,485
1,038

327
525

1,932
510

1,593
426

1,131
1,485
2,226
1,428

612
1,389
1,242
1,014
2,277
1,401
1,290

123
2,436

1,842
1,626

-8
165
232
-6
201

-116
757
99

-17
37
0

22
-4

67
238

76, 959
245
86

87, 853, 206

96

78

233, 98, 155,
396,137,1,245

40, 513
1,168
1,029

450, 456, 78

136

214

62, 67, 57,
53, 583, 68

X(INT1) indicates the position of the first intron relative to the translation initiation site. EXON > 1 and INTRON > 1 contain the values of all exons and introns between the
first and last ones. The top panel includes Class I genes, the bottom panel, Class II and the middle panel, Class III.
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FIG. 34.7. Frequency distribution of introns classified according to size. See
Fig. 34.1 legend. Panel B includes introns between 0 and 300 bp only. Ubx was not
included.

3. Surprisingly, Intronl (the size of intron 1) had a significant, if not very
strong, correlation with the size of several other elements. Naturally, some of
these multiple associations may not have been independent of each other; i.e.,
Intronl might be correlated to mRNA because it was correlated to LastExon,
which is in turn a determinant of mRNA.

Classes of Genes

The correlation between Intronl and mRNA (r2 = 0.19) was not due to a
smooth relationship between the two variables but rather to the fact that all
introns 1 of small size were associated with mRNAs smaller than 1.7 kb
while most larger introns were associated with mRNAs of more than 1.7kb
(Fig. 34.8). The same phenomenon explains the correlations between Intronl
and the other variables and the correlation between Leader and 3'UTR. In
other words, all of the unexpected size correlations that were found are
ascribable to the fact that genes with introns can be classified into two groups:
class I (those having a first intron of less than 100 bp) and, class II (those having
a first intron of more than 100 bp). As a group, class I genes have significantly
smaller Leader, 3'UTR and CR than class II genes. Within each class, none of
the size correlations exist (Fig. 34.9, Table 34.4 and Table 34.5).

What is the biological or molecular significance of two such distinct classes
of genes? One possibility is that some of the larger introns may contain segments
important for the control of gene expression. Several instances of regulatory
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FIG. 34.8. Plot of intron 1 size as a function of mRNA size for Dataset B.
Regression analysis is actually not permissible on the raw data because there is lack
of variance homogeneity. To obviate this problem a logarithmic transformation was
applied, and a significant correlation was observed between the transformed variables.

TABLE 34.5. The size of the leader, the coding
region and the 3' untranslated region in three

classes of genes

Leader

CR

3'UTR

Class I

85
(16, 80)

760
(16, 408)

148
(14, 140)

Cfass //

200
(15, 100)

1,435
(15, 614)

444
(14, 278)

Class III

126
(8, 87)

980
(8, 621)

202
(8, 74)

Mean size in bp. Numbers in parentheses indicate the number
of observations and the standard error of each mean. Analysis
of variance indicates that in each case, Class II means are
significantly different from Class I and Class III means (p = 0.05).

sequences in transcribed but non-coding regions of genes have been documented
(see, for example, bed, ftz, Hsp70, Pgd, Ubx). But why should the presence of
such regulatory elements be associated exclusively with larger coding regions?
Alternatively, the explanation may rest entirely with the mechanics of mRNA
transcription and processing (see Chapter 35). Another possible explanation,
albeit one that does not seem to be borne out by the data, is that genes within
each class are more closely related to one another than to genes of the other
class and that the correlations presented here are just a consequence of "family
resemblance".
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FIG. 34.9. Plot of leader size as a function of 3' UTR size for Class I (O) and
Class II (•) genes in Dataset B. Regression analysis within each class showed no
significant correlation between the variables.

In addition to the two classes of genes treated heretofore, there is a third
class, those without introns. The mean values for Leader, CR and 3'UTR in
intronless genes fall in between the values for class I and class II genes.
Statistically, however, those values are significantly smaller than the values for
class II genes, and not significantly different from the values for class I (Tables
34.4 and 34.5).
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This chapter provides a general description of introns in Drosophila genes, with
emphasis on the genetic information responsible for the correct specification of
boundaries between introns and exons. The problem of locating introns within
unannotated DNA sequences is posed by any large genomic sequencing project,
and provides a perspective for discussing the information that specifies their
removal. I want to stress, however, that there may not be a single set of rules
that can identify all introns in all tissues. Certainly, it has become clear that
the rules for locating introns will differ between species, such as flies and
humans, in different taxonomic classes. Here, I will attempt to describe in
general terms both what is known about how introns are recognized by the
splicing machinery, and how an investigator might go about identifying introns
within the sequence of his favorite Drosophila gene. Ultimately, such searches
will be carried out by computer. Most current software, however, is designed
specifically or primarily for species other than Drosophila (one exception is the
program GM (Fields and Soderlund 1990), which accepts organism-specific
consensus matrices and codon asymmetry tables). I am currently developing
computational applications of the ideas described here, and interested readers
are encouraged to consult current releases of the electronic Drosophila Infor-
mation Newsletter.

The Mechanism of Splicing

To understand how genetic information specifies the removal of introns, one
must understand splicing at the level of biochemical mechanism. To date, the
biochemistry of splicing has been studied in extracts from HeLa cells or yeast
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(reviewed by Smith et al. 1989; Green 1991; Guthrie 1991). However, Drosophila
is becoming increasingly important to the study of messenger RNA splicing,
primarily because of extremely promising genetic systems bearing on the
regulation of alternative splicing (Laski et al. 1986; Boggs et al. 1987; Chou et al.
1987; Zachar et al. 1987; Bell et al. 1988; Nagoshi et al. 1988; Pongs et al. 1988;
Schwartz et al. 1988; Siebel and Rio 1989; Collier et al. 1990; Geyer et al. 1991;
Pret and Searles 1991; McAllister 1992; Steinhauser and Kalfayan 1992;
Hazelrigg, unpublished results). Extracts from Drosophila cells or embryos that
are capable of accurate and efficient removal of introns from RNA substrates
have been described (Rio 1988; Hodges and Bernstein 1992; Guo et al. 1992), and
are certain to be used increasingly. However, the HeLa in vitro system will just as
certainly continue to provide the biochemical paradigm, and most of the infor-
mation in this section pertains to results derived using extracts from HeLa cells.

The Chemistry of Splicing

The removal of introns from messenger RNA precursors occurs in a series of
two cleavage-ligation reactions, each involving transesterification at a splice
site phosphate (Fig. 35.1 A). Thus, messenger RNA splicing resembles the

FIG. 35.1. Overview of the splicing mechanism, (a) Each of the chemically distinct
steps in the splicing process is indicated. The first phosphotransfer reaction joins the
5' phosphate of the intron to a 2' hydroxyl group within the intron, resulting in a free
upstream exon and a lariat intermediate. The second step of the splicing reaction
joins the now free 3' hydroxyl of the upstream exon to the phosphate at the 3' splice
site, (continued)



B.

FIG. 35.1 (continued). Overview of the splicing mechanism. (B) Spliceosome assembly
involves the ordered addition of snRNPs and protein factors. The generally
recognized series of steps in HeLa nuclear extract spliceosome assembly are shown
and the complexes named (see text).
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splicing of both Group I and Group II introns of the self-splicing type. In
mRNA splicing and Group II splicing (but not Group I splicing), the phosphate
at the 5' splice site reacts with a 2' hydroxyl group within the intron, resulting in
a free upstream exon and a lariat that consists of nucleotides from the intron and
the downstream exon. In the splicing of Group I introns, exemplified by the Tetra-
hymena thermophila ribosomal RNA intron, the 5' splice site phosphate reacts
with a 3' hydroxyl group on a guanosine nucleotide, and no lariat is formed. These
three classes of intron are similar in that the second step is carried out by attack
of the now free 3' hydroxyl group of the upstream exon with the phosphate at
the 3' splice site. Both steps of pre-mRNA splicing proceed with inversion of
configuration at phosphorus (K. L. Maschoff and R. A. Padgett, M. J. Moore
and P. A. Sharp, personal communication), which constitutes evidence for a
concerted transesterification reaction, as had been previously described for
Group I self-splicing introns (McSwiggen and Cech 1989; Rajagopal et al. 1989).
The basic similarity between pre-mRNA splicing and splicing in which the
intron participates in the catalysis of the splicing reaction has led to the
speculation that pre-mRNA splicing is essentially RNA-catalyzed (Cech 1986;
Guthrie 1991; Sharp 1991). It is supposed that in the case of pre-mRNA splicing
the catalytic RNA is one or more of several small nuclear RNAs (snRNAs)
that assemble onto nascent intron-containing transcripts as part of a large
(40S-60S) complex of RNAs with at least 30 proteins known as the spliceosome.

The Spliceosome

The spliceosome contains the pre-mRNA and a number of associated factors.
The best understood of these factors are snRNPs (small ribonucleoproteins),
complexes of one or more snRNAs and associated proteins. The most abundant
spliceosomal snRNAs (Ul, U2, U4, U5 and U6) are present in RNPs containing
a number of common proteins recognized by antibodies from patients with a
number of autoimmune diseases (for reviews of snRNPs and snRNP proteins,
see Paterson et al. 1991; Birnstiel 1988). All of these RNAs carry a trimethyl
guanosine cap at their 5' ends, with the exception of U6, which has a
monomethyl cap. Ul and U2 snRNPs, each with a single U snRNA, are most
abundant, and have well-defined roles in the splicing process (see Fig. 35.1 and
the discussion below). U4 and U6 are normally found associated in a single
snRNP, loosely associated with the U5 snRNP to form a tri-snRNP (Beherens
and Liihrmann 1991). Both the protein and RNA components of these U
snRNPs are highly conserved. In particular, Drosophila U RNAs are highly
conserved in sequence (Mount and Steitz 1981; Saba et al. 1986; Das et al. 1987;
Lo and Mount 1991; see Mylinski et al. 1984; Guthrie and Patterson 1988; and
Reddy and Busch 1988; for overviews of snRNA conservation). Furthermore,
it is generally possible to make a one-to-one correspondence between HeLa
cell and Drosophila snRNP proteins on the basis of mobility and antigenicity
(Paterson et al. 1991), and those proteins involved in splicing whose sequences
have been determined in Drosophila as well as in vertebrates are also highly
conserved (Mancebo et al. 1990; Harper et al. 1992; Zahler et al. 1992).
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A considerable number of specific interactions among various components
of the spliceosome and the splicing substrate occur prior to the first step of
splicing. Green (1991) divides spliceosome assembly into four steps: the Ul
snRNP-binding reaction, the U2 snRNP binding reaction, the entry of the
U4/U5/U6 tri-snRNP and the loss of U4 snRNP from the spliceosome (Fig.
35.1). A number of intermediates in this process can be separated on non-
denaturing gels (Konarska and Sharp 1987) or on sizing columns (Michaud
and Reed 1991), and some of the intermediate complexes have been named
(Fig. 35.1). Prior to its assembly with spliceosomal components, the pre-
mRNA can be found associated with heterogeneous nuclear ribonucleoprotein
(hnRNP) proteins both in vivo (Dreyfuss 1986) and in vitro (Bennett et al. 1992).
This early complex, known as the H complex, contains different hnRNP
proteins on different substrates. A second complex, known as the E complex,
consists of stably bound Ul snRNP, and can assemble in the absence of ATP
(Michaud and Reed 1991). Subsequent addition of the U2 snRNP (which
associates with the branchpoint) requires ATP and results in the formation of
the A complex. A pre-existing complex of U4, U5 and U6 is added to the A
complex to form the B complex. Then, the U4 snRNP (without U6) is either
lost from the spliceosome (Lamond et al. 1988; Yean and Lin 1991) or
destabilized (Blencowe et al. 1989), and splicing follows. Splice site recognition
by snRNPs has recently been reviewed by Steitz (1992).

Recognition of 5' Splice Sites

A 5' splice site that conforms to the consensus sequence MAG| GURAGU
(M = A or C; R = A or G), within which the underlined GU dinucleotide is
invariant, is generally required for splicing (Aebi et al. 1986; Green 1986; Smith
et al. 1989). The 5' splice site is recognized by the Ul snRNP (Mount et al.
1983; Black et al. 1985) via base-pairing with the 5' end of Ul RNA (Zhuang
and Weiner 1986; Seraphin et al. 1988; Siliciano and Guthrie 1988), as originally
proposed by Lerner et al. (1980) and by Rogers and Wall (1980). The 5' splice
site is probably also recognized by additional factors (Siliciano and Guthrie
1988; Bruzik and Steitz 1990; Seraphin and Rosbash 1990; Stolow and Berget
1991), including the U5 snRNP (Newman and Norman 1991), which appears
to recognize the exonic portions of both the 5' and the 3' splice sites (Newman
and Norman 1992). The G at intron position 1 is required for the second step
of splicing as well as for the first; mutations in this position can result in
accumulation of lariat intermediates in both yeast (Newman et al. 1985;
Vijayraghavan et al. 1986) and mammalian (Aebi et al. 1986) systems. Thus, it
appears that nucleotides at the 5' splice site are recognized multiple times in
the course of a single splicing event, and this may help to explain the observation
that consensus sequences for the 5' splice site are highly conserved between
species (Mount 1982; Shapiro and Senapathy 1987; Jacob and Gallinaro 1989;
Fields 1990; Mount et al. 1992). It is of particular interest to this discussion that
the Drosophila matrix is remarkably similar to those obtained from mammalian
introns (Table 35.1).
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TABLE 35.1. 5' splice site sequences

Drosophila (frequencies, as percentages).

A
C
G
T

consensus:

-5

33
24
14
29

-4

34
21
23
22

-3

37
29
15
19

M

-2

52
15
11
21

A

-1

9
8

71
12

G

/

0
0

100
0

G

2

0
0
0

100

1

3

60
1

35
4

R

4

71
9
9
11

A

5

9
2
82
6

G

6

11
14
6
68

T

7

39
13
19
29

W

8

21
21
20
32

Total (all species, dominated by mammals).

A
C
G
T

consensus:

-3

32
37
18
13

M

-2

60
13
12
15

A

-/

9
5
79
7

G

1

0
0

100
0

G

2

0
0
0

100

I

3

59
3
35
3

R

4

71
9

11
9

A

5

7
6
82
6

G

6

16
16
18
50

T

Drosophila 5' splice site scoring table. Scores were calculated according to Hertz et al. (1990).

A
C
G
T

-3

0.6
0.2

-0.7
-0.4

2

1.1
-0.7
-1.1
-0.2

-1

-1.4
-1.6

1.5
-1.0

1

-5.7
-4.7

2.0
-5.7

2

-5.7
-4.7
-5.7

2.0

3

1.3
-4.1

0.5
-2.5

4

1.5
-1.4
-1.4
-1.1

5

-1.4
-3.1

1.7
-2.0

6

-1.1
-0.8
-1.9

1.5

7

0.6
-0.9
-0.4

0.2

Recognition of Branchpoints, Pyrimidine Tracts, and 3' Splice Sites

y Splice sites conform to the consensus sequence YAGJG and are typically
found at the site of the first AG dinucleotide downstream of the branchpoint.
Mammalian branchpoints fit the consensus sequence UNCURAC (in which
branch formation occurs at the underlined A) and usually reside between 18
and 38 nucleotides upstream of the 3' splice site (Noble et al. 1988; Reed and
Maniatis 1988; Nelson and Green 1989). Between the branchpoint and the 3'
splice site is a pyrimidine-rich region. The way in which sequences at the 5'
splice site, the branchpoint, the pyrimidine-rich stretch, and the 3' splice site
act together in mammalian splicing to specify intron boundaries has been
investigated in detail and much is known of the factors that recognize these
sites (Reed and Maniatis 1988; Smith et al. 1989; reviewed in Smith et al. 1989;
Green 1991). The branchpoint is recognized by the U2 snRNP via base pairing
(Parker and Patterson 1987; Nelson and Green 1989; Wu and Manley 1989;
Zhuang et al. 1989; Zhuang and Weiner 1989). However, binding of the
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U2 snRNP to the branchpoint requires a number of factors, including the Ul
snRNP (Zillman et al. 1987; Ruby and Abelson 1988; Seraphin et al. 1988;
Barabino et al. 1990) and U2AF, a factor that binds to the pyrimidine-rich
stretch (Ruskin et al. 1988; Zamore and Green 1991).

There exists considerable evidence supporting the proposal that after a
branchpoint has been selected (and possibly, but not necessarily, after the first
step of splicing) a 3' splice site is selected at the first AG dinucleotide
downstream of the branch. This model is supported by the result, observed in
both yeast (Rymond and Rosbash 1985) and HeLa cell extracts (Smith et al.
1989), that the first step of splicing can proceed without an AG dinucleotide if
certain conditions are met (see below). In particular, Reed (1989) has divided
introns into two categories based on the relative importance of the branchpoint
and the pyrimidine tract, and finds that a tract of 14 pyrimidines is sufficient
to confer AG-independent splicing. In any event, the lack of AG dinucleotides
in the region between the branchpoint and the 3' splice site (Mount 1982;
Shapiro and Senapathy 1987; Gelfand 1989) is suggestive of some sort of
microscanning model, as was noted very early (Mount 1982). Consistent with
this, mutational analysis indeed indicates that the first AG downstream of such
a branchpoint is used as the 3' splice site (Langford and Gallwitz 1983; Smith
et al. 1989). In the mammalian case (Smith et al. 1989), CAG, UAG or AAG,
introduced between the branchpoint and the genuine 3' splice site, were found
to "capture" splicing, but GAG in the same position prevented splicing
altogether, a result that is consistent with the lack of any recorded 3' splice
sites with the sequence GAG.

Recently, Reich et al. (1992) observed that compensatory changes in
Ul RNA can suppress mutations in the AG at the 3' splice site in Schizo-
saccharomyces pombe, indicating base pairing between Ul and the 3' splice site
prior to the first step of splicing. Thus, Ul RNA interacts with both splice sites
prior to the first step of splicing, at least for some introns (possibly all those
introns that require the 3' splice site AG to complete the first step of splicing).
This division of introns into categories based on AG-dependence can be
extended to include a third category: those introns that do not require Ul at
all (Bruzik and Steitz 1990). Thus, it is becoming apparent that the relative
contributions of particular factors to intron recognition may vary among
introns.

Species-specificity of Splicing Signals

Although it is now clear that mRNA splicing is carried out by a universally
conserved fundamental mechanism, it does not follow that there is conservation
of splicing signals. In fact, both in vivo and in vitro systems splice introns derived
from other phyla either inaccurately or not at all, and those interested in the
expression of genes in Drosophila must keep in mind that there is no counterpart
in Drosophila to the wealth of information available about splicing signals in
yeast and mammalian cells. However, judicious consideration of Drosophila
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intron sequences, the small but growing database of experimental results
obtained in Drosophila, and selected results from other species, allows a good
understanding of Drosophila splicing signals. In this section, I will review what
is known about variation between species with respect to the nature and relative
contribution of various splicing signals.

Exon Definition and Intron Retention

What happens when a splice site is defective? Naively, one would think that
the splice site would be ignored, resulting in retention of the intron whose
excision is dependent upon that splice site (intron inclusion—Fig. 35.2).
Alternatively, if there is information elsewhere that indicates that a splice should
take place within any given region, then another site may be used for the splice
(cryptic sites, Fig. 35.2). This result can also be explained by competition
between the two sites—either alone would be sufficient to compel a splice, but
the stronger site is better at recruiting factors that result in a commitment to
splicing. In fact, the result of many mutations in mammalian splice sites is
skipping of an entire exon that includes the affected splice site (Mitchell et al.
1986; reviewed in Robberson et al. 1990; see exon skipping, Fig. 35.2). This
implies that exons, rather than introns, are recognized as a unit. Such results
from mutational analyses have been used, in combination with results from the
study of complex assembly in vitro on model substrates, including an association
of Ul snRNP with the 3' half of introns (Zillman et al. 1987), to advance a
theory of exon definition (Robberson et al. 1990). Exon definition implies that
the productive assembly of spliceosomal components at splice sites is dependent
upon the presence of functional sequences at both ends of each exon. This
phenomenon has now been well documented experimentally (Talerico and
Berget 1990; Grabowski et al. 1991). The strength of the 5' splice site at the 3'
end of the internal exon has been shown to be critical for the efficiency of
splicing in a manner that is independent of the strength of the upstream 5'
splice site (Grabowski et al. 1991), implying that two Ul snRNPs, interacting
with two distinct binding sites (5' splice site sequences) are critical for splicing.

Drosophila has relatively shorter introns (Hawkins 1988; Bingham et al.
1988; Mount et al. 1992), and relatively longer exons (Hawkins 1988; Maroni,
this volume, Chapter 34), than do mammalian species, and exon definition may
play a correspondingly smaller role in the determination of splicing patterns.
Consistent with this, a two-intron adenovirus test substrate (an exon of 94
nucleotides flanked by an upstream intron of 120 nucleotides and a downstream
intron of 89 nucleotides) reveals species-specific behavior when tested in splicing
extracts from Drosophila and human cells. Mutation of the 5' splice site results
in exon skipping in splicing extracts from HeLa cells (Talerico and Berget 1990),
but intron inclusion in extracts from Drosophila cells (M. Talerico and
S. Berget, personal communication). Intron inclusion has also been observed
in response to similar mutations in a two-intron Drosophila substrate from
the zeste gene assayed in Drosophila extracts (M. Talerico and S. Berget,
personal communication). Finally, there are hints that intron inclusion may be
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FIG. 35.2. Exon-skipping, intron inclusion, and the use of cryptic splice sites as
responses to inactivation of a splice site. The splicing pattern of a typical gene
segment including three exons and two introns is depicted in the top cartoon
("standard"), and altered patterns of splicing that can result from a mutation at one
splice site (here the a mutation at the 5' splice site) are shown below: activation of
cryptic splice sites, intron inclusion, exon skipping. Most alternative splicing can be
explained in terms of one of these three responses to an inactivated (or activated)
site.

accompanied by a greater stability of intron-containing RNA in vivo. The
classical in vivo result of 5' splice site mutations in vertebrate systems is no
RNA. In contrast, flies carrying 5' splice site mutations have been observed to
accumulate intron-containing RNA (S. Wasserman, personal communication;
unpublished data from the author's laboratory). These results are all consistent
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with the suggestion that in Drosophila the intron, rather than the exon, is the
unit of recognition during spliceosome assembly.

However, recognition of exons probably occurs as well. The term "micro-
exon" was first applied by Beachy et al. (1985) to two, 51 nucleotide,
alternatively spliced (O'Conner et al. 1988; Kornfeld et al. 1989), exons in Ubx.
In fact, these exons are within the normal range of exon sizes (see Maroni, this
volume, Chapter 34); what led to their being called microexons was their small
size relative to the size of the introns flanking them. This makes them candidates
for regulation of alternative splicing by regulation of exon definition/recognition,
as is the case in the sex-specific autoregulation of Sexlethal (Bell et al. 1988),
and alternative splicing of the Drosophila myosin heavy chain gene (Hodges
and Bernstein 1992). True microexons have also been observed in Drosophila
genes. One rather striking case is an exon of only six nucleotides that lies
somewhere within 26 kb separating the first and third exons of the invected
gene (Coleman et al. 1987). To my knowledge, the location of this microexon
has never been ascertained. McAllister et al. (1992) describe two nine-nucleotide
microexons whose inclusion in the Drosophila fasciclin I gene is variable. In
this case, the positions of the microexons have been determined (they reside
within a stretch of only 2.7 kb), and the sequence flanking them provides a clue
as to how exons of such a small size might be recognized. Each of the
microexons is preceded by a long stretch (160 and 120 nucleotides) of sequence
with reduced G content (less than 10%) and no AG dinucleotides. Thus, it is
possible to propose that these microexons are recognized by formation of a
complex at the microexon 5' splice site and a site greater than 100 nucleotides
upstream. Once commitment to splicing (and possibly removal of the down-
stream exon) had occurred, microscanning (see above) could locate the
appropriate 3' splice site. This model makes the experimentally testable
prediction that microexons will generally use remote branchpoints.

Introns with High A + T Content

Animal introns are not properly recognized in transfected plant cells (Weibauer
et al. 1988). This is despite the observation that splice site consensus sequences
are fairly similar between plants and animals (Brown 1986; Goodall and
Filopowicz 1991; White et al. 1992). It appears that the relative A + T-richness
of plant introns is critical to their proper recognition (Goodall and Filopowicz
1989), an effect that is more pronounced in introns from dicots than in introns
from monocots. The upshot of considerable mutational analyses (assayed by
transfection into tobacco (dicot) protoplasts) is that these cells will recognize
as an intron almost any sequence that is extremely A + T-rich and is flanked
by appropriate, short, consensus sequences (Goodall and Filopowicz 1991);
branchpoint and pyrimidine tract sequences are not important to splicing. As
would be predicted from the foregoing, deletion of intron sequences so as to
move the boundary between A + T-rich and flanking sequences is sufficient to
activate cryptic 3' splice sites that lie in the vicinity of the new boundary (Lou
et al. 1992). Drosophila also has introns that are significantly richer in A + T
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than are flanking exons (65% versus 48%; Mount et al. 1992), but the possible
contribution of A + T content (or of critical subsequences composed of A and
T) to intron recognition has not been demonstrated experimentally. In fact, a
survey of base composition in introns versus exons (Csank et al. 1990) reveals
that mammals are unique among species surveyed in their lack of a significant
difference between introns and exons with respect to A + T content, and the
yeast Saccharomyces cerevisiae is among species with the smallest difference in
A + T content between introns and exons. Thus, a contribution of A + T
content to the recognition of introns may be general, but poorly described
because of the choice of experimental organisms by the pre-mRNA splicing
community.

Variation in Intron Size

Hawkins (1988) and Bingham et al. (1988) were the first to note that there
are considerable differences between Drosophila and other species (notably
mammals) with respect to the size of introns. Specifically, approximately half
of all sequenced Drosophila introns are less than 80 nucleotides, with a modal
length between 60 and 65 nucleotides (Mount et al. 1992). Thus, the typical
Drosophila intron is smaller than all but a few mammalian introns (Hawkins
1988; Ge et al. 1990), and shorter than the length of approximately 80 nucleo-
tides generally required for efficient splicing in mammalian cells (Wieringa et al.
1984; Ruskin et al. 1985). This strongly suggests species specificity in the
recognition of introns (as opposed to the idea that, although smaller than most
mammalian introns, the many short Drosophila introns would nevertheless be
recognized by a mammalian splicing system). An experimental demonstration
of species specificity with respect to size requirements has been obtained recently
by Guo et al. (1992), working with a short (74 nucleotide) Drosophila intron
that was properly recognized in homologous (Drosophila Kc cell), but not
heterologous (HeLa cell) nuclear extracts. An even more extreme situation exists
in C. elegans, where intron lengths of less than 50 nucleotides are common
(Blumenthal and Thomas 1988). Consistent with these observations, a C.
elegans intron of 53 nucleotides was efficiently spliced in HeLa cell nuclear
extracts only when expanded to 84 nucleotides (Ogg et al. 1990).

The distance between the 5' splice site and the branchpoint and the distance
between the branchpoint and the 3' splice site are presumably subject to
different constraints, so it is of interest to know in which portion of the intron
species-specific length preferences reside. The distribution of sequences that
resemble the branchpoint, for example CTAA, within small introns indicates
that distances between the branchpoint and the 3' splice site in Drosophila are
very similar to those found in mammals, but 5' splice site to branchpoint
distances are often shorter (typically 38-43 nucleotides; Mount et al. 1992). In
the case of the white second intron, the experimentally observed branchpoint
used by Kc cell extracts is 42 nucleotides from the 5' splice site (Guo et al.
1992). This 5' splice site to branchpoint distance is considerably less than that
in mammalian introns. For example, manipulation of this distance in the small-t



344 AN ATLAS OF DROSOPHILA GENES

intron (Fu et al. 1988) indicated that the wild-type distance in that case
(48 nucleotides) is minimal; an intron with a distance of 46 nucleotides showed
no splicing, while a distance of 53 nucleotides showed significantly increased
splicing. In another study, Smith and Nadal-Ginard (1989) found 51 nucleotides
too short, but 59 sufficient. In addition, a distance of 49 nucleotides between
the 5' splice site and branchpoint was found too short to allow U4,U5,U6
tri-snRNP binding to an adenovirus El A pre-mRNA in vitro (Himmelspach
et al. 1991).

Intriguingly, although the distance between branchpoint and 3' splice site
is conserved between mammals and fruit flies, it is not conserved in all species
with small introns. For example, Prabhala et al. (1992) examined sequence data
for introns from Schizosaccharomyces pombe, and found that over half of
S. pombe introns appear to have less than 10 nucleotides between the branch-
point and the 3' splice site. In the nematode C. eleyans, there is a modal intron
size of roughly 45 nucleotides (Blumenthal and Thomas 1988), smaller than all
but the very smallest Drosophila introns. Because no C. elegans branchpoint
consensus can be discerned, it is unclear which half of the intron has altered
size constraints.

The smallest intron in the Drosophila data set examined by Mount et al.
(1992) is 51 nucleotides. However, a 36 nucleotide intron is described in the
vasa gene by Lasko and Ashburner (1988), and the set of genes in this atlas
contains a 40 nucleotide intron in the bicoid gene. In the latter case, the
unusually small size may be due to overlap between the branchpoint and
3' splice site (CTTATCAG|A incorporates both the CTAAT branchpoint
consensus and the YAG|G 3' splice site consensus). The distance between the
putative branchpoint and the 3' splice site in this case would be only four
nucleotides, which is an extremely short distance. However, there are a number
of Drosophila introns with alternative 3' splice sites bearing a similar relation-
ship. One site is very close to a putative branchpoint and the other is about
15 nucleotides further on. In the bed example, the downstream 3' splice site
corresponds to a short intron that is normal in every respect save one—the
occurrence of an AG dinucleotide relatively close to the 3' splice site, at position
—15. Other examples of this arrangement are the two 3' splice sites in the Sxl
male-specific exon (Bell et al. 1988), where a branchpoint consensus is 10
nucleotides upstream of one 3' splice site and 28 nucleotides upstream of
another; and Hrb98DE, where the corresponding distances are 5 and 17
nucleotides (Haynes et al. 1990).

The short but relatively constant distance between the 5' splice site and
branchpoint of small Drosophila introns raises the possibility of direct contact
between complexes at the 5' splice site and at the branchpoint. A model
that incorporates the information summarized here is described in Fig. 35.3.
Fig. 35.3A depicts the mechanism of splicing of large introns in Drosophila and
follows information from splicing in HeLa cells presented in greater detail in
Fig. 35.1. Fig. 35.3B presents a model involving direct interaction between a
complex at the 5' splice site and a complex at the 3' splice site, indicating how
accommodation to a shorter distance between the 5' splice site and branchpoint
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might lead to a novel, and possibly species-specific, interaction between
complexes at the two sites.

Variation in Branchpoint Recognition

Most mammalian introns are not spliced in yeast cells (Beggs et al. 1980;
Langford and Gallwitz 1983). This is due, at least in part, to the fact that yeast
introns almost always use the precise sequence UACUAAC as a branchpoint,
and this sequence is the primary determinant of yeast 3' splice site selection
(Jacquier et al. 1985; Newman et al. 1985; Parker and Guthrie 1985). In contrast,
the branchpoint sequence of mammalian introns has greater flexibility (Keller
and Noon 1984; Ruskin et al. 1984; Zeitlin and Efstratiatis 1984; Konarska et al.
1985; Reed and Maniatis 1988; Nelson and Green 1989) and the pyrimidine-rich
stretch is relatively more important (Frendeway and Keller 1985; Reed 1989).
This dichotomy is nicely illustrated by differences in the sequences required for
the first step of the splicing reaction to take place in the absence of the second.
In yeast, UACUAAC is sufficient (Rymond and Rosbash 1985), while the
mammalian splicing machinery demands a significant stretch of pyrimidines for
AG-independent splicing (Reed 1989; Smith et al. 1989).

Branchpoint recognition has not been carefully examined in Drosophila. In
one case, in vitro splicing was observed to proceed, using a non-consensus
branchpoint, when the wild-type site was mutated (Guo et al. 1992). In addition,
the pyrimidine-rich stretch that is so prominent in the literature on mammalian
intron splicing (cited above) is absent in a large fraction of Drosophila introns,
implying that branchpoint recognition must occur in the absence of a significant
pyrimidine tract. For example, 49% of short Drosophila introns lack even a
single stretch of 12 nucleotides including 10 pyrimidines in the region between
— 50 and —3 relative to the 3' splice site. In the —26 to —5 region, the average
content of pyrimidines in a mammalian intron is 72%. In Drosophila, this
number is 66%. Perhaps more striking is the observation that A residues are
actually more common than C residues (25 versus 22%). This region is high in
T (44%) and low in G (9%). In fact, 78% of all Drosophila introns in that data
set have TTT somewhere in the region between — 35 and — 3. However, there
are introns with few Ts in the region, but no introns that are G-rich in this
region. Counting the number of G residues in a 25 nucleotide window adjacent
to 3' splice sites leads to rather striking results; only three out of 205 3' splice
sites have more than five Gs in this region, and the average intron has less than
three (Fig. 35.4A). Of 205 3' splice sites in the data set, only seven have more
Gs in an adjacent exonic 25 nucleotide window than in this window. Thus, this
region carries a lot of information that can be used to predict the location of
a 3' splice site.

How is this region recognized by the splicing machinery in Drosophila?
U2AF recognizes the pyrimidine tract and promotes recognition of the
branchpoint by U2 in mammalian splicing, and U2AF activity has been found
in Drosophila extracts (Zamore and Green 1991). It is possible that pyrimidine-
poor Drosophila introns are indeed recognized by U2AF; the Drosophila
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homologue of U2AF could simply have an altered sequence specificity, and
bind to G-poor rather than pyrimidine-rich regions. Another possibility is that
other factors are involved.

A Strategy for the Identification of Drosophila Introns

This section is written for the Drosophila geneticist or developmental biologist
who has just sequenced his favorite gene, but has not yet isolated cDNAs, or
would like to assess the likelihood that additional spliced RNAs exist, and if
so, which splice sites are likely to be used. The ideas presented here are being
developed into computer programs that can be used by those involved in any
large scale Drosophila genomic sequencing project.

Splice sites conform well to a consensus, and the identification of potential
splice sites on the basis of conformity to frequency matrices, such as those in
Tables 35.1-35.3, generated by tabulating known splice sites, would appear to
be a straightforward matter. However, there is no universally accepted method
for weighting specific nucleotides within such matrices. Lear et al. (1990)
experimentally determined the strength, relative to a reference site, of 37 actual
5' splice sites within a common defined sequence context by HeLa cell
transfection assays, and then compared those results to a compilation of
primate data (Shapiro and Senapathy 1987) using a number of distinct scoring
schemes. These techniques, including the increasingly applied "Senapathy
score," calculated according to Shapiro and Senapathy (Shapiro and Senapathy
1987), performed comparably (giving coefficients of correlation between
measured strength and score of between 0.68 and 0.76. However, it is entirely
possible that scoring schemes not examined in that paper would yield better
results. In particular, the log-likelihood scoring technique derived from infor-
mation theory and embodied in the programs CONSENSUS and PATSER

FIG. 35.3. A model for the splicing of small introns in Drosophila. Many
Drosophila introns are smaller than the minimum size recognized by the mammalian
splicing apparatus (Bingham et al. 1988; Hawkins 1988; Mount et al. 1992), and there
are indications of a distinct mechanism for the splicing of small introns in Drosophila
(Guo et al. 1992). (A) depicts the mechanism of splicing of large introns in Drosophila,
following Fig. 35.1. Boxes around the splice sites and branchpoint represent
complexes formed from splicing factors. (B) presents a model of direct contact
between complexes at the 5' splice site and at the branchpoint that may explain those
observations. "Interference" refers to the effect of too short a 5' splice site to
branchpoint distance on mammalian splicing, as described by Himmelspach et al.
(1991), who observed a lack of complexes involving U4/U5/U6 or U2.
"Accommodation" depicts the idea that Drosophila spliceosomal components may
have evolved to be compatible with assembly on introns with shorter 5' splice site to
branchpoint distances, and indicates how that might have led to the observation of a
preferred 5' splice site to branchpoint distance of approximately 40 nucleotides in
small Drosophila introns (Mount et al. 1992).



FIG. 35.4. Distribution of G content in 25 nucleotide windows flanking 3' splice
sites. (A) The number of Gs in a 25 nucleotide window within the intron and
adjacent to the 3' splice site (positions —29 to —5) was determined, and the number
of examples in a dataset of 205 3' splice sites with a given number of Gs is indicated
by black bars. Note that there are relatively few cases of introns with more than 4 Gs
in this window, and only three cases of introns with more than 5 Gs in this window.
The number of examples with a given number of Gs in a 25 nucleotide window in the
adjacent exon is indicated by white bars. (B) The difference between the number of
Gs in a 25 nucleotide window within the intron is subtracted from the number of Gs
in a 25 nucleotide window within the flanking exon for each of 205 Drosophila 3'
splice sites, and the distribution of results is plotted. Note that very few (seven out of
205) cases of 3' splice sites have more Gs in the flanking exon than in the intron.
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TABLE 35.2. 3' splice site sequences

349

Drosophila.

A
C
G
T

-14

21
21
8
49

T

-13

21
23
10
45

T

-12

22
16
9
53

T

-11

20
24
9
47

T

-JO

19
24
10
47

T

-9

19
37
6
39

Y

-8

24
28
11
37

Y

_7

19
36
6
40

Y

-6

10
28
5
57

T

-5

11
20
4
64

T

-4

28
23
23
25

-3

5
68
0
27

C

-2

99
0
0
0

A

-1

0
0

100
0

G

1

33
15
34
18

R

2

17
21
19
43

T

3

18
32
25
25

Total.

A
C
G
T

-14

n
29
14
46

T

-13

11
33
12
44

Y

-12

10
30
10
50

Y

-11

8
30
10
52

Y

-10

11
32
9
48

Y

-9

10
34
11
45

Y

-8

11
37
10
42

Y

-7

11
38
9
43

Y

-6

1
39
7
47

Y

-5

8
36
6
51

Y

-4

25
26
26
23

-3

3
75
1

21

C

-2

100
0
0
0

A

-1

0
0

100
0

G

1

27
14
49
10

G

Drosophila

-22

A 0.5
C -0.6
G -1.1
T 0.6

3' splice site

-21

0.5
-0.6
-1.3
0.6

-20

0.1
-0.3
-1.1
0.8

scoring

-19

0.3
-0.3
-1.2
0.7

table. Scores were calculated

-18

0.0
-0.2
-0.9
0.7

-17

0.2
-0.3
-1.5
0.8

-16

-0.2
-0.3
-1.8
1.1

-15

0.1
-0.4
-0.8
0.7

according to Hertz et

-14

-0.2
-0.2
-1.5
1.0

-13

-0.2
-0.1
-1.3
0.9

-12

-0.2
-0.6
-1.4
1.1

al. (1990).

-11 -10

-0.3 -0.4
0.0 0.0

-1.4 -1.3
0.9 0.9

-9

A -0.4
C 0.6
G -2.0
T 0.6

-8

0.0
0.2
-1.2
0.6

-7

-0.4
0.5
-2.0
0.7

-6

-1.3
0.2
-2.1
1.2

— 5

-1.2
-0.3
-2.4
1.4

-4

0.2
-0.1
-0.1
0.1

-3

-2.2
1.5

-5.7
0.1

-2

2.0
-4.7
-5.7
-5.7

-1

-5.7
-5.7
2.0

-5.7

1

0.4
-0.7
0.5

-0.4

2

-0.5
-0.2
-0.4
0.8

3

-0.5
0.4
0.0
0.0

(Hertz et al. 1990) was not tested. Tables 35.1-35.3 include scoring matrices in
addition to frequency matrices for splice sites and branchpoints. Scores were
calculated from the data set used by Mount et al. (1992) using the formula
l°g2(4[Nb + 1]/N + 1), where Nb is the frequency of a particular base and N
is the number of examples that contribute to the matrix (Hertz et al. 1990).

It should be kept in mind that one cannot know the splicing pattern of a
gene without looking at the mRNA from that gene. This is primarily because
there are exceptions to each of the various features common to most Drosophila
introns or splice sites. However, there are multiple signals involved in the
specification of most introns, and these signals are usually in agreement.
Furthermore, biochemical information summarized in the preceding section
may serve as guidelines.
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TABLE 35.3. Branchpoint consensus

Mammalian examples. Actual numbers, from Nelson and Green (1989).

A
C
G
T

Consensus:
Yeast sequence:

3
8
5

15

T
T

10
9
7
5

N
A

0
20
3
8

C
C

8
6
0

17

T
T

10
4

13
4

R
A

BP
29

1
0
1

A
A

1
15
7
8

C
C

2
11
2

16

Y
T

Branchpoints determined for Drosophila introns in homologous extracts.

ftz:
white:
Myosin
Myosin
Myosin

HC exon 19:
HC exon 19:
HC exon 6:

Drosophila branchpoint

A
C
G
T

Consensus:

A
T
T
A
T

G
C
T
A
C

matrix* as

36
1
8

55

W

41
10
3

45

W

C
T
T
C
C

T
T
T
T
T

A
A
A
A
A

determined by

7
42

2
48

Y

20
10
9

60

T

92
2
5
0

A

A
A
A
A
A

C
T
T
T
T

C
A
C
T
G

CONSENSUS

86
4
1
9

A

1
10

1
88

T

Rio (1988)
Guo et al. (1992)
Hodges and Bernstein
Hodges and Bernstein
Hodges and Bernstein

(percentages).

(1992)
(1992)
(1992)

Drosophila branchpoint scoring table. Scores were calculated according to Hertz et al. (1990) using
a weighted average of the matrix above and that in Mount et al. (1992).

A
C
G
T

0.6
-1.8
-1.6
0.9

0.7
-1.8
-1.4
0.8

-2.3
1.1

-1.2
0.4

-0.2
-0.7

-1.9
1.2

1.7
-1.7
-1.9
-4.7

1.8
-2.2
-4.3
-1.7

-2.0
-1.2
-4.7
1.7

Alternative Drosophila branchpoint scoring table. Scores were calculated according to Hertz et al.
(1990) using the five experimentally determined branchpoints listed above.

A
C
G
T

1.0
-0.6
-0.6
1.4

0.4
1.0
0.4
0.4

-0.6
1.4
-0.6
1.0

-0.6
-0.6
-0.6
2.0

2.0
-0.6
-0.6
-0.6

2.0
-0.6
-0.6
-0.6

-0.6
0.4
-0.6
1.7

* Different in detail from that reported in Mount et al. because a different (uniform) a priori base composition
was assumed.

Splice sites will also generally occur at boundaries between DNA with
roughly 50% A + T content (exons) and DNA with higher A + T content
(introns). Introns in non-coding regions may be an exception to this rule.
However, G content in the vicinity of 3' splice sites is an extremely reliable
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predictor (Fig. 35.4; see below). Splice sites will generally conform to the
matrices given in Tables 35.1 and 35.2. If the exons are coding, an open reading
frame will generally be continued across the splice sites. Size is also an important
clue—over half of the Drosophila introns that occur in GenBank are between
50 and 80 nucleotides in length, with the majority of those being between 60
and 66.

Identification of 5' Splice Sites

5' splice sites are best identified by the invariant GT and a consensus matrix.
The Drosophila 5' splice site matrix determined by Mount et al. (1992) is
presented in Table 35.1. This matrix or one like it can be considered universal,
reports of minor differences between species (Jacob and Gallinaro 1989) or
between introns of different sizes (Fields 1990) notwithstanding. One example
of such a difference is the greater frequency of T at position 6 in Drosophila as
opposed to mammalian introns (68% versus roughly 50%). When the matrix
shown in Table 35.1 is used to calculate scores for each of the 205 5' splice
sites in the dataset used, the average score obtained is 6.8. Eighty per cent of
actual sites score over 5.0, 95% score over 3.0 and only three sites have negative
scores.

The Branchpoint, G-poor Region, and 3' Splice Site

Two scoring matrices for the Drosophila branchpoint are given in Table 35.3.
One matrix is based on the five branchpoints that have been experimentally
determined in a homologous extract, and one is based on a weighted average
of matrices derived using the program CONSENSUS (Hertz et al. 1990; Mount
et al. 1992). Given the low number of experimentally determined branchpoints,
it is unclear which scoring matrix is preferable, or, indeed, how much
importance should be attached to finding a match to the branchpoint matrix.

A G-poor region should be found between the branchpoint and the 3'
splice site, and is an extremely useful tool for locating 3' splice sites within
unannotated sequence. Note that a large portion of this G-poor region is
incorporated in the 3' splice site scoring matrix given in Table 35.2.

In summary, the strategy I propose is a simple one. First, determine open
reading frames and plot A + T content and G content across the gene. Then
look for splice sites and branchpoints using that information and the scoring
matrices given in Tables 35.1-35.3, bearing in mind the size constraints and
preferences described above. I am currently developing computational applica-
tions of the ideas described here, and interested readers are encouraged to consult
current releases of the electronic Drosophila Information Newsletter for informa-
tion about the availability of software. To add your name to the Newsletter
distribution list, send e-mail to LISTSERV@IUBVM.UCS.INDIANA.EDU
with the message "SUB DIS-L Your-real-name." Statistics cited in this chapter
were derived by the author and Lonny Sorkin using the data set described in
Mount et al. (1992).
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Introduction

A prototypical eukaryotic mRNA is often described as having a short (less than
100 nt) 5' untranslated leader sequence upstream of start codon containing a
good consensus sequence (Lewin 1990). Translation initiation from such a
mRNA follows the scanning model whereby: (1) a complex of proteins including
the cap-binding protein (eIF-4E) associates with the 5' cap of the mRNA;
(2) this complex in turn facilitates binding of the preinitiation complex
(40S ribosomal subunits + eIF-2-GTP-tRNAmet); (3) the preinitiation complex
scans the mRNA searching for the start codon (the first AUG encountered in
the prototypical mRNA); (4) the large ribosomal subunit (60S) joins the 40S
subunit beginning translation (Kozak 1989). The first Drosophila mRNAs
characterized (e.g., Adh, larval cuticle proteins, and the glue proteins) fit the
eukaryotic prototype. However, in more recent years an increasing number of
eukaryotic mRNAs have been discovered that contain unusual features. First,
approximately 9% of the characterized vertebrate mRNAs contain long leader
sequences with upstream open reading frames (Kozak 1987). The presence of
upstream open reading frames present a dilemma for the scanning model.
If the ribosome engages translation of an upstream open reading frame,
terminates, and then dissociates from the mRNA, how is translation of the
major coding region achieved? Kozak demonstrated two possible solutions. The
scanning preinitiation complex can ignore an AUG codon in the leader if it is
in a poor context for initiation or the ribosomes can engage translation of the
URF, terminate, resume scanning (presumably in the form of the small
ribosomal subunit), reload initiation factors, and reinitiate translation down-
stream at the start codon for the major coding region (Kozak 1989). Recently,
Macejak and Sarnow (1991) have demonstrated a more radical solution:
cap-independent, internal binding of the ribosome. Under the "internal
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initiation" model, the ribosome can bind downstream of any offending URFs
and then traverse the remaining leader sequence to the major start codon.

A reanalysis of the translation start site consensus sequence has also altered
our view of the prototypical mRNA. Kozak (1984) initially argued that the
sequence CCACCAUGG was the eukaryotic consensus sequence for translation
initiation and showed the sequences that departed markedly from this consensus
reduced translation initiation of the rat preproinsulin mRNA (Kozak 1986).
However, similar experiments in yeast failed to show significant reduction in
translation initiation from start codons with a "poor context" (Baim and
Sherman 1988). Studies on the start codon context of the Drosophila Adh gene
showed a significant effect of context intermediate to that observed in the rat
and yeast studies (Feng et al. 1991). A further complication of the start codon
context came from the finding that Kozak's consensus sequence was not based
upon explicit quantitative criteria and did not represent a true consensus
sequence for any major eukaryotic group (Cavener 1987; Cavener and Ray
1991). Moreover, various eukaryotic groups exhibit somewhat different con-
sensus sequence for the translation initiation site. For example, yeast mRNAs
exhibit relatively high frequencies of U at —2 and — 1; Kozak had shown that
Us at these positions were rare in vertebrates mRNA and detrimental to
translation of the rat preproinsulin mRNA. Only the presence of A or G at the
— 3 position is a consensus throughout eukaryotes (Cavener and Ray 1991).

Data Acquisition and Analysis

We compiled the following data for Drosophila mRNAs: (1) length of the leader
sequence; (2) method of determining the extent of the leader sequence; (3) the
number of upstream start codons (uAUG); and (4) the start codon context from
positions —6 to +4 for the major translation start sites and for a random
sample of the uAUGs. Initially, most of the mRNA sequences were identified
in GenBank Release 69 using the INTERBAS computer program (Cavener and
Ray 1991). Sequences reported recently in several journals were added to this
list. In the vast majority of cases the start codons are readily discernible from
the GenBank records. However, information regarding the leader sequence is
almost always inaccurate and/or incomplete in GenBank. In many cases
the extent of the leader sequence has not been determined empirically.
Consequently we examined the primary literature reporting each of the 403
mRNAs listed in Table 36.1 in order to ascertain the method for mapping the
leader sequence and to verify the map features of the GenBank records. Since
the 5' end of the leader sequence is defined by the presumptive start site of
transcription, the precise limits of the leader sequence are only known in cases
where extensive transcript mapping experiments have been conducted. Ideally,
this involves a combination of comparing cDNA sequences with genomic DNA
sequences, primer extension and nuclease protection experiments. For the
majority of Drosophila mRNAs these data are incomplete. Typically, the extents
of mRNA sequences are inferred only from the analysis of the longest cDNA



TABLE 36.1. Leader lengths (nt), number of upstream AUGs, and translation start site
sequences from —6 to +4

File

5HTR
6DHR
ABDA
ABDBP3
ACHE
ACHRR
ACHRX

ASC1
ACS2
ACT42A
ACT5CX
ACT79B
ACT87EA
ACT88F
ADF1A
ADHa

ADHb

AFLL
ALSR
AMA
AMYAG1
ANNX
ANP*
ANTCA
ANTCF
ANTPa
AnTPb
ANTPS2
APRT

ARMa
ARMb
ARR
ARRA
ASCA
ASCB
ASE
ATPA

AWDR
B52*
BAM
BCD16
BICD

Leader Number of
Encoded protein Method lengths uAVGs Start site

5HT serotonin receptor
RAD6 homolog
abd-A, abdominal-A, homeotic
abd-b, abdominal-B, P3
ace, acetylcholinesterase
acetylcholinesterase receptor
muscarinic acetylcholine

receptor
ac, achaete
sc, scute
actin 42A
actin 5C
actin 79B
actin 87E
actin 88F
adf-1 transcription factor
Adh, alcohol dehydrogenase

distal protein
Adh, alcohol dehydrogenase

proximal protein
arf-like, GTP binding protein
acetylcholine receptor alpha
ama, amalgam
amy, amylase
annexin
andropin
Dfd, deformed homeotic
ftz, fushi tarazu
Antp, antennapedia P1 mRNA
Antp, antennapedia P2 mRNA
position-specific antigen 2
adenine

phosphoribosyltransferase
armadillo E16
armadillo E9
arrestin-1
arrestin-2
T3 of achaete-scute
T8 of achaete-scute
ase, asense
Da-47, Na+ /K+ ATPase alpha

subunit
awd, abnormal wing disc
B52 protein, NHCP
bam, bag-of-marbles
bic, bicoid
bicD bicaudal-D

b
c
b
a
b
b
b

e
e
e
e
c
e
c
b
e

e

b
b
e
c
b
c
b
c
e
e
b
b

e
e
c
c
c
a
c
b

e
b
c
b
b

894
88

668
9

993
254

32

63
117
102
156
149
82

187
312
123

70

118
1,282

235
35
90
37

490
120

1,527
1,729

258
89

135
170
120
116
27

?
456

12

25
55

186
169
131

15
0
0
9

6
6
0

0
0
0
0
0
0
4
0
0

0

0
7
0
0
0
0
4
1
8

15
5
0

1
0
0
0
0
9

8
0

0
0
1
2
0

CUGCUGAUGG
UGAAAAAUGU
AGCAAGAUGU
CCCGUCAUGC
UAUUCAAUGC
AAAAUCAUGG
CCGGCGAUGA

CUUAAAAUGG
GUGUUAAUGA
UACAAAAUGU
UACAAAAUGU
CCAAACAUGU
GCCAAGAUGU
GCCAAGAUGU
AUUGAGAUGG
GUCACCAUGU

GUCACCAUGU

GUCAUCAUGG
CCUAAGAUGG
CCAGACAUGG
AUCAUCAUGU
UGCAUAAUGG
CUAGUUAUGA
UCCGUCAUGA
UCCGAUAUGG
GCCACGAUGA
GCCACGAUGA
GACAAAAUGA
AGAAAAAUGA

ACCAAGAUGA
ACCAAGAUGA
UCCAAAAUGG
UCCAAAAUGG
AUUACCAUGA
UUUGGCAUGC
UUAAUUAUGG
AAUAACAUGG

GCGACAAUGG
GUUAUCAUGG
AGAAUAAUGC
GGGAAAAUGG
AUCAUCAUGU

(continued)
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TABLE 36.1. Continued

File

BJ1G
BJ6
BR*
BROWN
BSG25D
BX189A
BX189B
BX200
C1A9

CACTTR
CADAla
CADAlb
CAIM1
CAPKCA

CATHPO
CCG
CDC2P24
CHAB
CHORS16
CHORS3
CHORS3
CHORSGa
CHORSGb
CHORSGc
CID

CLARET
CNC
COPO1
CRN*
CRPA
CSG
CSKA
CSKB
CSPAA
CSTAA
CTCL1
CTCL2a
CTCL2b
CTCL2c
CUT
CYCA
CYCC*
CYCDC3
CYCDC4
CYCLE
CYP1

Leader Number of
Encoded protein Method lengths uAUGs Start site

BJ1, chromatin-binding protein
no-on transient A, Bj6
br, broad
bw, brown
bsg25D, blastoderm
pH189A ORF, BX-C
ph189B ORF, BX-C
pH200 gene, BX-C
NHC, non-histone

chromosomal protein
choline actyltransferase
cad, caudal zygotic
cad, caudal maternal
calmodulin
cAMP-dep protein, kinase

catalytic
catalase
Cc gene, Ddc region
cdc2 homolog
potassium channel protein
chorion, s16
chorion, s36
chorion, s38
chorion, S18-1
chorion, S15-1
chorion, S19-1
ciD, cubitus interruptus

dominant
claret non-disjunctional +

cnc, segmentation protein
chaoptin
cm, crooked neck, cell cycle
crumbs protein
Cs, Ddc region
casein kinase II alpha
casein kinase II beta
cysteine-string protein 29
ctr, concertina
cuticle protein I
cuticle protein II
cuticle protein III
cutical protein IV
cut
cyclin A
cyclin
cytochrome c, DC3
cytochrome c, DC4
cyclin B
cyp-1 protein, cyclophilin

b
b
b
b
e
a
c
c
b

c
e
e
b
a

b
a
b
b
9
c
e
c
c
c
b

a
b
e
b
b
a
b
b
b
b
c
f
c
f
b
b
b
a
a
b
a

210
76

386
268
296

9

1,019
494
349

406
460
301
85

0

87
7

55
406
46
31
77
44
45
45

415

9

94
255

80
213

9

258
22

150
133
42
42
45
45

268
296

93
9

9

123
7

0
0
0
1
1
9

5
1
4

0
4
3
0
9

1

9

0
5
0
0
0
0
0
0
6

9

0
0
0
4
9

0
0
0
1
0
0
0
0
4
5
0
9

9

0

9

GCUAAAAUGC
UAAAAAAUGG
AUCGAGAUGG
CUCGAAAUGC
CGGAUAAUGG
UCCUAAAUGU
UACCCGAUGG
UACAGAAUGG
AACAAAAUGG

GCGAACGUGG
CCAGCCAUGG
CCAGCCAUGG
ACAAAAAUGG
UCCAAGAUGG

AGCAAAAUGG
AGGAUAAUGG
UAAAUUAUGG
GGUGGCAUGG
AAAAAAAUGU
GGCAACAUGC
GACAAGAUGA
CUCAGAAUGA
CUCACCAUGA
AUAGCCAUGA
AAUGAAAUGG

UUGGCGAUGG
UGUCGCAUGG
AGCAAAAUGG
CACAGCAUGG
GCGAUCAUGG
GAUUCGAUGU
AGAAAAAUGA
AUCAAAAUGA
AUCAGGAUGA
CCAGCGAUGU
GCGAAUAUGU
GCCAACAUGU
AUCAAAAUGU
GUCAAAAUGU
CCACGAAUGC
CGCACCAUGG
UACGAAAUGG
UCCAAGAUGG
UCCAUAAUGG
AUCAAAAUGG
UCAAAGAUGA
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TABLE 36.1. Continued

File

D1DE
DIP
DA2
DC1AB
DC2
DCKA

DCO

DDCa

DDCb
DDY3
DDYN4
DEC1A
DELTA
DFUR1
DG1A1

DG2T1A3

DG2T2A

DG2T2B

DGHTRL
DIPT
DLGA
DMYD
DNC
DORSAL
DOXA2

DPPC
DRCII1

DRCIV1

DRICI1

DSK
DSX*
E74A
E74B
E75A
E75B
EAG

Leader Number of
Encoded protein Method lengths uAUGs Start site

insulin-degrading enzyme
chromosomal protein Dl
D alpha-2 protein, D'2
DC1, putative protein kinase
DC2, putative protein kinase
calmodulin-dependent protein

kinase
cAMP-protein kinase catalytic

subunit
Ddc, dopa decarboxylase

CNS
Ddc, hypoderm form
Ddyn3, dynamin shibire locus
Ddyn4, dynamin shibire locus
dec-1 chorion-1 fc125
Dl, delta, neurogenic (DLG)
dfurl, furin-type protein
cGMP-dependent protein

kinase
cGMP-dependent protein

kinase
cGMP-dependent protein

kinase
cGMP-dependent protein

kinase
da, daughterless
diptericin
discs-large tumor suppressor
Dmyd, myogenic
dnc, dunce
dl, dorsal
A2 comp. of diphenol

oxidase
dpp, decapentaplegic
II-cAMP-dependent protein

kinase regulatory subunit
IV-cAMP-dependent protein

kinase regulatory subunit
I-cAMP-dependent protein

kinase regulatory subunit
sulfated tyrosine kinin
doublesex, male and female
E74A, ecdysone inducible
E74B, ecdysone inducible
E75A, ecdysone inducible
E75B, ecdysone inducible
putative potassium channel

protein

b
b
b
b
b
b

c

c

c
b
b
e
b
b
c

e

e

e

b
b
b
b
b
b
c

b
e

c

e

a
e
e
e
e
e
b

297
227
492
92

894
250

828

233

197
394

51
75

141
104
108

97

776

338

212
24

380
262
363
274

90

1,187
402

182

565

?
1,020
1,891

793
380
284
463

1
0
1
3
1
0

2

0

0
2
0
0
0
0
1

0

9

1

2
0
3
2
4
2
0

6
1

1

3

9

9
17
6
3
3
2

CCCAAGAUGA
AGAGAAAUGG
GUCACCAUGG
GCUGUUAUGA
ACAGCGAUGU
AUCGCGAUGG

UCCAAGAUGG

UCUGAAAUGA

AUCGACAUGG
GCCGCAAUGG
GCCGCAAUGG
UACAGGAUGA
AUAAACAUGC
CCCACAAUGA
GGCAGAAUGG

GCCUGGAUGC

UUCGUAAUGA

UUCGUAAUGA

GCUGAAAUGG
ACUGAGAUGC
UGCGAUAUGA
UGAAAAAUGA
AGUCUUAUGA
CACAUAAUGU
UACAAAAUGA

GCGACCAUGC
AGCGAAAUGG

AGCCCGAUGC

UACCACAUGU

CUGUUUAUGC
GGAAUCAUGG
UCAGCGAUGC
UGCAAAAUGA
AGCAAAAUGU
UCAAAUAUGG
GGCAAAAUGC

(continued)
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TABLE 36.1. Continued

File

EAST
ECR*
EDG78A
EDG84A
EDG91B
EF1AF1
EF1AF2
EF2A
EFSII
EGFRA

EGFRB

EIF2AL*
EIF2BE*
EIP28G
ELAVK
ELF1
EMC
ENGM
ENHSPA
ESPLM4
ESPLM5
ESPLM7a
ESPLMVb
EST6
EVE
F1GA
FCN
FCNIII
FKH
FMRF
FOS*
FPS85D
FRZAC2
FS1YA
FSHA
GADPH1
GADPH2

GART
GART p
GIAA

GLDGMC
GLUEDA
GNBPSA1

GOALB*

Encoded protein

easier, putative serine protease
EcR, ecdysone receptor
EDG-78 cuticle protein
EDG-84 cuticle protein
EDG-1, cuticle protein
elongation factor, Fl
elongation factor, F2
translation elongation factor 2
RNA pol II elongation factor
epidermal growth factor

receptor homolog
epidermal growth factor

receptor homolog
eIF-2 alpha sutmnit
eIF-2 beta subunit
ecdysone inducible protein
elav protein
Elfl , DNA binding protein
emc, extramacrochaetae
en, engrailed
E(spl), enhancer of split
E(spl), m4 transcription unit
E(spl). m5 transcription unit
E(spl), m7 transcription unit
E(spl), m8 transcription unit
Est-6, esterase-6
eve, even skipped
Fl 50kd protein
fasciclin I
fasciclin III
fork head
FMRFamide
fos homolog
dfps 85D
frizzled, AC2
fs(l)Ya, nuclear env.
fsh membrane protein A
GAPDH-1
GAPDH, glyceraldehyde-3-

phosphate dehydrogenase
Gart
pep, pupal cuticle gene Gart
guanine nucleotide binding,

regulatory subunit
Gld, glucose dehydrogenase
Glued
guanine nucleotide binding

protein alpha
G-o-alpha-like protein

Leader Number of
Method lengths uAUGs Start site

b
b
c
c
c
c
c
b
b
b

b

a
b
e
b
b
c
b
b
f
c
f
f
b
c
b
b
b
b
b
b
b
b
b
c
e
c

c
b
b

e
b
b

b

203
1,068

76
61
34
80

139
72

236
84

22

9

>99
65

491
920
258
168
222

79
84

128
96
24
94

200
174
582
707

18
772
243
709

23
662
62
49

160
33

441

344
360
486

519

0
11
0
0
0
0
0
0
0
0

0

9

1

1

1

7
0
0
0
0
0
0
0
0
0
2
0
2
3
1
5
2
8
0
3
0
0

0
0
3

0
6
3

9

ACGAAAAUGC
CAGAGGAUGA
AUCAUCAUGU
AUCAGCAUGU
AUCGCAAUGG
UCCAACAUGG
GCAAGGAUGG
UCCAAAAUGG
GCCAAAAUGA
GAUAUCAUGA

GCAACAAUGC

UUUAACAUGG
GACACAAUGG
GAAAUCAUGU
AAAACAAUGG
CGUAUAAUGU
UCCAGAAUGA
AAACCAAUGG
AACAACAUGU
AUCAUCAUGU
UACAAAAUGG
CACACAAUGG
ACAAAAAUGG
AGCAACAUGA
CCAAACAUGC
UCCAACAUGG
GCUAAAAUGC
AAAAUCAUGU
GACAUCAUGC
GCCUUGAUGU
GCAACAAUGA
AGCAUCAUGG
UCCAAAAUGU
AGGUGUAUGU
ACCACCAUGU
UCAGCCAUGU
UUAACCAUGU

GGAAUUAUGU
GACACCAUGU
CACAAGAUGA

AUCAACAUGU
UCCUCCAUGA
GCUGCGAUGG

CGCACCAUGG
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File

GPAMA*
GPDHA

GTUB
HAIRR
HBGa
HBGb
HELI
HGSG2
HISH1
HLI*
HMGCO
HOXH20
HP1
HRB87F*
HREC2C

HSC7A1
HSP1
HSP22G
HSP27G
HSP4
HSP7A2
HSP83A
HSPG3
HSPHEX
IMP
INT 1 HO
INVR
JUN
K10G

KINHCA
KINLA
KNIRPS
KNR1
KR
L2AMD
LA9
LABG1
LAMB1
LAMB2
LAMDMO
LAMIN
LARM

LETHAL

Encoded protein Method

G protein alpha mRNA type a
Gpdh, glycerol-3-phosphate

dehydrogenase
gamma-tubulin
h, hairy
hunchback, maternal mRNA
hunchback, zygotic mRNA
RNA helicase
heat-shock 2, male specific
hist one, H1
HL, putative troponin I
HMG CoA reductase
H2.0 homeobox
Hp-1
Hrb87F, A/B hnRNP protein
putative steroid hormone

receptor
cognate of hsp70
heat-shock protein 1
hsp22, heat-shock protein
hsp27, heat-shock protein
hsp23
hsp70
hsp83
heat-shock gene 3 from 67B
heat-shock transcription factor
IMP-E2, ecdysone inducible
Dint-1
invected
dJRA/Djun, jun homolog
K10 putative DNA-binding

protein
kinesin heavy chain
nod, kinesin-like protein
knirps
knirps-related protein
krueppel
alpha-methyldopa hypersen.
LAP, DNA-binding protein
labial F24
laminin Bl
laminin B2
laminin, nuclear
lamin
DLAR, protein tyrosine

phosphatase
lethal(l)2cb sarcoplasmic

actinin

b
e

b
c
c
c
b
e
c
b
b
b
c
c
b

a
c
e
e
e
e
c
e
b
b
b
e
b
e

b
b
b
b
d
b
b
d
b
b
b
c
b

b

Leader Number of
lengths uAUGs Start site

189
136

196
492
511
165
33
60
36

134
572
205
169
132
198

9

94
253
121
111
244
148
168
228

75
417
294
207
191

320
71

270
516
185
150
435
239
423
227
130
148
117

66

0
0

1
0
1
0
0
0
0
0
2
0
0
0
1

7
0
0
0
0
0
0
0
0
0
7
3
0
0

1
1
0
4
1
0
8
0
5
2
0
1
0

0

ACCACAAUGG
CAAAAUAUGG

ACCACAAUGC
ACCGAAAUGG
GCCAAGAUGC
GCCAAGAUGC
UGAAUAAUGA
ACUACAAUGG
AAAAAGAUGU
CUCAAAAUGG
GCAGCCAUGA
CGGACAAUGU
ACAAAAAUGG
GAGAGAAUGG
CCCAGGAUGG

GCCGACAUGC
GUGAAAAUGU
ACUACAAUGC
UCAAAAAUGU
ACAAAAAUG
CACACAAUGC
UUGCAGAUGC
AGUAAAAUGC
CACUUUAUGU
GCGAUAAUGA
GCAAUAAUGG
AAACUGAUGU
GCAAACAUGA
CCUGCAAUGG

UAAGCAAUGU
AUCUGCAUGG
UUCCAGAUGA
ACCAUAAUGA
UUGUUGAUGU
AGCGGUAUGG
GUCAAAAUGG
GACAAUAUGA
AUCGAGAUGU
CCCACCAUGA
GUGAACAUGU
GUGAACAUGU
GAAAUAAUGG

CACAAGAUGA
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File

LGL2
LOD*

LSP1A5
LSP1B
LSP1C

MACE

MAP205

MASTER
MET
METO
MEX1A
MLE*
MOV34
MP20
MPP1
MSP316
MST355a
MST355b
MYBDR
MYHB
MYL
MYLA
MYONMAa
MYONMAb
MYSP
NCDA
NEU*
NEUROT
NINAA
NINAC
NORPA
NOS*
NOTCH 1
NRGAA
NUMB
OPSA
OPSAA
OSKAR
OTEDA
OTUA
PABP
PAH
PCGENE
PCNA

Encoded protein Method

lethal(2) giant (L2GLR)
lodestar, nucleotide

triphosphate binding
Lsp larval serum protein, alpha
Lsp larval serum protein, beta
Lsp larval serum protein,

gamma
muscarinic acetylcholine

receptor
205kd microtubule-associated

protein
mastermind
Met, metallothionein
Met, metallothionein
mexl
mle, maleless
Mov34 protein
mp20, muscle-specific protein
patched (PTCR)
msP316 male-specific protein
msP355a male-specific protein
msP355b male-specific protein
D-myb oncogene homolog
myosin heavy chain
myosin light chain
myosin light chain 2
non-muscle myosin heavy chain
non-muscle 2nd start codon
myospheroid
ncd, non-claret disjunctional
neu, neuralized
neurotactin
ninaA
ninaC
norpa, phospholipase C
nanos
Notch, ectodermal determinant
neuroglian
numb
ninaE, opsin
Rh2, opsin
oskar
otefin
ovarian tumor (OTU)
poly(A)-binding protein PABP
pah, phenylalanine hydroxylase
PC, polycomb
proliferation cell nuclear

antigen

b
b

c
c
c

b

e

c
b
b
c
b
b
c
b
c
c
c
b
e
b
c
c
c
b
b
b
b
a
c
b
c
c
b
b
c
e
c
b
c
b
b
b
d

Leader Number of
lengths uAUGs Start site

474
84

88
85
82

293

420

753
123
69
76
79

111
70

772
34
22
25

605
113
43
66
93

228
93
65

273
508

'>

146
652
261
865
27

791
170
37
15
75

154
132
84

109
89

6
1

0
0
0

3

0

8
0
0
0
0
0
0
7
0
0
0
7
0
0
0
0
1
0
0
2
1
7

1
5
1
8
0
5
2
0
0
1
1
0
0
0
0

CCAAUUAUGU
CUAAAAAUGU

UCCAGGAUGA
GUCAACAUGA
CCAAGGAUGA

UCCGUCAUGG

UAAAGGAUGG

GCAUUUAUGG
AUCAAGAUGC
UACAAGAUGG
AUCACCAUGU
CUAAGAAUGG
ACAAACAUGC
UCAAACAUGU
ACCAUAAUGG
AUCAACAUGG
CUCGAAAUGA
UCCACAAUGA
CUUAAGAUGG
AGCAAGAUGC
GACAAAAUGG
AGCACCAUGG
AAACAAAUGA
GCCAAAAUGU
AAAGCCAUGA
UUGGCGAUGG
ACUACCAUGG
GACAAUAUGG
AAAAUCAUGA
UAAGUCAUGA
GCAAUAAUGA
UUCGCCAUGU
AACAAAAUGC
ACCAAAAUGU
ACAGGCAUGG
AACACAAUGG
CUGAGCAUGG
CAAGCGAUGG
GCCAAAAUGC
GUCGCCAUGG
CCAAAUAUGG
GUGAAAAUGU
UUAAAAAUGA
UUCAACAUGU
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File

PEP*

PEPCK

PERA
PKC53E
PKC98F
PKCR
PLC21A
PMSH2
PN*
POLO*
PP1A
PRO
PROS*

PROS281
PROS29
PROS35
PTPM
R118C
RAB3

RAFPO
RAS1
RAS21
RAS3
RCC1*

RDG*
REF2P

RGPS14a
RGPS14b
RH3A
RH4A1
RM62RH
RNP70K
RNPOL2

RP128

RP135

RP21C

RP49
RPA1R

Encoded protein Method

pep, protein on ecdysone
puffs

PEPCK, phosphoenolpyruvate
carboxylase

per, period
protein kinase C 53E
protein kinase C 98F
protein kinase C
plc-21, phospholipase c
msh-2
pn, prune
polo, putative protein kinase
phosphatase 1 alpha
paired
prospero, axonal growth

regulation
proteasome subunit
proteasome subunit
proteasome 35kd
tyrosine phosphatase DPTP
intronic Rl gene 18C
rab3, neuronal GTP-binding

protein
raf, proto-oncogene
Drasl, proto-oncogene
Dras2, proto-oncogene
Dras3, proto-oncogene
RRC1, regulator chromatin

condensation
rdgB, retinal degeneration
ref(2)p, sigma rhabdovirus

multiplication
rp14, ribosomal protein S14 A
rp14, ribosomal protein S14 B
Rh3, opsin
Rh4, opsin
rm62, RNA helicase
Ul 70K. snRNP
RP140, RNA polymerase II

140kilodalton subunit
RNA polymerase III

128 kilodalton subunit
RNA polymerase III

135 kilodalton subunit
rp21C, A-type ribosomal

protein
rp49, ribosomal protein 49
rpAl, ribosomal protein

b

V

c
b
b
b
b
b
b
b
b
b
b

b
b
b
b
b
b

b
b
b
b
b

b
e

c
c
e
c
b
c
c

a

c

b

d
e

Leader Number of
lengths uAUGs Start site

217

29

368
62

398
886
824
289
70

219
129
245
301

60
77
70
54

117
586

84
167
184
57

211

180
371

29
34
22
87

482
208
168

7

98

48

9
89

0

0

1
0
7

17
11
0
0
1
0
1
0

0
1
0
1
0
3

0
0
3
0
0

2
0

0
0
0
0
2
1
4

7

0

0

0
0

AAAAUUAUGG

AACAAAAUGC

AGCACCAUGG
CUUUUAAUGG
GACCUCAUGC
GCAACAAUGU
GUGAGGAUGA
GCGAGGAUGU
CUGGUAAUGG
AGCAAGAUGG
GCAAACAUGG
GAAACUAUGA
GGCUUCAUGA

AACAAGAUGU
UUAGCAAUGG
AAAGUCAUGU
CAAGCCAUGG
UGCAAAAUGA
GAUAAAAUGG

GAACUAAUGG
AGCCAAAUGA
CUUAUAAUGU
GCCAGCAUGC
GCUAAAAUGC

GUCAACAUGC
GCGAAAAUGC

CCCAGAAUGG
UGCAGAAUGG
CGGAGCAUGG
ACCGAUAUGG
GGAGUAAUGG
CACAAAAUGA
AUUCAGAUGU

AACGAAAUGG

UACAACAUGC

UUCGACAUGU

UUCAAGAUGA
UUAAACAUGC

(continued)
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File

RPII

RPL1R
RPS17
RRP1
RUD1
RUNTR
S12*
S1C4
S2ZSTM
S59
SAD

SAL
SAS

SCAa
SCAb

SD*
SER2a
SER2b
SERCA

SEV
SGG
SGS378a
SGS378b
SGS378c
SGS4C1
SGS5
SHAKE2
SHAKE3
SINA
SING2
SLIT
SNAIL
SNAKE
SOD
SODCHA

SOL
SPCA
SPERM
SQH*

SRC28C
SRCC
SRYGla

Leader Number of
Encoded protein Method lengths uAUGs Start site

RNA polymerase II,
215 kilodalton subunit

ribosomal protein L1
rp17, ribosomal protein S17
Rrpl, strand transferase
rudimentary
runt, segmentation gene
1(3)812
beta-amyloid-like
suppressor-2 of zeste
S59 homeo box
sad, nicotinic acetylcholine

receptor
spalt
sas, putative cell adhesion

receptor
sea, scabrous, 1st putative start
sea, scabrous, 2nd, in-frame

start
Sd, segregation distortion
serine protease SER1
serine protease SER2
sarcoplasmic/endoplasmic

reticulum Ca2+-ATPase
sevenless
shaggy
Sgs-3. salivary gland protein
Sgs-7, salivary gland protein
Sgs-8, salivary gland protein
Sgs-4, salivary gland protein
Sgs-5, salivary gland protein
shaker
shaker, larval
seven in absentia
sn, singed
slit
snail
snake
Sod, superoxide dismutase
para locus, sodium channel

alpha
sol, small optic lobes gene
alpha-spectrin
mst(3)gl-9, spermatogenesis
sqh, regulatory non-muscle

myosin
Dsrc proto-oncogene
Dsrc proto-oncogene
serendipity, beta

d

b
c
b
e
e
a
b
b
b
b

b
b

c
c

b
c
c
b

c
b
c
c
c
e
d
b
b
e
b
f
b
b
b
b

b
b
b
c

b
a
e

435

69
56

132
11

252
•?

152
149
67

343

50
44

321
396

121
24
24
32

229
280

29
33
33
13
33

269
72

903
739
314
163
78
68

>271

263
270
97

221

133
?

145

3

0
0
0
0
0
?

0
1
0
1

0
0

1
2

2
0
0
0

2
0
0
0
0
0
1
1
2

11
1
1
0
2
0
4

0
1
0
0

1
?

0

ACCAGGAUGA

ACGAAAAUGA
AACAUAAUGG
UCCAUAAUGC
UCCAAUAUGG
UACGAGAUGC
UGCAGCAUGG
CGAACAAUGU
AGAAAGAUGC
CCAAAAAUGG
GUCACCAUGG

GCCACGAUGA
ACCAAAAUGC

GUGUGAAUGA
GCAACAAUGG

CGAGGCAUGU
AACAAGAUGA
ACCAAGAUGA
AUCAAGAUGG

GCCUCGAUGA
GUUACGAUGA
AAAAACAUGA
AGAACCAUGA
ACAACCAUGA
GUCAAGAUGC
UACGACAUGU
GCCAAGAUGA
GCCUGUAUGG
CUUCCAAUGU
AGCACCAUGA
GCCACAAUGG
UCAAAAAUGG
AAUAGAAUGA
UUCGAAAUGG
UAGACAAUGA

CGCGCAAUGG
AGCGAAAUGG
UUAAUCAUGU
GCAACCAUGU

GGCAACAUGA
UAAGCCAUGG
GACUAGAUGA
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File

SRYGlb
SRYGlc
STAUFEN
STELL
STGA
STIMG
SUHW
SUSG
SVP1
SWA*
SX1PS11
SYT
TAG*
TCP1
TER
TFIID

TGA
TKABL1

TKO
TLD*
TLL
TMLPA
TOLL
TORSO
TRA2Aa

TRA2Ab

TRA2Ac

TROIIN
TROPI2
TROPT
TRP
TRPB
TRYA
TSH*

TTKFTZ
TU4A
TUBA1
TUBA2
TUBA3
TUBA4
TUBB2A
TUBE

Leader Number of
Encoded protein Method lengths uAUGs Start site

serendipity, alpha
serendipity, gamma
staufen
stellate
string, cdc25
stimulatory G protein
suppressor of hairy wing
suppressor of sable
seven-up protein, svp type 1
swallow
sex-lethal
synaptotagmin
tachykinin-like receptor
T complex protein Tcp-1
terminus protein
TATA-box binding protein

TFIID
transformer, sex determination
abl, tyrosine kinase abelson

homolog
tko, technical knock-out
tolloid, dorsal/ventral pattern
tailless
serrate (SER)
toll
torso, tyrosine kinase
tra-2, transformer "A" non-sex

determination
tra-2, transformer "B" non-sex

determination
tra-2, transformer "C" male

germline
tropomyosin II, non-muscle
tropomyosin I
wupA, troponin-T
trp protein
transient receptor pot
trypsin like, alpha
teashirt, ventral trunk

development
tramtrack (FTZF2)
TU-4 vitelline membrane
alpha-tubulin-1
alpha-tubulin-2
alpha-tubulin-3
alpha-tubulin-4
beta-tubulin-2
tube

e
e
b
e
b
b
b
e
b
c
e
b
b
b
c
c

c
c

b
b
b
b
b
f
e

e

e

b
c
a
c
b
a
b

b
c
e
e
e
e
c
b

43
67

274
30

391
299

59
507
450

39
425
359
258
42

154
173

70
96

171
72

177
433
574
195
186

488

503

435
103

7
191
484

?

1,008

251
62

141
96

504
149
175
193

0
0
3
0
3
2
0
4
3
0
1
0
1
0
0
1

0
0

0
0
0
3
4
0
1

2

1

0
0
9

3
2
7
9

3
0
0
0
0
0
0
2

AACAGCAUGG
GGCGCAAUGG
AAGAAAAUGC
GGCAACAUGU
AACAAAAUGC
GCUGCGAUGG
ACCAACAUGA
UCGAUAAUGU
GGCGUCAUGU
AAAGCGAUGA
CAGGAUAUGU
AACAAAAUGC
GCAGCCAUGG
AGGAAAAUGU
UCAAUCAUGU
UGUAAGAUGG

UUUCCGAUGA
UGGCAAAUGG

GAGAGCAUGA
CACGCAAUGA
AUCGGUAUGC
CCCAGAAUGU
GACAACAUGA
AGGAAAAUGC
AGCCAGAUGG

AUCACUAUGU

GAACGAAUGC

ACAAAAAUGA
AACACCAUGG
GUAGCCAUGU
GCAGAUAUGG
CGGAAGAUGG
CCCAUCAUGU
UUAAAAAUGU

CUCCCAAUGA
UCCGCAAUGG
CUCAAUAUGG
AUCAUCAUGG
AUCAAUAUGC
AAUAAAAUGG
AUCAAAAUGC
AACACCAUGG

(continued)

369



370 AN ATLAS OF DROSOPHILA GENES

TABLE 36.1. Continued

File

TWISTG
TYRDROG
UB52AA

UBIA
UBXG5
UROX
VASA
VERM
VHATP
VITA

VITB

VMP
WL
XDH
XR2C
YELLOW
YOLK
YP3
Z60MEXla
Z60MEXlb
Z60MEXlc
ZPBA
ZESTE
ZFH1
ZFH2
ZIPR

Encoded protein Method

twist
tyramine receptor (OCR)
ubiquitin 52-AA extension

protein
ubiquitin
Ubx, ultrabithorax
urate oxidase
vasa
vermilion
vacuolar H + ATPase
vitelline membrane protein,

26A-1
vitelline membrane protein,

3C-1
vitelline membrane protein
w, white
ry, xanthine dehydrogenase
xr2c, ultraspiracle
y, yellow
yolk protein I
Yp3, yolk protein-3
z600
gld-F female specific
gld-M male specific
trithorax
zeste
zinc finger homeobox protein 1
zinc finger homeobox protein 2
zipper

e
b
b

e
e
e
b
e
b
c

c

b
a
b
b
c
c
c
e
e
e
b
d
b
b
b

Leader Number of
lengths uAUGs Start site

159
312

34

139
697

33
131
57

116
81

96

29
?

180
162
171
61
59
63

142
307
841
964
358
369
261

0
4
0

6
2
0
1
0
0
0

1

0
9

1
0
0
0
0
0
0
1

11
4
2
4
3

CACCAAAUGA
GGAAAGAUGC
CGCAUUAUGC

UCCAAAAUGC
CGUUCGAUGG
GUCACAAUGU
AUCAAUAUGU
UGCACCAUGA
AGCAAAAUGU
ACCAAGAUGA

AGCACCAUGA

UUCAUCAUGC
CCGGCAAUGG
UUCACGAUGU
CCCAGGAUGG
AGTGCAAUGU
CGAACCAUGA
ACCAAAAUGA
GUUAUUAUGU
GUUAAGAUGG
GUUAAGAUGG
ACUAUUAUGG
ACUCAAAUGU
UUCCAAAUGU
UCUCCAAUGU
AGCACGAUGA

Methods used to map the leader sequence: a = none or ambiguous data; b = 5' UTR of the longest cDNA;
c — 5' UTR of longest cDNA and primer extension data or nuclease protection; d = primer extension or nuclease
protection (genomic sequence only); e = primer extension and nuclease protection along with cDNA and/or
genomic sequence data; f = presence of consensus TATA sequence and Drosophila consensus transcription start
site plus partial cDNA sequence of leader.

* An asterisk at the end of the file name indicates that this sequence was not included in GenBank Release 69.
A temporary file name was assigned to such sequences by us.

Lower case letters in file names were used to uniquely identify multiple mRNAs present in a single GenBank
file.

clone obtained from an exhaustive screening of a cDNA library. In many, if
not most of these cases, the 5' end of the longest cDNA is likely to correspond
to the transcription start site. A terminal G residue is often found at the 5' end
of the cDNA that is not found at the corresponding position in the genomic
sequence; it is thought that this G is copied from the 5' methyl G cap that is
added post-transcriptional to the 5' end of eukaryotic mRNAs. Sequences from
Drosophila species other than D. melanogaster were not included because their
orthologous counterparts in D. melanogaster are almost always represented in
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the database. Many Drosophila genes contain multiple mRNAs arising from
alternative promoters and/or RNA processing. In cases where alternative leader
sequences have been clearly documented, more than one leader sequence is
listed for a particular gene. If such alternative leaders share the same translation
start site, the start context (—6 to +4) is listed for just one of the leader
sequences. Several genes have been characterized by more than one research
group and reported to GenBank. We have arbitrarily used the information and
GenBank file name given for one of the duplicate entries if the data are
equivalent. Where data are not equivalent for the same gene we have chosen
the data which are most strongly supported by experimental evidence.

Leader Length and Upstream AUGs

Inspection of Table 36.1 reveals numerous mRNAs with leader sequences
exceeding 100nt and containing multiple upstream start codons (uAUGs).
Indeed the average Drosophila leader sequence is 248 nt and the median is 156.
The distribution of leader lengths is shown in Fig. 36.1. Forty-six of the leader
sequences exceed 500 nt. The smallest size class (0-100nt) is the largest
containing 140 mRNA sequences. Many of the reported leader sequences are
based upon the analysis of the longest cDNA obtained but may nonetheless

FIG. 36.1. Distribution of the number of nucleotides (nt) in the 5' untranslated
leader sequences of Drosophila mRNAs.
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FIG. 36.2. Distribution of upstream AUGs in the 5' untranslated leader sequences
of Drosophila mRNAs.

lack the complete 5' end. Therefore, these global leader sequence statistics most
likely underestimate the true values.

Unquestionably the most surprising result of our analysis is that 42% of all
Drosophila mRNAs contain one or more uAUGs in their leader sequence (Fig.
36.2). The majority of mRNAs containing uAUGs contain more than one.
Indeed 10% of all Drosophila mRNAs surveyed contain five or more uAUGs.
The vast majority of Drosophila uAUGs are followed by a short (ca. 1-100)
open reading frame which terminates before reaching the major translation start
site (data not shown). Drosophila uAUGs do not exhibit a similar preference
for specific flanking nucleotides as exhibited by major start codons (see below).
Nonetheless, many of the uAUGs (if not the majority) contain flanking
sequences that are compatible with a good translation initiation site.

Previously, Kozak (1991) reported that approximately 9% of vertebrate
mRNAs contain uAUGs and further noted that the majority of these unusual
mRNAs encoded regulatory proteins (e.g., transcription factors and proto-
oncogenes, receptors, and components of signal transduction). Drosophila
appears similar to vertebrates in this respect as typified by the long
leader-uAUG laden mRNAs encoding Antennapedia, ecdysone receptor, acetyl-
choline receptor, decapentaplegic, seven in absentia, and protein kinase C
(Table 36.1). In general long leader-uAUG laden mRNAs encode low abundant
proteins, particularly as compared to very short-leader mRNAs encoding such
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proteins as the yolk, cuticle, and larval serum proteins. This dichotomy is
consistent with the general finding that removal of long leader sequences
typically increases translation initiation rates (e.g. Chinkers et al. 1989; Muller
and Witte 1989). Long leader mRNAs may be tolerated as a consequence of
the absence of natural selection to increase translation rates of proteins that
are not needed in abundance. Alternatively, the presence of a long leader with
multiple uAUGs may afford devices to regulate translation initiation. The
paradigm par excellence in this regard is the yeast GCN4 gene. GCN4 mRNA
is constitutively produced but the translation of GCN4 protein is highly
regulated through the interaction of four upstream open reading frames, the
scanning preinitiation complex, and some of the translation initiation factors
that undergo changes in activity as a consequence of amino deprivation (Miller
and Hinnebusch 1989; Ramirez et al. 1991; Dever et al. 1992). Whether other
eukaryotic mRNAs that contain long leader and uAUGs are under similar
control is unknown. For many of the long-leader Drosophila genes, mRNA and
protein expression are temporally and spatially correlated suggesting the lack
of translational regulation. However, it should be noted that translation
initiation rates are almost never determined empirically. Consequently, the
relative translation rates among different mRNAs cannot be compared at this
time.

OH and coworkers have recently reported (OH et al. 1992; and personal
communication) that the long-leader sequences of the Antennapedia and
Ultrabithorax can promote internal ribosome binding in Drosophila cell culture.
Since internal binding circumvents the requirement for the cap-binding protein
(eIF-4E), it is likely that internal initiation also circumvents global translation
control as mediated by altering the level and activity of eIF-4E. It will be
interesting to see if Antp and Ubx use an internal mode of initiation in flies
and whether internal initiation is used by other mRNAs with exceptionally long
leader sequences.

Translation Start Sites

Table 36.2 presents an update of the translation start sites from positions —6
to + 4 relative to the start codon. The 50/75 consensus rule (Cavener and Ray
1991) was used to assign consensus nucleotides. The derived consensus
sequence, C/A ANN AUG has not appreciably changed with the doubling of
the database from that reported by Cavener and Ray (1991). Since long leader
mRNAs are thought to be poorer substrates for translation initiation, such
mRNAs may on average contain a poorer fit to the consensus sequence. To
examine this question the mRNA sequences listed in Table 36.1 were divided
into two groups: long leaders, exceeding the median leader length and short
leaders, less than the median leader length (Table 36.2). The short leader
mRNAs do exhibit a significantly stronger preference for A or G at the critical
— 3 position as compared to the long leader mRNAs as might be expected. In
addition, differences are observed between the short and long leader classes at



TABLE 36.2. Nucleotide frequencies flanking the start codons for the major protein
coding regions and the start site consensus sequences

Total mRNA dataset.

A
G
C
U

Short

A
G
C
U

Long

A
G
C
U

-6

33
28
17
22
a

leader

-6

34
24
18
23

a

leader

-6

34
32
16
19

a

-5

23
18
34
25
c

-4

26
11
51
12
C/A

-3

70
20
6
5
A

_ 2

47
11
24
18
a

_ 1

41
20
30
9
a

+ 1

100
0
0
0
A

+ 2

0
0
0

100
U

+ 3

0
100
0
0
G

+ 4

23
39
15
23
g

mRNA dataset.

-5

22
16
30
32

u

-4

29
9
54
8

C/A

_ 3

11
15
3
4

A

_2

51
14
18
16

A

-1

39
17
35
9

A/C

+ 1

100
0
0
0

A

+ 2

0
0
0

100

U

+ 3

0
100
0
0

G

+ 4

26
35
14
25

g

mRNA dataset.

-5

24
22
38
16

c

-4

23
13
48
16

c

-3

66
20
10
4

A

-2

43
10
29
19

a

-1

45
23
23
9

a

+ 1

99
1
0
0

A

+ 2

0
0
0

100

U

+ 3

0
100
0
0

G

+ 4

22
42
16
20

g

Upstream AUGs (uAUGs).

A
G
C
U

-6

32
23
20
25

a

-5

28
18
21
34

u

-4

27
35
16
22

g

-3

29
15
21
35

u

_ 2

45
17
25
13

a

-;

40
16
14
30

a

+ /

100
0
0
0

A

+ 2

0
0
0

100

U

+ 3

0
100
0
0

G

+ 4

30
9
26
35

u

The 50/75 Consensus Rule was applied: if the frequency of one nucleotide is greater than 50% and is greater
than twice the frequency of the next highest nucleotide, it is assigned as the consensus and denoted as such with
a capital letter (e.g., A). If the sum of the frequency of the two most frequent nucleotides is greater than 75%
but neither meet the requirement for singular consensus, the two nucleotides are assigned as co-consensus
nucleotides and denoted with capital letters (e.g., C/A). Lower case letters indicate the most frequent nucleotide
at a particular position when no nucleotides meet the consensus criteria.

374
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positions –4, –2 and – 1. However, these are largely differences in the relative
distribution of A and C, both favored at these positions in most eukaryotic
groups (Cavener and Ray 1991). Overall, the differences between long and short
leader mRNAs translation start sites are significant but minor. Among the long
leader mRNAs occurs an exceptional GUG start codon for choline acetyl-
transferase. The data supporting the use of GUG as a start codon in this case
are strong (Sugihara et al. 1990). Preliminary evidence indicates that the E74A
gene uses CUG as a major alternative start codon (L. Boyd and C. Thummel,
personal communication). Non-AUG start codons are likely to be more
prevalent than currently recognized because most AUG translation start sites
have not been empirically confirmed.

The sequence context flanking 151 upstream AUGs was examined in order
to see if uAUGs lie in a poor context. It might be expected that uAUGs would
exhibit a strong anti-consensus sequence to discourage translation initiation at
these sites. However, the summary of these data in Table 36.1 indicates that
uAUGs collectively neither show a good or poor fit to consensus relative to
major translation start sites. At the critical —3 position A or G is found in
44% of the cases. The frequency of A at — 2 and — 1 is relatively high similar
to major translation initiation sites. Some unique biases are observed including
a relatively high frequency of G at — 4 and a relatively low frequency of G at
+ 4; just the opposite biases are seen for major translation initiation sites. One
possible explanation for the lack of consensus either opposite or similar to
major translation initiation sites is that uAUG context data may contain a
mixture of uAUG which are either selected for or against as initiation sites
depending upon the mRNA. This assumes that some uAUGs may be involved
in translational regulation but that others are not. Overall, a large fraction of
uAUGs would appear to be in a reasonably good context. How the scanning
preinitiation complex traverses a leader sequence burdened with uAUGs is an
interesting mechanistic and regulatory question.

A Caveat to Using the Translation Start Site Consensus

Comparing putative translation start sites of newly sequenced genes with the
start site consensus sequence is a common practice. In some cases investigators
have favored a downstream start codon over an in-frame upstream start codon
based upon a better fit of the former to the consensus sequence. However,
mutational analysis of the translation start site of Adh (Feng et al. 1991) and
inspection of the diversity of start contexts in Table 36.1 demonstrates that start
codons that exhibit a poor fit to the consensus can nonetheless serve as the
major site of translation initiation. A good example of this is provided by the
translation start site for hsf encoding the Drosophila heat-shock transcription
factor (Table 36.1). The start codon context for hsf is UUUAUGU (Clos
et al. 1990). Based upon mutational analysis and the consensus sequence, a
UUUAUGU context is exceptionally poor. Changing the start codon context
for Adh to this same sequence resulted in a 6-12-fold reduction in translation



376 AN ATLAS OF DROSOPHILA GENES

depending upon the developmental stage. However, an appreciable level of
ADH protein was still observed in this mutant. Thus a "poor" context may
reduce but not necessarily eliminate translation initiation. Kozak's studies on
the rat preproinsulin mRNA have clearly indicated that a poor context reduces
the probability that the ribosome will initiate at that particular site. If initiation
does not occur at a particular start codon, the preinitiation complex resumes
scanning, a process called leaky scanning. The overall effect of leaky scanning
may be the use of multiple start codons, particularly when two start codons
are in-frame and within close proximity. An important perspective to bear in
mind when analyzing translation start sites is that the sequence context may
be adapted to down-regulate the rate of translation initiation. Moreover,
sequence context effects are likely to be developmentally dependent (Feng
et al. 1991) as a function of changes in the concentration and activities of the
translation initiation factors (particularly eIF-2). These considerations are also
relevant to the presence of upstream start codons in the leader sequence which
are either out of frame with the major coding region or followed by an in-frame
termination codon.

Summary

Drosophila genes exhibit a diverse array of untranslated leader sequences and
translation start sites. The presence of a long leader or multiple uAUGS or a
poor sequence context surrounding the start codon should no longer be
perceived as abnormal or unusual given the large fraction of Drosophila mRNAs
which contain such features. In many cases these features will affect translation
initiation rates. How they affect translation and what the physiological rationale
is for these effects remain to be elucidated. Although it would appear that
Drosophila mRNAs are more prone to long leaders and uAUGs than vertebrate
genes, only a small fraction of all mRNAs have been characterized for either
group. The current Drosophila and vertebrate databases are biased somewhat
differently as a consequence of the types of genes and questions being analyzed
using different systems. In particular the Drosophila database contains a larger
fraction of genes encoding proteins that regulate development. Whether the
current Drosophila database is a more representative sample than the vertebrate
database is unknown. Fortunately our obsession for cloning and sequencing
will eventually answer this question.
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Introduction

In most genes in most species, alternative synonymous codons are not used in
equal frequencies (Aota et al. 1988)—Drosophila is no exception (Ashburner
et al. 1984; O'Connell and Rosbash 1984; Shields et al. 1988). In Table 37.1 we
present the total codon usage for 438 D. melanogaster genes. This dataset
was extracted from the GenBank/EMBL/DDBJ DNA sequence data library
(GenBank release 71) using the ACNUC sequence retrieval software (Gouy
et al. 1985), and screened to remove duplicates and/or multiple alleles (making
particular use of FlyBase; Ashburner 1992); the genes are listed in Appendix A.
As we discuss below, there is considerable heterogeneity of codon usage patterns
among genes, and so the values in Table 37.1 must be taken only as an overall,
or average, guide to D. melanogaster codon usage. This may be useful in the
design of oligonucleotide probes, or in the assessment of whether a novel open
reading frame is actually a coding sequence: many genes approximate to this
pattern, but particular genes may differ quite markedly. Note also that genes
from transposable elements have rather different patterns of codon usage from
"chromosomal" genes (Shields and Sharp 1989), and so they are presented
separately in Table 37.1 (to be discussed in more detail below). (Codon usage
in the Drosophila mitochondrial genome is completely different from nuclear
genes (Clary and Wolstenholme 1985), and will not be discussed further.)

Why is codon usage in Drosophila biased, and why does it vary among
genes? Clearly, the pattern of synonymous codon usage in a gene must reflect
the net result of past evolutionary pressures: the two main influences are natural
selection (some codons may be translated more accurately and/or efficiently
than synonyms encoding the same amino acid), and mutational biases (which
may give rise to strongly biased codon usage even in the absence of any
selection). Thus, in general terms, codon usage can be considered as the result

378



TABLE 37.1. Codon usage in Drosophila melanogaster

Total

Phe UUU
UUC

Leu UUA
UUG

Leu CUU
CUC
CUA
CUG

Ile AUU
AUC
AUA

Met AUG

Val GUU
GUC
GUA
GUG

N

2,896
5,822

922
3,787

1,959
3,410
1,758
9,835

4,065
6,523
1,947
6,366

2,757
3,839
1,450
7,234

RSCU

0.66
1.34
0.26
1.05

0.54
0.94
0.49
2.72

0.97
1.56
0.47
1.00

0.72
1.00
0.38
1.89

T.E.

N

478
336
430
319

364
256
337
283

583
349
581
335

290
223
300
271

RSCU

1.17
0.83
1.30
0.96

1.10
0.77
1.02
0.85

1.16
0.69
1.15
1.00

1.07
0.82
1.11
1.00

Ser UCU
UCC
UCA
UCG

Pro CCU
CCC
CCA
CCG

Thr ACU
ACC
ACA
ACG

Ala GCU
GCC
OCA
GCG

Total

N

1,745
5,377
1,857
4,705

1,683
5,087
3,484
4,436

2,232
6,152
2,773
3,611

4,022
9,783
3,265
3,601

RSCU

0.49
1.50
0.52
1.31

0.46
1.39
0.95
1.21

0.60
1.67
0.75
0.98

0.78
1.89
0.63
0.70

T.E.

N

226
216
297
153

195
204
437
160

344
307
513
163

343
319
409
163

RSCU

0.95
0.91
1.25
0.64

0.78
0.82
1.76
0.64

1.04
0.93
1.55
0.49

1.11
1.03
1.33
0.53

Tyr UAU
UAC

ter UAA
ter UAG

His CAU
CAC

Gin CAA
CAG

Asn AAU
AAC

Lys AAA
AAG

Asp GAU
GAC

Glu GAA
GAG

Total

N

2,610
4,957

220
117

2,814
4,363
3,984

10,537

5,565
7,692
3,759

11,038

7,274
6,631
4,778

11,655

RSCU

0.69
1.31
1.60
0.85

0.78
1.22
0.55
1.45

0.84
1.16
0.51
1.49

1.05
0.95
0.58
1.42

T.E.

N

341
368

2
5

295
292
580
328

747
614

1,115
519

497
528
808
435

RSCU

0.96
1.04
0.60
1.50

1.01
0.99
1.28
0.72

1.10
0.90
1.36
0.64

0.97
1.03
1.30
0.70

Cys UGU
UGC

ter UGA
Trp UGG

Arg CGU
CGC
CGA
CGG

Ser AGU
AGC

Arg AGA
AGO

Gly GGU
GGC
GGA
GGG

Total

N

1,396
3,712

75
2,380

2,480
4,866
1,964
1,941

2,704
5,174
1,041
1,440

4,344
8,179
5,208
1,140

RSCU

0.55
1.45
0.55
1.00

1.08
2.13
0.86
0.85

0.75
1.44
0.45
0.63

0.92
1.73
1.10
0.24

T.E.

N

167
238

3
223

128
134
197
103

255
283
405
195

222
218
294
113

RSCU

0.82
1.18
0.90
1.00

0.66
0.69
1.02
0.53

1.07
1.19
2.09
1.01

1.05
1.03
1.39
0.53

"Total" indicates summed codon usage for 438 nuclear chromosomal genes (i.e., excluding transposable elements), a total of 264,421 codons. "T.E." indicates summed codon usage
for 30 genes from 16 transposable elements (listed in Appendix 37.B), a total of 20,836 codons. Codon usage is presented as N (the observed number of occurrences) and RSCU
(the relative synonymous codon usage, obtained by dividing N by the average value for the amino acid); the RSCU value is useful for comparing the level of bias among different
amino acids, or among data sets of different sizes.
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of a selection-mutation balance (Sharp and Li 1986; Bulmer 1991). However,
while it is clear that selection among synonyms shapes codon usage in certain
prokaryotes and unicellular eukaryotes (reviewed in Ikemura 1985; Andersson
and Kurland 1990), it is not obvious how widespread selective codon usage
may be in the genomes of multicellular organisms. In particular, it is not clear
whether the long-term evolutionary effective population sizes of most multi-
cellular species are large enough for the selective differences between alternative
synonymous codons (which are expected to be very small) to overcome random
genetic drift (Sharp 1989). In an earlier study (Shields et al. 1988), we concluded
(somewhat to our surprise!) that the evidence suggests that codon usage in
many D. melanogaster genes is influenced by natural selection. Here we briefly
review that evidence, utilizing the much larger D. melanogaster gene sequence
data set now available.

Codon usage variation among genes

Codon usage patterns vary considerably among D. melanogaster genes (Shields
et al. 1988). To take an extreme example, 92% (33/36) of the Leu residues in
the enolase phosphoglycerate hydrolase gene (Eno) are encoded by CUG; in
contrast, the cubitus interruptus Zn finger gene (d) uses this codon in only
seven of 91 cases (8%); differences are also seen for all other 17 amino acids
where there is a choice of codons. Under the selection-mutation balance
model, two possible reasons for this variation stand out. If selection among
synonymous codons for translational efficiency occurs in D. melanogaster, then
the strength of selection is likely to vary among genes, depending on their level
(and perhaps also tissue and developmental stage) of expression. For example,
in Escherichia coli (Gouy and Gautier 1982) and Saccharomyces cerevisiae
(Sharp et al. 1986) the strength of codon usage bias in a gene is very
highly correlated with the level of gene expression. Alternatively, or perhaps
additionally, genes may be affected by different mutational biases. For example,
mammalian genes vary greatly in base composition (G + C content) at silent
sites (and thus in codon usage) depending on the local base composition of the
chromosome (Bernardi et al. 1985; Ikemura 1985); this variation can be most
simply explained as variation in the mutation pattern around the genome
(Filipski 1988; Sueoka 1988; Wolfe et al. 1989).

To elucidate the situation in Drosophila, the first step is to characterize the
nature of the codon usage variation among genes. Since the codon usage pattern
of each gene is a composite of 59 values (one for each codon, less Met, Trp
and stop codons), it is necessary to use multivariate statistical analyses. In codon
usage studies the most commonly used method is correspondence analysis
(pioneered by Grantham et al. 1981). It is not appropriate to go into any details
of the method here, except to say that it allows definition of the major trends
among genes—see Grantham et al. (1981) or Shields et al. (1988) for more
discussion of this method. We applied this approach to 84 genes (Shields et al.
1988) and have also used it on a data set of 438 genes here. In each case, the
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major variation in synonymous codon usage among genes is found to be
strongly associated with G + C content at silent sites (GCS): genes at one end
of the trend have relatively unbiased codon usage, while genes at the other end
of the trend have very highly biased codon usage, and high values of GCS.

This seems very like the situation found with mammalian (e.g., human) genes,
but in fact there are several important differences (Shields et al. 1988). Some of
these become apparent from a comparison of GCS, the G + C content at silent
third positions of codons (i.e., excluding Met and Trp) in a gene, and GC,, the
G + C content in the introns of a gene. First, in D. melanogaster (unlike humans)
GCS is not strongly correlated with GCI. Second, GCS values are generally much
higher than GCI values, particularly in genes with very biased codon usage. It
is also noticeable that GCS becomes reduced in pseudogenes (Shields et al. 1988;
Moriyama and Gojobori 1992). Most of the D. melanogaster genes studied have
been mapped, and there is no obvious relationship between GCS and map
position, although local variations in base composition on the scale that they
are thought to occur in the human genome would be difficult to detect at this
level. However, it is clear that neighboring genes can have quite different GCS

values. For example, in the highly biased alcohol dehydrogenase gene GCS is
0.77, but in the relatively unbiased Adh-related gene (less than 300 bp away;
Kreitman and Hudson 1991) GCS is only 0.53. It is also noticeable that in
human genes the trend in G + C content is due to similar changes in the
frequency of both C and G, but in D. melanogaster the major trend is more
specifically (though not exclusively) due to a change in the frequency of C.
Thus, the major variation in GCS in Drosophila does not appear to be due to
regional chromosomal base composition differences.

On the other hand, the main trend in codon usage differences among genes
may be correlated with expression level. We might expect that the highly biased
genes at the G + C-rich extreme would be those under the most selection
pressure, particularly as their GCS values are the most different from noncoding
DNA (i.e., introns). Of course, in a multicellular organism with a complex series
of developmental stages, it is rather more difficult to quantify "expression level"
than it would be in E. coli or yeast. Nevertheless, the G + C-rich genes do seem
to include many genes that can be identified as highly expressed. For example,
one is alcohol dehydrogenase: Adh mRNA "accounts for about 1-2% of the
translational activity of mRNA from adult flies" (Benyajati et al. 1980), and
must be considered a highly expressed gene. Others at this extreme include Yp1
and Yp2 encoding yolk proteins, the nine ribosomal protein genes in the data
set, and genes encoding actins and cuticle proteins; all such genes were
considered by O'Connell and Rosbash (1984) to be "abundantly expressed".

"Optimal" Codons in Drosophila melanogaster

If it is true that the major trend among genes in codon usage is associated with
expression-level-mediated selection on codon usage, then contrasting the codon
usage patterns for the genes at either end of this trend should reveal which
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particular codons for each amino acid are favoured. Codon usage in 10% of
genes at each extreme of this trend (as identified by multivariate statistical
analysis) is presented in Table 37.2. There are 23 codons used with (significantly)
higher frequency in the highly biased group of genes: 22 of these are here defined
as "optimal" codons, the exception being GGU (for Gly), where the difference
in RSCU values is small (though significant at the 5% level). These optimal
codons are G + C-rich: of the 22, 15 end in C and six end in G—only one ends
in U (CGU) and none end in A. Interestingly, CGU appears to be an optimal
Arg codon in many other species (Sharp et al. 1992).

A simple measure of the strength of species-specific codon usage bias is given
by the frequency of optimal codons (Fop) in a gene (Ikemura 1985). We define a
Fop for D. melanogaster as the number of occurrences of these 22 optimal codons
(Table 37.2), divided by the total number of occurrences of codons for these
18 amino acids (i.e., excluding Met and Trp codons). (Calculation of Fop values
is an option in the FORTRAN program CODONS (Lloyd and Sharp 1992),
which is available from the authors on request.) Fop values for these 438 genes
are given in Appendix A, and they range from 0.22 (Scr encoding the sex combs
reduced homeobox protein) to 0.88 (Lsp1-b encoding -larval serum protein).

While we have already alluded to the difficulties in discussing absolute
expression levels, it is nevertheless possible to compare Fop values among genes
whose relative expression levels have been described. There are two cytochrome
c genes, and it is known that Cyt-c2 (Fop = 0.77) "is expressed at much higher
levels than" Cyt-c1 (Fop = 0.57) (see Limbach and Wu 1985); among four

-tubulin genes, the transcript of Tuba84D (a-1) (Fop = 0.79) is "much more
abundant" than that of Tuba84E (a-2) (Fop = 0.69) (see Kalfayan and Wensink
1982); of two elongation factor la genes, expression of Ef1a100E (Fop = 0.76)
is "generally markedly stronger" than that of Ef1a48D (Fop = 0.71) (see
Hovemann et al. 1988); and there are two lysozyme genes, LysP (Fop = 0.63)
whose expression was only detected in adults, and whose expression in the adult
"was low compared to that of LysD" (Fop = 0.70) (see Kylsten et al. 1992). In
some cases these differences in Fop values are quite small—the genes' similarity
in sequence may reflect quite recent gene duplication events; nevertheless, the
differences are all in the direction predicted.

In Table 37.2, it is interesting to note that the highly biased (and highly
expressed?) genes favour the most A + T-rich stop codon (UAA), even though the
rest of their codons are generally G + C-rich. The highly biased genes also appear
to avoid UGA, which is more common in the low bias genes. This is reminiscent
of the pattern of stop codon usage in genes of high and low expression in E. coli,
Bacillus subtilis, and yeast (Sharp et al. 1992), and lends further credence to the
idea that codon usage in D. melanogaster is influenced by natural selection.

Transposable Element Genes

Codon usage in the open reading frames (ORFs) of the various transposable
elements (TEs) found in the D. melanogaster genome (see Appendix B) is



TABLE 37.2. Codon usage in high and low bias genes in D. melanogaster

High

Phe UUU
UUC*

Leu UUA
UUG

Leu CUU
CUC*
CUA
CUG*

Ile AUU
AUC*
ADA

Met AUG

Val GUU
GUC*
GUA
GUG*

N

37
421

6
101

39
149

17
703

147
633

2
301

129
346

19
453

RSCU

0.16
1.84
0.04
0.60

0.23
0.88
0.10
4.16

0.56
2.43
0.01
1.00

0.54
1.46
0.08
1.91

Low

N

541
406
334
503

370
190
282
475

576
340
401
549

446
300
278
492

RSCU

1.14
0.86
0.93
1.40

1.03
0.53
0.79
1.32

1.31
0.77
0.91
1.00

1.18
0.79
0.73
1.30

Ser UCU
UCC*
UCA
UCG*

Pro CCU
CCC«
CCA
CCG

Thr ACU
ACC*
ACA
ACG

Ala GCU
GCC*
OCA
GCG

High

N

73
412

13
176

44
385
85
75

76
637

25
55

267
854
41
62

RSCU

0.51
2.86
0.09
1.22

0.30
2.61
0.58
0.51

0.38
3.21
0.13
0.28

0.87
2.79
0.13
0.20

Low

N

407
476
423
323

298
320
474
276

390
425
507
301

558
539
491
279

RSCU

0.99
1.16
1.03
0.79

0.87
0.94
1.39
0.81

0.96
1.05
1.25
0.74

1.20
1.15
1.05
0.60

Tyr UAU
UAC*

ter UAA
ter UAG

His CAU
CAC*

Gln CAA
CAG*

Asn AAU
AAC*

Lys AAA
AAG*

Asp GAU
GAC*

Glu GAA
GAG*

High

N

59
420

32
10

46
215
44

501

73
513
38

813

284
457

75
809

RSCU

0.25
1.75
2.29
0.71

0.35
1.65
0.16
1.84

0.25
1.75
0.09
1.91

0.77
1.23
0.17
1.83

Low

N

365
345

24
7

368
324
699
743

793
645
775
798

903
493
885
728

RSCU

1.03
0.97
1.76
0.51

1.06
0.94
0.97
1.03

1.10
0.90
0.99
1.01

1.29
0.71
1.10
0.90

Cys UGU
UGC*

ter UGA
Trp UGG

Arg CGU*
CGC*
CGA
CGG

Ser AGU
AGC

Arg AGA
AGG

Gly GGU
GGC*
GGA
GGG

High

N

18
169

0
147

227
327

16
13

17
174

4
32

316
505
230

7

RSCU

0.19
1.81
0.00
1.00

2.20
3.17
0.16
0.13

0.12
1.21
0.04
0.31

1.19
1.91
0.87
0.03

Low

N

206
305

10
196

204
225
264
146

426
404
220
172

426
450
619
169

RSCU

0.81
1.19
0.73
1.00

0.99
1.10
1.29
0.71

1.04
0.99
1.07
0.84

1.02
1.08
1.49
0.41

"High" and "Low" denote groups of genes with high and low codon usage bias; they are the 10% of genes at each extreme of the major codon usage trend among genes (identified
by multivariate statistical analysis). Twenty-two codons defined as "optimal" (see text) are indicated by *. The High and Low groups each comprise 44 genes, and total 13,374 and
26,307 codons, respectively. N and RSCU are explained in Table 37.1.
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different, overall, from that of "chromosomal" genes (Table 37.1). The TE ORFs
are more similar to the low bias genes than the high bias genes (Table 37.2),
and exhibit very little evidence of selected codon usage.

However, as with chromosomal genes, codon usage varies greatly among
TE ORFs: in general, ORFs from the same TE have rather similar codon usage
patterns, but ORFs from different TEs have different codon usage patterns (this
is apparent, to some extent, in the GCS values in Appendix B, but see Shields and
Sharp (1989) for more details). This observation is most simply explained if the
TEs have been subject to different mutational biases, and we consider two
possible scenarios. Since TEs appear to have been subject to occasional
horizontal transfer among species, their base composition could reflect different
mutation biases in different previous host genomes. However, it seems rather
more likely that the differences reflect current/ongoing differences in mutation
pattern. For many TEs, movement around the genome involves an RNA
intermediate which is then subject to a (quite highly error prone) reverse
transcription process. The different TEs have reverse transcriptases which differ
considerably in their primary amino-acid sequences (Xiong and Eickbush 1990),
and it is quite likely that each reverse transcriptase has a slightly different error
propensity which leads to different mutational spectra, and ultimately to
different base composition and codon usage (Shields and Sharp 1989).

Conclusions

We have concluded above that Drosophila melanogaster genes are subject to
different levels of codon selection. This seems to be corroborated by the
observation that silent sites in genes with high codon usage bias have diverged
to a lesser extent between D. melanogaster and other related species (e.g.,
D. simulans and D. pseudoobscura), suggesting that there is more constraint on
codon usage in the highly biased genes (Sharp and Li 1989). In a recent
examination of silent site base composition and substitution rates, Moriyama
and Gojobori (1992) suggested that the variation in each can be explained by
mutational biases, in a manner consistent with the situation in mammalian
genes (Wolfe et al. 1989). However, we have outlined many discrepancies
between the observations relating to Drosophila and mammals which make a
similar explanation unlikely. We have detailed some cases where it seems that
the strength of codon usage bias can be correlated with the level of gene
expression—it will be of particular interest to investigate whether any of the
heterogeneity in codon usage among genes can be related to the genes' tissue
or time of expression. Certainly, while we have discussed the major pattern of
codon usage variation among genes, we do not exclude the possibility that there
are other (as yet undefined) trends which explain some further part of the
heterogeneity in these data.

Another question of interest concerns the extent to which a similar pattern
is found in other species of Drosophila. Codon usage differs among Adh
genes derived from various Drosophila species (Starmer and Sullivan 1989).
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Interestingly, Moriyama and Gojobori (1992) reported that in the Adh gene of
Hawaiian Drosophila, GCS is low and the silent substitution rate is high (see
also Thomas and Hunt 1991); these two observations can be consistently
explained if codon selection has been relaxed in that lineage, due possibly to a
small effective population size caused by several bottleneck events. It will be
interesting to examine to what extent (and to ask why) codon usage patterns
generally vary among Drosophila species.
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Appendix 37.A: Codon Usage Bias in D. melanogastar Genes

Gene

Abd-A
Abd-B
Abl
ac
Ace
Acp70A
Acr60C

Acr64B
Acr96Aa
Acr96Ab
Act5C
Act42A
Act57A
Act79B
Act87E
Act88F
Actn
ade3
Adfl

Adh
Adhr
Ald
ama
amd
Amy-d
AnnIX
AnnX
annon-77F
Am
Antp
Appl
Aprt
arl
arm
Arr1
Arr2
ase
At pa

Function/Product

abdominal-A: homeodomain TF
abdominal-B: homeodomain TF
abl-oncogene analog: Tyr kinase
achaete: T5 AHLH protein
acetylcholinesterase
male accessory gland protein
muscarinic acetylcholine

receptor C
nicotinic acetylcholine receptor D
nicotinic acetylcholine receptor B
nicotinic acetylcholine receptor E
actin
actin
actin
actin
actin
actin
sarcomeric a actinin
glycinamide ligase
Adh distal factor 1: AHLH

protein
alcohol dehydrogenase
alcohol dehydrogenase related
fructose-l,6-biphosphate aldolase
amalgam protein
a-methyl-dopa hypersensitivity
-amylase 1

annexin IX
annexin X
histone-like protein
andropin: male-specific protein
antennapedia: homeodomain TF

-amyloid-like gene
adenine phosphoribosyltransferase
arf-like: GTP-binding protein
armadillo
arrestin A/phosphorestin II
arrestin B/phosphorestin I
asense: T8 AHLH protein
Na/K-ATPase subunit

Map

3-58.8
3-58.8
3-[44]
1-0.0
3-52.5
3-[40]
2-[107]

3-[8]
3-[83]
3-[83]
1-[14]
2-[55.2]
2-[92]
3-[47]
3-[53]
3-57.1
1-[0.5]
2-[22]
2-[56]

2-50.1
2-50.1
3-91.5
3-[47.5]
2-53.9
2-77.7
3-[70]
l-[64]
3-[46]
3-[101]
3-47.5
1-0.0
3-1.5
3-[43]
l-[0.4]
2-[53]
3-[26]
1-0.0
3-[70]

AA

330
491

1,520
201
649

55
788

521
567
535*
376
376
376
376
376
376
895
434
253

256
272
363
333
510
494
296*
321
215

57
378
886
183
180
843
364
401
396

1,038

GCS

0.72
0.73
0.69
0.52
0.74
0.47
0.79

0.72
0.75
0.70
0.78
0.68
0.76
0.82
0.76
0.80
0.81
0.65
0.74

0.81
0.53
0.82
0.77
0.67
0.88
0.87
0.87
0.56
0.46
0.75
0.71
0.64
0.81
0.64
0.76
0.76
0.52
0.70

GCI

0.40

0.33

0.48

0.42

0.39

0.40
0.28
0.38

0.42
0.26

0.40
0.47
0.32
0.34

Fop

0.62
0.62
0.57
0.41
0.64
0.37
0.62

0.62
0.66
0.61
0.78
0.64
0.79
0.80
0.77
0.79
0.76
0.55
0.67

0.77
0.43
0.82
0.66
0.58
0.82
0.81
0.78
0.48
0.39
0.63
0.63
0.57
0.74
0.57
0.71
0.70
0.41
0.66

Acc.#

X54453
X16134
M19692
M17120
X05893
M21201
M23412

X04016
X07194
X52274
K00667
K00670
K00673
M18829
K00674
M18830
X51753
J02527
M37787

J01066

M76409
M23561
X04695
X04569
M34068
M34069
XI 6962
X16972
X03791
J04516
Ml 8432
M61127
X54468
M30177
M32141
X12550
X14476

(continued)
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Gene

awd
B
bam
bcd
Bd

BicD

Bj1
boss

br
brm
Bsg25D
bw
cad
Cal
Cam
Cat
cdc2
cdc2c
CecA1
CecA2
CecB
CecC
Cf1a
Cf2
Cg25C
Cha
chi
chp
ci
CkIIa
CkIIb
cnc
Cpl5
Cpl6
Cpl8
Cpl9
Cp36
Cp38
crb
Csp
ct
cta
CycA
CycB
CycC
Cyp1
Cyt-c1
Cyt-c2

Function/Product

abnormal wing discs
Bar: homeodomain protein
bag-of-marbles
bicoid: homeodomain TF
Beaded: EGF-like transmembrane

P
bicaudal D -helical coiled coil
chromatin-binding protein
bride of sevenless:

transmembrane P
broad: Zn finger protein
brahma: homeotic regulator
blastoderm-specific transcript
brown
caudal: homeodomain TF
calmodulin
CAM-kinase type II a
catalase
protein kinase
cdc2c protein kinase
cecropin Al
ceceopin A2
cecropin B
cecropin C
chorion transcription factor la
chorion transcription factor 2
collagen x-1 type IV
choline acetyltransferase
chickadee: profilin
chaoptin: cell surface glycoprotein
cubitis interruptus: Zn finger P
casein kinase II subunit
casein kinase II subunit
cap-n-collar: AHLH protein
chorion protein S15
chorion protein S16
chorion protein S18
chorion protein S19
chorion protein S36
chorion protein S38
crumbs: transmembrane protein
cysteine-string protein 29
cut: homeodomain protein TF
concertina: G-protein-ccl-like
cyclin A
cyclin B
cyclin C
cyclophilin-1
cytochrome c DC3
cytochrome c DC4

Map

3-[105]
1-57.0
3-[85]
3-[47.5]
3-92.5

2-52.9
3-[20]
3-[89]

1-[0.4]
3-43.0
2-[16]
2-104.5
2-[54]
2-[64]
4-[3]
3-[45]
2-[40]
3-[68]
3-[101]
3-[101]
3-[101]
3-[101]
3-[22]
2-[15]
2-[15]
3-64.6
2-[18]
3-[102]
4-0.0
3-[47]
l-[36]
3-81.2
3-[26]
3-[26]
3-[26]
3-[26]
l-[23]
l-[23]
3-82
3-[47]
1-20.0
2-[54.8]
3-[36]
2-[10l]
3-[55]

2-L52]
2-[52]

AA

153
543
442
489

1,408

782
547
896*

704
1,638

741
675
472
152
490
506
297
314
63
63
63
63

549
235*

1,775
728*
126

1,134
1,377

336
215
533
115
138
172
173
286
306

2,139
223

2,175
457
491
530
267
165
105
108

GCS

0.89
0.70
0.64
0.66
0.66

0.67
0.68
0.61

0.80
0.62
0.68
0.81
0.74
0.67
0.32
0.76
0.54
0.60
0.56
0.51
0.61
0.64
0.65
0.72
0.52
0.66
0.74
0.72
0.30
0.37
0.55
0.64
0.65
0.69
0.70
0.74
0.73
0.64
0.63
0.65
0.61
0.36
0.66
0.71
0.73
0.82
0.65
0.81

GCI

0.33

0.40
0.35

0.43

0.35
0.38

0.34
0.31
0.26
0.26

0.54
0.40
0.29
0.45
0.47
0.36

Fop

0.86
0.56
0.54
0.54
0.55

0.59
0.58
0.53

0.67
0.52
0.57
0.68
0.58
0.63
0.28
0.68
0.45
0.53
0.52
0.52
0.56
0.59
0.54
0.62
0.47
0.55
0.66
0.64
0.23
0.34
0.51
0.52
0.64
0.66
0.67
0.71
0.67
0.60
0.55
0.54
0.49
0.31
0.56
0.61
0.64
0.77
0.57
0.77

Acc.#

X13107
M73079
X56202
X14458
X56811

M31684
X58530
X55887

X54664
M85049
X04896
M20630
M21070
X05951
M74583
X52286
X57485
X57486
X16972
X16972
X16972
Z11167
X58435
X53380
M23704
M13219
M84528
M19017
X54360
M16534
M16535
M37495
X02497
X16715
X02497
X02497
X05245
X05245
M33753
M63008
X07985
M63651
M24841
M33192
X62948
M62398
X01761
X01760
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Gene

Dl
da
Dbp73D
Ddc
decl
Dfd
Dhod
dim
disco
Dl
dl
Dlar
dlgl
DmsII
dnc
Dox-A2
dpp
Dpt
Dromsopa
Dsk
ea
eag
EcR
Edg78E
Edg84A
Edg91
EflalOOE
Efla48D
Ef2b
Egon

Eip71CD
Eip74EF
Eip75B
elav
emc
en
Eno

esg
E(spl)
Est6
EstP
Ets2
eve
Fasl
Fas2
Fas3
Fcp3C

Function/ Product

chromosomal protein Dl
daughterless: AHLH protein
D-E-A-D box protein 73D
dopa decarboxylase
defective chorion-1
deformed: homeodomain TF
dihydroorotate dehydrogenase
didymous: homeodomain protein
disconnected: Zn finger protein
delta: EGF-transmembrane
dorsal: embryonic polarity
protein Tyr phosphatase
discs-large: guanate-cyclase-like
RNA pol II elongation factor
dunce: cAMP phosphodiesterase
diphenol oxidase A2
decapentaplegic
diptericin
CAX (opa) repeat
sulfated tyrosine-kinin
easier: serine protease
ether-a-gogo: K+ channel protein
ecdysone receptor
pupal cuticle protein
pupal cuticle protein
pupal cuticle protein
elongation factor 1-a Fl
elongation factor 1-a F2
elongation factor 2
embryonic-gonad: Zn finger

protein
ecdysone-induced protein
ecdysone-induced protein
ecdysone-induced protein
embryonic lethal, abnormal vision
extramacrochaetae protein
engrailed: homeodomain EF
enolase phosphoglycerate

hydrolase
escargot: Zn finger protein
enhancer of split
esterase 6
esterase P
ets-oncogene analog
even-skipped: homeodomain TF
fasciclin I
fasciclin II
fasciclin III
vitelline membrane protein 3C-1

Map

3-[49]
2-41.3
3-[44]
2-53.9
1-20.8
3-47.5
3-48.0
2-[46]
1-53.1
3-66.2
2-52.9
2-152]
1-34.8
—
1-3.9
2-53.9
2-4.0
2-[87]
3-[47]
3-[47.1]
3-57
1-50.0
2-[55.2]
3-[47]
3-[47.5]
3-[62]
3-[102]
2-[64]
2-[54.6]
3-[47]

3-[42]
3-C45]
3-[45]
1-[0.0]
3-0.0
2-62.0
2-[3]

2-[51]
3-89.1
3-35.9
3-35.9
2-[100]
2-[59]
3-C59]
l-[6]
2-[53]
1-[1.5]

AA

355
710
572
508

1,123
590

51
475
568
833
678

2,029
960
313
584
494
588
106
69

128
392

1,174
878
122
188
159
463
462
844
373

255
883

1,443
483
199
60*

433

470
186
544
544
159*
376
652
811
508
210

GCS

0.61
0.70
0.51
0.71
0.54
0.64
0.50
0.70
0.68
0.67
0.66
0.65
0.64
0.77
0.58
0.70
0.74
0.57
0.78
0.46
0.76
0.65
0.68
0.77
0.55
0.48
0.76
0.79
0.66
0.68

0.64
0.72
0.73
0.68
0.75
0.88
0.87

0.66
0.70
0.50
0.42
0.60
0.78
0.69
0.62
0.70
0.58

GC,

0.31
0.37

0.41

0.46
0.38
0.51
0.44
0.44

0.36

0.43

0.25
0.32
0.22
0.41
0.41

0.45

F»P

0.54
0.57
0.44
0.62
0.45
0.50
0.46
0.56
0.56
0.57
0.56
0.56
0.53
0.70
0.48
0.62
0.60
0.47
0.75
0.36
0.64
0.53
0.56
0.73
0.49
0.42
0.76
0.71
0.64
0.54

0.55
0.56
0.59
0.56
0.63
0.71
0.86

0.56
0.66
0.42
0.35
0.51
0.68
0.61
0.55
0.61
0.42

Acc.#

J04725
J03148
M74824
X04661
M35887
X05136
X17297
M65016
X56232
Y00222
M23702
M27700
M73529
X53670
X55167
M63010
M30116
M55432
X56491
J03957
J03154
M61157
M74078
M71247
M71249
M71250
X06869
X06870
X15805
X16631

X04024
XI 5087
X15586
M21152
M31902
X01765
X17034

M83207
X16553
J04167
M33780
M20408
M 14767
M32311
M77165
M27813
M18281
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Gene

flih
Fmrf
Fps85D
fs(l)h

fs(l)K10
fs(l)Ya
ft
ftz
ftz-fl
Furl
ft
Gapdhl
Gapdh2
Gbl3F
Gld
Glu-RII
G-oa47A
Gpdh

Gprkl

Gprk2

grh
gro
G-sa60A
Gst
gt
h
H2.0
hb
Hisl
His2A
His2AvD
His2B
His3
His4
HmG-CoAR

HmgD
Hrb87Fa
Hsc70-l
Hsc70-2
Hsc70-4
Hsp22
Hsp23
Hsp26
Hsp27
Hsp67Ba

Function/ Product

fork head: DNA-binding protein
FMRFamide polyprotein
fps-oncogene analog: P Tyr kinase
FS: bromodomain membrane

protein
FS: DNA-binding protein
FS: nuclear envelope protein
fat: cadherin-like protein
fushi tarazu: homeodomain TF
ftz transcription factor 1
furin-1: serine protease
frizzled: transmembrane protein
glyceraldehyde-3-phosphate DH 1
glyceraldehyde-3-phosphate DH 2
G protein b subunit
glucose dehydrogenase
glutamate receptor II
G-protein Oa subunit
glycerol-3-phosphate

dehydrogenase
G-protein coupled receptor

kinase 1
G-protein coupled receptor

kinase 2
grainy head: AHLH TF
groucho: G-protein b-subunit-like
G-protein Sa-60A
glutathione S-transferase 1-1
giant: AHLH (Leu zipper)
hairy: AHLH
homeodomain P 2.0 TF
hunchback: Zn finger protein
histone HI
histone H2A
histone H2A variant
histone H2B
histone H3
histone H4
3-OH-3-Methylglutaryl CoA

reductase
high mobility group protein D
RNA-binding protein
heat-shock protein cognate 1
heat shock protein cognate 2
heat shock protein cognate 4
heat shock protein 22 kD
heat shock protein 23 kD
heat shock protein 26 kD
heat shock protein 27 kD
heat shock protein

Map

3-95
2-[59]
3-[49]
1-21

1-0.5
1-[1.5]
2-12.0
3-47.5
3-[45]
—
3-41.7
2-[57]
1-[51]
1-[51]
3-48
2-[17]
2-[60]
2-17.8

2-[55.1]

3-[102]

2-86
3-89.1
2-[106]
3-[51]
1-1.0
3-26.5
2-[20]
3-48.3
2-[54.6]
2-[54.6]
3-[91]
2-[54.6]
2-[54.6]
2-[54.6]
3-[81]

2-[99]
3-[54]
3-[41]
3-[52]
3-[57]
3-[28]
3-[28]
3-[28]
3-[28]
3-[28]

A A

510
342
803

2,038

463
708

5,147
413

1,043
899
581
332
332
340
612
906
354
362*

700

427

1,063
719
385
209
448
337
410
758
255
124
134*
123
136
103
916

112
386

68*
68*

651
174
186
208*
213
238

GCS GC,

0.78
0.74
0.69
0.64

0.64 0.40
0.75
0.58
0.77 0.29
0.64
0.66
0.66
0.83
0.75
0.66
0.67 0.40
0.68
0.64
0.75 0.39

0.31

0.74

0.69
0.67
0.45 0.42
0.88
0.70 0.49
0.76
0.68
0.71 0.40
0.48
0.54
0.44
0.63
0.57
0.55
0.62

0.74
0.64 0.33
0.67 0.42
0.78 0.29
0.79
0.77
0.75
0.75
0.72
0.71

F»P

0.57
0.62
0.61
0.52

0.53
0.62
0.49
0.67
0.52
0.54
0.53
0.80
0.72
0.58
0.58
0.59
0.57
0.69

0.23

0.65

0.57
0.57
0.37
0.83
0.59
0.67
0.57
0.60
0.41
0.54
0.34
0.53
0.55
0.54
0.55

0.65
0.60
0.58
0.66
0.78
0.68
0.69
0.69
0.64
0.59

Acc.#

J03177
J03232
X52844
M23221

X12836
M38442
M80537
X00854
M63711
X59384
X54646
Ml 1254
M11255
M22567
M29298
M73271
M86660
X61224

M80493

M80494

X15657
M20571
M33998
X 14233
X61148
XI 5905
Y00843
Y00274
X14215
X14215
X07485
X14215
X14215
X14215
M21329

M77023
X59691
J01085
K01297
M36114
J01098
J01100
J01099
J01101
M26267
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Gene

Hsp67Bb
Hsp67Bc
Hsp70A
Hsp70B
Hsp83
Ide
ImpE2
inaC
Inr
Jra
Kin
Klp54D
Klp61F
Klp64D
Klp67A
Klp68D
Klp98A
kni
knrl
Kr
Kr-h
l(l)sc
1(2)37 'Cc
l(2)gl

lab
Lam
LanA
LanBl
LanB2
Lcpl
Lcp2
Lcp3
Lcp4
Ids

Lspl-a
Lspl-b
Lspl-g
LvpD
LvpH
LvpL
LysD
LysP
M(2)21C
M(3)67C
M(3)99D
mam
Map205

Function/ Product

heat shock protein
heat shock protein
heat shock protein 70 kD
heat shock protein 70 kD
heat shock protein 83 kD
insulin-degrading enzyme
ecdysone inducible gene E2
protein kinase C
insulin-like receptor b subunit
jun-related AHLH (Leu zipper)
kinesin heavy chain
kinesin-like protein (KLP1)
kinesin-like protein (KLP2)
kinesin-like protein (KLP4)
kinesin-like protein (KLP3)
kinesin-like protein (KLP5)
kinesin-like protein (KLP6)
knirps: steroid receptor P family
knirps-related protein
Kriippel: Zn finger protein
Kr homolog: Zn finger protein
lethal at scute: T3 AHLH protein
mitochondria! protein
lethal giant larvae:

transmembrane P
labial: homeodomain TF
nuclear lamin
laminin A chain
laminin Bl chain
laminin B2 chain
cuticle protein I
cuticle protein II
cuticle protein III
cuticle protein IV
lodestar: DEAH-family

NTP-binding
a larval serum protein
j? larval serum protein
gamma larval serum protein
larval visceral protein
larval visceral protein
larval visceral protein
lysozyme
lysozyme
ribosomal protein 2 1C
ribosomal protein SI 7
ribosomal protein rp49
mastermind: neurogenic protein
microtubule-associated 205 kD

Map

3-[28]
3-[28]
3-[51]
3-[51]
3-[5]
—
3-[6]
2-82
3-[70]
2-[59]
2-[76]
2-[80]
3-[0]
3-[19]
3-[27]
3-[36]
3-[98]
3-[46]
3-[46]
2-107.6
2-[20]
1-0.0
2-53.9
2-0.0

3-[47.5]
2-[17]
3-[21]
2-[24]
3-[28]
2-[58]
2-[58]
2-[58]
2-[58]
3-47.8

1-39.5
2-1.9
3-[0]
2-[58]
2-[58]
2-[58]
3-[0]
3-[0]
2-0.0
3-28.9
3-[101]
2-70.3
3-[105]

A A

111
169
643
641
375*
990
466
700
300*
289
975
133*
130*
129*
118*
123*
95*

429
647
467

79*
257
203

1,160

495*
621

1,951*
1,787
1,639

130
126
112
111
974

70*
100*
105*
508
521
505
140
141
112
131
133

1,596
1,163

GCS

0.55
0.53
0.75
0.73
0.77
0.63
0.57
0.53
0.56
0.72
0.74
0.65
0.55
0.55
0.69
0.63
0.66
0.75
0.58
0.54
0.83
0.59
0.73
0.36

0.71
0.79
0.60
0.61
0.68
0.70
0.66
0.77
0.74
0.59

0.83
0.91
0.69
0.62
0.70
0.71
0.76
0.73
0.82
0.84
0.78
0.67
0.45

GC,

0.30

0.35

0.42

0.33

0.42

0.47
0.43
0.45
0.40

0.48
0.47
0.42

0.31
0.45

0.37
0.47

F.P

0.45
0.44
0.68
0.66
0.76
0.54
0.52
0.48
0.46
0.64
0.66
0.50
0.49
0.48
0.56
0.50
0.53
0.62
0.49
0.44
0.74
0.51
0.61
0.28

0.57
0.73
0.52
0.53
0.61
0.69
0.65
0.73
0.72
0.49

0.76
0.88
0.64
0.55
0.65
0.65
0.72
0.65
0.81
0.84
0.72
0.58
0.37

Acc.#

X07311
X06542
J01103
J01104
K01685
M58465
M55099
J04845
Ml 3568
M36181
M24441
M74427
M74428
M74430
M74429
M74431
M74432
X13331
X14153
X03414
M 14940
X 12549
X04227
X05426

X13103
X07278
M75882
M19525
M25063
J01080
J01081
J01081
J01081
X62629

X03872
X03873
X03874
V00204
V00204
V00204
X58382
X58382
Y00504
M22142
X00848
X54251
X54061
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391



APPENDIX 37.A. Continued.

Gene

Mdr49
Mdr65
me31B

mexl
Mhc
Mlcl
Mlc2
mle
mod
Mov34
Mp20
mshl
Mst26Aa
Mst26Ab
Mst87F
Mst95E
mys
N
nau
ncd
ninaA
ninaC
ninaE
NK1
NK2
NK3
nod
nonA
norpA
nos
Nrq
Nrt

numb
oc
Ocr
ogre
omb
osk
Ote
otu
pAbp
Pah
para
Pcna
Pep
pcx
Pep

Function/ Product

P-glycoprotein (drug resistance)
P-glycoprotein (drug resistance)
maternal expression:

DEAD-helicase
midgut expression 1
myosin heavy chain
myosin light chain 1
myosin light chain 2
male-less: DEAH-family helicase
modulo: DNA-binding protein
Mov34
muscle-specific protein 20
muscle homeodomain 1
male accessory gland
male accessory gland
sperm protein
male-specific protein msp316
myospheroid: integrin b-subunit
notch: transmembrane protein
nautilus: AHLH protein
non-claret disjunctional
ninaA: transmembrane protein
ninaC: protein kinase
opsin-Rl/R6
NK-1 homeodomain TF
NK-2 homeodomain TF
NK-3 homeodomain TF
kinesin-like protein
RNA-binding protein
phospholipase C-b-type
nanos: posterior determinant
neuroglian Ig-like
neurotactin: Ser protease-like

TMP
numb
ocelliless: homeodomain TF
octopamine receptor
optic ganglion reduced
optomotor-blind
oskar: maternal effect
otefin: nuclear envelope protein
ovarian tumors
poly(A)-binding protein
phenylalanine-4-hydroxylase
paralytic: Na-channel a subunit
proliferating cell nuclear antigen
pupal cuticle protein
pecanex transmembrane protein
protein on ecdysone puffs: Zn

finger

Map

2-[67]
3-[21]
2-[37]

3-[42]
2-52.2
3-C98]
3-[10l]
2-55.2
3-[102]
2-[106]
2-[68]
3-[100]
2-[20]
2-[20]
3-[45]
3-[81]
1-[21]
1-3.0
3-[81]
3-100.7
2-1.4
2-[22]
3-66.4
3-[72]
1-[0.0]
3-[72]
1-36
1-52.3
1-6.5
3-66.2
1-23.6
3-[44]

2-[35]
1-23.1
3-[100]
1-18.8
1-7.5
3-48.4
2-[86]
1-22.7
2-[80]
—
1-52.1
2-[88]
2-[22]
1-0.9
3-[45]

AA

1,302
1,302

459

83
1,962

155
222

1,293
544
338
184
61*

264
90
56
52

846
2,703

332
700
237

1,501
373
659
158*
194*
666
700

1,095
401

1,239
846

556
671*
601
362
974
606
406
811
574
453

1,820*
260
184

2,483
716

GCS

0.67
0.51
0.46

0.79
0.77
0.75
0.73
0.53
0.49
0.78
0.82
0.43
0.41
0.51
0.47
0.39
0.70
0.63
0.62
0.72
0.80
0.62
0.79
0.70
0.66
0.77
0.64
0.55
0.67
0.68
0.65
0.64

0.66
0.65
0.80
0.79
0.63
0.63
0.62
0.55
0.70
0.61
0.56
0.79
0.70
0.56
0.67

GC,

0.33
0.40

0.45

0.34

0.32
0.36
0.29
0.31

0.42

0.39
0.39
0.32
0.33

0.38

0.37

0.27

0.30
0.51
0.50

F0P

0.60
0.43
0.41

0.70
0.76
0.70
0.70
0.46
0.40
0.70
0.83
0.31
0.33
0.43
0.45
0.29
0.61
0.52
0.50
0.63
0.68
0.54
0.71
0.54
0.55
0.64
0.52
0.48
0.59
0.55
0.57
0.55

0.55
0.47
0.69
0.71
0.48
0.51
0.51
0.46
0.65
0.52
0.49
0.72
0.60
0.45
0.64

Acc.#

M59076
M59077
M59926

M63626
M61229
K01567
Ml 1947
M74121
XI 5702
M64643
Y00795
M38582
Y00219
Y00219
Y00831
M32022
J03251
M16152
X56161
X52814
M22851
J03131
K02315
X55393
M27290
M27291
M36195
X55902
J03138
M 72421
M28231
X53837

M27815
X58983
M60789
X61180
M81796
M65178
X17495
X13693
M38019
M32802
M32078
M33950
J02527
M74329
X56689
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Gene

Pepck

per
Pgd

phi
Pigl
Pka-Cl
Pka-C2
Pka-C3

Pkc53E
Pkc98E
Pkg24A

Plc21C
polo
Ppl-87B
PpY-55A
prd
Prm
pros
Pros28
Pros35
Psc
Ftp
PtpWD
Ptp99A
pum
R
r
Rab3
Ras64B
RasSSD
Rdl
ref(2)P
Rh2
Rh3
Rh4
Rm62
RpAl
RpI135

RpII140

RplI215

RpIIlUS

Function/ Product

phosphoenolpyruvate
carboxykinase

period: biological clock protein
6-phosphogluconate

dehydrogenase
pole-hole: raf-oncogene analog
pre-intermoult gene 1
cAMP-dependent protein kinase A
cAMP-dependent protein kinase-B
cAMP-dependent protein

kinase-related
protein kinase C 53E
protein kinase C 98E
cGMP-dependent protein kinase

24A
phospholipase C
protein Ser/Thr kinase
protein-Ser/Thr phosphatase 1 a
protein Ser/Thr phosphatase Y
paired: homeodomain TF
paramyosin
prospero: homeodomain
proteasome 28 kD subunit
proteasome 35 kD subunit
posterior sex combs: Zn ringer
protein Tyr phosphatase
protein Tyr phosphatase 10D
protein Tyr phosphatase 99A
pumilio
roughened: ras analog
rudimentary: dihydroorotase
ras-related GTP-binding protein
GTPase ras-analog 2
GTPase ras-analog 1
GABA-A receptor
male fertility (Zn finger)
rhodopsin-2
rhodopsin-3
rhodopsin-4
DEAD-family helicase
ribosomal protein Al
RNA polymerase I 135 kD

subunit
RNA polymerase II 140 kD

subunit
RNA polymerase II 215 kD

subunit
RNA polymerase III 128 kD

subunit

Map

—

1-1.2
1-0.5

1-[1]
l-[3]
2-[34]
3-[102]
3-[43]

2-[78]
3-[99]
2-[9]

2-[0.1]
3-46
3-[51]
2-[83]
2-45
3-[26]
3-[51]
—
3-[59]
2-67
—
l-[36]
3-[100]
3-48.5
3-1.4
1-54.5
2-[60]
3-[15]
3-[49]
3-[27]
2-54.0
3-[65]
3-[67]
3-[44]
3-[47.4]
2-[78]
2-LO.l]

3-54

1-35.7

2-

AA

647

1,218
481

666
187
353
354
502

639
634
894

1,312
576
302
314
613
477

1,407
249
279

1,603
1,462
1,558
1,301
1,533

184
2,236

220
187
189
606
599
381
383
378
575
113

1,129

1,123

1,896

1,135

GCS

0.74

0.79
0.80

0.64
0.47
0.83
0.72
0.61

0.61
0.78
0.69

0.63
0.74
0.77
0.53
0.66
0.88
0.71
0.72
0.63
0.56
0.49
0.68
0.68
0.64
0.84
0.64
0.74
0.79
0.72
0.54
0.58
0.65
0.72
0.74
0.72
0.80
0.53

0.58

0.66

0.64

GC,

0.48
0.47

0.31

0.46

0.26

0.47

0.34
0.33

0.32

0.26

0.34

FOP

0.69

0.62
0.73

0.51
0.38
0.74
0.65
0.49

0.55
0.69
0.59

0.52
0.65
0.71
0.46
0.56
0.84
0.60
0.70
0.57
0.45
0.42
0.57
0.59
0.53
0.75
0.54
0.64
0.71
0.66
0.46
0.50
0.54
0.62
0.61
0.68
0.78
0.44

0.55

0.58

0.56

Acc.#

Y00402

M30114
M80598

X07181
XI 5760
M18655
XI 6960
X16961

X05283
J04848
M30147

M60453
X63361
X15583
Y07510
Ml 4548
X62591
M81389
M57712
XI 5497
X59275
M27699
M80538
M81795
X62589
M80535
X04813
M64621
K01962
K01960
M69057
X16993
Ml 2896
M17718
Ml 7730
X52846
X05016
XI 7298

X05709

M27431

X58826
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Gene

RpLl
RpS14A
RpSl4B
Rrpl
run
rut
ry
sola
sas
sc
sea
Scr

sd
Sd
Ser99Da
Ser99Db
Ser99Dc
sev
sgg
Sgs4
SgsS
Sh
Shab
Shal
Shaw
shi
sim
sina
sli
slo

sn
sna
snk
snRNP27D
Sod
sol
Sos
Spec-a
SR55
Src29A
Src64B
Sry-a
Sry-b
Sry-d
stau
Ste
stg
*<(/)

Function/ Product

ribosomal protein LI
ribosomal protein S14 A
ribosomal protein S14 B
recombination repair protein
runt: ATP-binding protein
rutabaga: adenylyl cyclase
rosy: xanthine dehydrogenase
spalt accessory
stranded at second
scute: AHLH protein
scabrous: fibrinogen-like
sex combs reduced: homeodomain

TF
scalloped: DNA-binding protein
segregation distorter: Leu zipper
serine protease 1
serine protease 2
serine protease 3
sevenless: protein Tyr kinase
shaggy: Ser/Thr kinase
salivary gland secretion
salivary gland secretion
shaker K + -channel
shaker cognate b
shaker cognate 1
shaker cognate w
shibire: dynamin
single-minded: AHLH protein
seven in absentia: nuclear protein
slit: transmembrane protein
slowpoke: Ca-activated

K + -channel
singed
snail: Zn finger protein
snake: serine protease
sn-ribonucleoprotein 70 kD
Cu-Zn superoxide dismutase
small optic lobes: Zn ringer
son of sevenless: G-exchange
a-spectrin
Ser-Arg RNA-binding protein
src-oncogene analog
src-oncogene analog
serendipity a
serendipity B: Zn finger protein
serendipity <5: Zn finger protein
staufen
stellate: casein kinase II-b-like
string: Tyr phosphatase
suppressor of forked

Map

3-[98]
1-[21]
1-[21]
2-[6]
1-65
1-46
3-[52]
2-44
3-[47.5]
1-0.0
2-66.7
3-47.5

1-51.5
2-54
3-[101]
3-[101]
3-[101]
1-33.4
1-1.3
l-[3]
3-[60]
1-57.6
3-[3]
3-[46]
2-[10]
1-51.5
3-52.2
3-[44]
2-77
3-86

1-21.0
2-51
3-52.1
2-[21]
3-[34]
l-[65]
2-[48]
3-[1.5]
3-[53]
2-[24]
3-[15]
3-[101]
3-[101]
3-[101]
2-83.5
1-45.7
3-[100]
1-65.9

AA

407
151
151
679
509

2,248
1,335

142
1,348

345
774
73*

440
363
265
265
61

2,554
514
182*
163
643
924
490
498
836
655*
314

1,480
1,184*

512
390
435
448
153

1,597
1,595
2,415

350
590
552
530
351
430

1,026
172
479
733

GCS

0.79
0.70
0.69
0.56
0.80
0.70
0.64
0.28
0.64
0.51
0.73
0.36

0.56
0.59
0.82
0.82
0.54
0.66
0.57
0.47
0.54
0.48
0.63
0.79
0.71
0.56
0.73
0.80
0.73
0.59

0.75
0.73
0.67
0.76
0.74
0.73
0.68
0.76
0.66
0.63
0.74
0.70
0.88
0.88
0.61
0.74
0.78
0.59

GC,

0.42
0.39

0.37
0.25

0.37

0.25

0.37

0.47

0.53

0.35

0.34

F°<,

0.79
0.72
0.71
0.48
0.65
0.59
0.55
0.26
0.52
0.43
0.61
0.22

0.45
0.51
0.78
0.77
0.51
0.54
0.49
0.37
0.46
0.38
0.54
0.66
0.62
0.50
0.61
0.69
0.64
0.50

0.65
0.64
0.59
0.65
0.67
0.60
0.56
0.72
0.65
0.55
0.65
0.60
0.78
0.80
0.47
0.61
0.70
0.52

Acc.#

X13382
M21045
M21045
M62472
X56432
M81887
Y00308
X57474
M68866
M17119
M60065
X05228

M83787
X60218
M24379
M24379
M24380
J03158
X53332
X06565
X04269
X07132
M32659
M32660
M32661
X59448
Ml 9020
M38384
X53959
M69053

XI 7549
Y00288
X04513
M31162
Y00367
M64084
M83931
M26400
X58720
Ml 6599
M11917
X03121
X03121
X03121
M69111
X15899
M24909
X62679
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APPENDIX 37.A. Continued.

Gene

Su(H)

su(Hw)
su(s)
Su(var)20

Su(z)2
svp
Sxl
Syt
Takr86C
Takr99D
T-cpl
term
TfHD
Tgfb-60A
tin
tko
Tt
tld

til
Tml
Tm2
top
Top2
tor
tra2

trp
trx
Try
tsh
ttk
tub
Tuba67C
Tuba84B
Tuba84D
TubaSSE
Tubb60D
TubbSSD
Tubb97EF
Tubg
tud
t"f
twi
twn
UbcD6
Ubi-f

Function/ Product

suppressor of Hairless:
DNA-binding

suppressor of Hairy wing
suppressor of sable: RNA-binding
suppressor of variegation:

DNA-binding
suppressor of zeste-2: Zn finger
seven-up: steroid receptor
Sex-lethal: RNA-binding protein
synaptotagmin-p65
tachykinin-like receptor
tachykinin-like receptor
T complex protein 1 analog
terminus: Zn finger protein
transcription factor IID
TGF-b-like
tinman: homeodomain TF
technical knockout: mt RP S12
Toll: transmembrane protein
tolloid: bone morphogenetic
P-l-like
tailless: steroid receptor
tropomyosin I
tropomyosin II/troponin H
torpedo: protein Tyr kinase
type II DNA topoisomerase
torso: receptor Tyr kinase
transformer-2: RNA-binding

protein
serine protease
trithorax: Zn ringer protein
trypsin-like Ser protease
teashirt: Zn finger protein
tramtrack: Zn finger protein
tube: (dorso-ventral polarity)
a-4 tubulin
a-1 tubulin
ot-3 tubulin
a-2 tubulin
0-3 tubulin
0-2 tubulin
0-1 tubulin
gamma-tubulin
tudor protein
tufted: transmembrane protein
twist: AHLH protein
twain: homeodomain protein
ubiquitin conjugating enzyme
ubiquitin-RP hybrid

Map

2-50.5

3-54.8
1-0.0
2-31.1

2-[67]
3-[51]
1-19.2
2-[7]
3-[50]
3-[101]
3-[76]
3-[45]
2-[99]
2-[106]
3-[72]
1-1.0
3-91
3-85

3-102
3-[55]
3-[55]
2-[97]
2-[54]
2-57
2-[71]

3-[100]
3-54.2
2-[60]
2-[54.8]
3-[102]
3-[47.1]
3-[28]
3-[47.5]
3-[48]
3-[49]
2-[107]
3-48.5
3-[92]
2-[6]
2-97
2-59
2-[102]
2-[46]
3-[47.1]
1-[17]

AA

550

944
1,334

206

1,364
543
366
474
504
519
557
428
353
455
150*
140

1,097
1,057

452
284
285
174*

1,447
923
264

1,275
3,759

256
993
641
462
462
450
450
449
454
446
447
475

2,515
1,286

490
601
151
128

GCS

0.65

0.60
0.59
0.64

0.58
0.75
0.58
0.72
0.71
0.80
0.72
0.82
0.67
0.86
0.74
0.79
0.66
0.61

0.73
0.84
0.71
0.70
0.63
0.60
0.54

0.68
0.50
0.73
0.49
0.69
0.59
0.72
0.79
0.79
0.74
0.88
0.72
0.81
0.66
0.54
0.78
0.81
0.69
0.43
0.80

GC,

0.33
0.38
0.37

0.39

0.29

0.44

0.37
0.33

0.38

0.30
0.39

0.32
0.42

0.35
0.25

F.,

0.56

0.54
0.49
0.56

0.44
0.65
0.52
0.64
0.60
0.64
0.69
0.73
0.56
0.75
0.65
0.68
0.53
0.53

0.64
0.85
0.72
0.61
0.57
0.51
0.49

0.59
0.41
0.67
0.39
0.55
0.44
0.64
0.79
0.79
0.69
0.80
0.66
0.79
0.58
0.47
0.65
0.71
0.59
0.38
0.80

Acc.#

X58393

Y00228
M57889
M57574

X56798
M28863
M59448
M55048
M77168
X62711
M21159
M19140
M38082
M84795
M27292
M19494
M 19969
M76976

M34639
K02623
Ml 5466
K03417
X61209
X15150
M23633

M34394
M31617
X02989
M57496
X17121
M59501
M14646
M14643
M 14645
M14644
M22335
M20420
M20419
M61765
X62420
M28999
X12506
M65015
M63792
X53059

(continued)
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APPENDIX 37.A. Continued.

Gene

Ubi-m
Ubi-p
Ubx
up
Uro
usp
uzip
V

vas
Vha

Vm26Aa
Vm26Ab
VmttEc
Vm34Ca
w
wg
y
yema
Ypl
Yp2
Yp3
z
Z600
zfhl
zfh2
zip
—
—
—
—
—
—

Function/ Product

ubiquitin-RP S27A hybrid
poly-ubiquitin protein
Ultrabithorax: homeodomain TF
upheld: troponin-T
urate oxidase
ultraspiracle: chorion 1 TF
unzipped
vermilion: tryptophan oxidase
vasa: DEAD-family helicase
vacuolar H + -ATPase 16 kD

subunit
vitelline membrane protein 26Aa
vitelline membrane protein 26Ab
vitelline membrane protein 32Ec
vitelline membrane protein 34Ca
white eye
wingless: intl-oncogene analog
yellow body
nuclein a DNA-binding protein
yolk protein 1
yolk protein 2
yolk protein 3
zeste
histone-like protein
Zn-finger homeodomain protein 1
Zn-finger homeodomain protein 2
zipper: myosin heavy chain
65 kD protein phosphatase
retinal specific G-a protein
fushi tarazu repressor
Glu-tRNA aminoacyl synthetase
DNA polymerase
laminin receptor

Map

—
3-[6]
3-58.8
1-41.0
2-[24]
1-[0.5]
2-107.6
1-33.0
2-51
—

2-[20]
2-[20]
2-[44]
2-[47]
1-1.5
2-[22]
1-0.0
3-[99]
1-30
1-30
1-44
1-1.0
3-[42]
3-[102]
4-[l]
2-[108]
_
—
—
—
—
—

AA

156
231
246
396
352
508
500
379
661
159

168
141
116
96*

687
468
541

1,022
442
439
420
575
90

1,060
3,005
1,972

591
353
641

1,475
1,505

253

GCS

0.71
0.68
0.70
0.76
0.70
0.77
0.53
0.68
0.47
0.63

0.74
0.82
0.59
0.72
0.71
0.74
0.46
0.68
0.80
0.80
0.80
0.68
0.68
0.76
0.43
0.63
0.67
0.52
0.69
0.57
0.55
0.88

GC,

0.54

0.22

0.39
0.32

0.33
0.35
0.38
0.25
0.37
0.38

0.37

0.29

FoP

0.70
0.69
0.59
0.74
0.62
0.65
0.44
0.61
0.41
0.55

0.72
0.79
0.49
0.65
0.58
0.63
0.35
0.55
0.76
0.75
0.75
0.58
0.63
0.65
0.35
0.56
0.62
0.46
0.56
0.51
0.47
0.83

Acc.#

M22536
M22428
M24608
X54504
X51940
X53417
X07450
M34147
XI 2946
X55979

M20936
Ml 8280
M27647
X01802
X51749
M17230
X04427
X63503
X01524
X01524
Ml 5898
Y00049
X58286
M63449
M63450
M35012
M86442
M58016
M62856
M74104
D90310
M77133

Genes are presented in alphabetical order; gene names follow FlyBase (Ashburner 1992). Map is the genetically
denned map location. AA is the length of the gene in codons, * indicates a partial gene sequence. GCS is the
G + C content at silent third positions of codons (i.e., excluding Trp, Met and stop codons); GC, is the G + C
content in introns. Fop is the frequency of optimal codons (see text for definition). Acc.# indicates the accession
number allowing retrieval of the sequence from the GenBank/EMBL/DDBJ DNA sequence data library.
Abbreviations: AHLH = amphipathic helix-loop-helix; DH = dehydrogenase; FS = female sterile; G = guanine;
mt = mitochondrial; P — protein; RP = ribosomal protein; TF = transcription factor; TGF = transforming
growth factor; TMP = transmembrane protein.
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Appendix 37.B. Codon Usage Bias in D. melanogaster Transposable
Elements

Family

LINE-like:

Ty-like

Retrovirus-like:

Foldback:

P-like:

Element

F

I

Jockey

DOC

RIDm

R2Dm

Copia
1,731

17.6

297

Gypsy

412

FB4
FBwc

P element
HOBO

Gene

NA binding
RT
NA binding
RT
NA binding
RT
NA binding
RT
orfl
RT
RT

gag
pol

gag
pol
env
gag
pol
env
gag
pol
env
gag
pol

orf
orfl
orf2

AA

122
858
429

1,086
583
916
565
888
471

1,021
1,057

1,409
273
982

445
1,058

472
424

1,059
471
451

1,035
509
444

1,219

148
633
403

751
644

GCS

0.50
0.45
0.38
0.41
0.38
0.46
0.42
0.41
0.63
0.56
0.46

0.28
0.49
0.50

0.30
0.33
0.28
0.31
0.26
0.29
0.52
0.54
0.51
0.36
0.27

0.35
0.39
0.37

0.38
0.32

Fop

0.43
0.38
0.36
0.37
0.32
0.37
0.37
0.35
0.50
0.45
0.36

0.23
0.35
0.39

0.27
0.28
0.26
0.26
0.23
0.26
0.43
0.45
0.44
0.32
0.22

0.30
0.29
0.29

0.31
0.26

Acc.#

M17214

M14954

M22874

X17551

X51968

X51967

X02599
X07656

X01472

X03431

Ml 2927

X04132

J01084
X15469

V01520
M69216

Abbreviations: NA = nucleic acid; RT = reverse transcriptase. See also the footnote to Appendix 37.A.
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APPENDIX

Early Stages of Embryonic Development

Many of the genes treated in Part I are expressed in early embryos. Four figures
that summarize different aspects of the processes involved are presented in this
appendix.

FIG. A.I. "Schematic drawing of the embryonic stages leading up to gastrulation
in D. melanogaster" from Foe and Alberts (1983). "This figure is modified from
Zalokar & Erk (1976) to show the correct times of appearance of pole and somatic
buds and to indicate the cessation of division of the yolk nuclei. The number beside
each embryo, which denotes its developmental stage, corresponds to the total number
of nuclear division cycles undergone by the almost synchronously dividing embryonic
nuclei. A stage begins with the start of interphase and ends with the conclusion of
mitosis. Stage 1 is the fertilized zygote during its first interphase and mitosis. The
subsequent stages, each of which corresponds to one complete nuclear division cycle
(interphase plus mitosis), are numbered consecutively. Embryos are shown in
longitudinal section and with their anterior ends at the top. They are depicted
without vitelline membranes to emphasize the changes in surface morphology of the
plasma membrane that surrounds the syncytial embryo. Solid black circles represent
nuclei, stippled regions denote yolk, and non-textured regions denote the yolk-free
regions of cytoplasm. As shown, when development begins there is a thin layer of
yolk-free cytoplasm at the egg periphery (the 'periplasm'), and a yolk-free region of
cytoplasm surrounding each nucleus (the 'protoplasmic islands'). For stages 1-5 all
nuclei are indicated, even though they would not all normally be in the same plane.
For stages 6-14, only a fraction of the embryonic nuclei is shown."

"Stages 1-7: The nuclei multiply exponentially in the central region of the egg."
"Stage 8: The majority of the still dividing nuclei, with their enveloping

protoplasmic islands, have started their migration outwards, leaving the future yolk
nuclei behind. These yolk nuclei will divide in approximate synchrony with the
remaining nuclei in cycles 8-10, and thereafter cease dividing and become polyploid."

"Stage 9: Early in their 9th interphase, a few migrating nuclei appear in the
posterior periplasm, creating there the posterior cytoplasmic protuberances called
pole buds. At the end of this stage, these nuclei (like all others in the syncytium) enter
into mitosis, thus doubling the number of pole buds." (continued)
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FIG. A.I continued. "Stage 10: The remainder of the migrating nuclei appear in the
periplasm at the beginning of their 10th interphase, organizing somatic buds over the
entire embryonic surface. During mitosis of this cycle, the pole buds divide again and,
nearly simultaneously, are pinched off from the syncytial embryonic mass to produce
the pole cells; after this stage these cells, which are the potential germ cell progenitors,
will continue to divide, but they lose mitotic synchrony with the embryonic
syncytium."

"Stages 10-13: The syncytial nuclei in their somatic buds at the embryonic
periphery divide with near synchrony. (continued)
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400 AN ATLAS OF DROSOPHILA GENES

FIG. A.I continued. During cycle 13, the depth of the yolk-free periplasm increases
dramatically at the expense of the central yolk region."

"Stage 14A: Plasma membrane formation occurs synchronously between all of the
peripheral nuclei to generate separate cells. During this process, the nuclei elongate,
matching the shape of the elongated blastodermal cells that are forming. Stage 14A is
depicted at both early (no cell membranes evident) and late (cellularization just
completed) times. The cells that form at this time are the progenitors of the somatic
tissues."

"Stage 14B: Immediately following cellularization, gastrulation movements begin.
The infolding of cells depicted about one-third of the distance down from the anterior
pole is a section of the cephalic furrow (also called the anterior oblique cleft), and the
invagination of the posterior pole is part of the posterior midgut furrow (all called the
amnioproctodaeal invagination) into which the pole cells move. Not knowing when
nuclear division occurs during stage 14, Zalokar & Erk (1976) designated the early
gastrula as stage 15, rather than as stage 14B. The cells do not begin the mitosis of
cycle 14 synchronously, but rather enter mitosis in a consistent region-specific
sequence beginning 15 min after the start of gastrulation. Note also that a true
'cellular blastoderm' stage hardly exists in Drosophila, since gastrulation begins as
soon as cells have formed."

"The average time required for stages (nuclear cycles) 1-9 is 8 min at 25°C. Stages
10, 11, 12, 13 and 14 occupy about 9, 10, 12, 21, and more than 65 min, respectively."
From Foe and Albert (1983); reproduced by permission.



FIG. A.2. Main zones of expression of several gap genes along the antero-posterior
axis of the egg (%EL) during blastoderm stage (modified from Hiilskamp et al. 1990).
0% egg length = posterior pole to the right; the scale on the vertical axis is arbitrary
and cannot be used to compare levels of gene products to each other. The horizontal
line near the bottom of the graph represents the threshold of detection; it is meant to
indicate that the presence, and effect, of some of these products may extend beyond
the region of the embryo where they are detected. Localization of these products
occurs at the mRNA level and it is due, at least in part, to the following interactions.

Maternal bed RNA is anchored at the anterior pole by cytoskeletal elements.
BCD stimulates transcription of hb thus limiting this RNA to the anterior half of the
embryo. Low concentrations of BCD and HB stimulate transcription of Kr in the
middle section of the embryo, while high concentrations repress it (thus defining the
anterior border of the KR band). KR in turn represses hb thus defining this gene
posterior border of expression, and it activates kni in a band immediately posterior to
its own. Low to moderate concentrations of HB and ILL repress kni thus defining
the anterior and posterior border of the KNI band.

401



FIG. A.3. Top. "A fate map of the Drosophila blastoderm (from Campos-Ortega and
Hartenstein, 1985)" as modified by Akam (1987). "The shape is a planimetric
reconstruction of the blastoderm surface. All parts of the egg surface contribute to the
embryo proper, except the narrow dorsal primordium for the amnioserosa (as).
Hatched areas will invaginate at gastrulation. Cells that will generate metameric
structures are enclosed by a thick line. Abbreviations: amg, anterior midgut; ant,
anterior; as, amnioserosa; cl, clypeolabrum; dEpi, dorsal epidermis; dors, dorsal; dr,
dorsal ridge; es, oesophagus; mt, Malpighian tubules; MS, mesoderm; ol, optic lobe;
ph, pharynx; pmg, posterior midgut; pNR, procephalic neurogenic region; pr,
proctodeum; sg, salivary gland; vNR, ventral neurogenic region; M" or Mn,
"mandibular segment; MX, maxillary segment; La, labial segment; T1-T3, thoracic
segments; A1-A10 abdominal segments."

Bottom. "Expression of segmentation genes in the Drosophila blastoderm:
approximate registration of pair-rule stripes, engrailed expression and metameric
units." Each segment is divided, by the parasegment line, into an anterior (A) and a
posterior (P) compartment. "The patterns of expression are shown for four of the
pair-rule genes at about cleavage stage 14A/B. The later patterns of engrailed
expression have been projected onto the same diagram, even though at this
mid-blastoderm stage hybridization reveals only a single well-defined engrailed stripe
(stripe 2)."

"The bands of engrailed expression define P compartments and so lie at the
anterior margin of each parasegment. (continued)
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FIGURE A.3 continued. Stripes of even-skipped and fushi-tarazu expression are each
approximately four cells wide at mid-blastoderm, and appear to lie out of phase with
each other. Double-labelling experiments in later embryos suggest that the anterior
margins of both ftz and eve stripes coincide precisely with the engrailed stripes, and
hence define parasegment boundaries (Lawrence et al. 1987). hairy stripes are about
the same width, but are displaced slightly with respect to parasegments and overlap
those of f t z . paired stripes are broader than a single metameric repeat, but the seven
stripes split into fourteen before gastrulation." (This figure combines elements from
Figs 1 and 4B from Akam (1987); reproduced by permission.) For a review and
discussion see also Carroll (1990).





FIG. A.4. "Patterns of gene activity during early Drosophila development. . . Diagrams on the left show the morphology of
stages during early embryogenesis. Corresponding panels on the right show patterns of gene activity established at the
corresponding stages: A. Localized maternal determinants: bicoid RNA (crosses); polar granules (dots). The bicoid protein
gradient is shown by shading. B. Gap gene expression: hunchback, Kruppel, knirps (shading, zones from anterior to posterior);
tailless (stipple at both ends). C. Pair rule stripes: even-skipped (dark) and fushi-tarazu (light). D, E. Evolving pattern of
segment polarity gene expression: wingless (dark) and engrailed (light)." By M. Akam, from The Encyclopaedia of Molecular
Biology (Oxford: Blackwell Scientific Publications), reproduced by permission.
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INDEX

abdominal A 211
Abdominal B 271
Ac 3,6
achaete, see ac
achaete-scute complex (ac, sc, Isc, ase) 3
Act42A 27
Act57B 29
ActSC 20
Act79B 29
Act87E 31
Act88F 34
Actin genes (ActSC, Act42A, Act57B,

Act79B, Act87E, Act88F) 17
ac-sc 158, 169
Adh 37
Adh-dup 41
Alcohol dehydrogenase, see Adh
a-Amylase, see Amy
a-Crystallin B2 chain 171
Amy 44
Andropin, see Anp
Anp 53
Antennapedia complex

bed 64
Edg84A 100
ftz 148

Antp 60, 147, 270, 280
Ase 3, 12
asense, see ase

bed 59, 140, 168, 212, 220
bicoid, see bed
Blastoderm-specific gene at 25D, see Bsg25D
Broad Complex 254
Bsg25D 67

Caudal 60, 150
CecAl 53

CecX2 54
CecB 56
CecC 57
Cecropin gene cluster (Anp, CecAl, CecA2,

CecB, CecC) 51
Chitin 88
Chorion protein genes (Cpl5, Cpl6, Cpl8,

Cpl9, Cp36, Cp38) 72
Chorion proteins

CP 72, 78
DOXA2 123

Cis-acting regulatory region
large (>5kb)

eve 140
ftz 149
h 159
Kr 220
sc 12
Ubx 280

medium size (1-5 kb)
ActSC 25
Act88F 34
Adh-p 41
Ddc neural 113
kni 212
P0d 239
y 303

small (< 1kb)
flc 10
Adh-d 41
/4m>> 46
Cp 76,81
Ddc epidermal 113
hb proximal 169
Hsp67B 175, 177, 181
Hsp70 193
janB 204
Lcp2 93
Mm 226
otM 233
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Cis-acting regulatory region (cont.)
small ( < l k b ) (cont.)

Sgs 252, 256, 258
Sryy. 262
v 287
Vm26Aa, Vm26Ab 292, 293

Concerted evolution
Amy 44
Hsp70 193

Cpl5 78, 81
Cpl6 78, 85
CplS 78, 85
Cp19 78, 85
O36 72, 76
Cp38 72, 78
Cs 121
Cuticle proteins genes 88
Cuticular proteins

DDC 111
DOXA2 123
EDG78E 97
EDG84A 99
EDG91A 100
LCP 89
PCP 93
Y 298

Cytcl 104, 108
Cytc2 104, 108
Cytochrome c, see Cytcl and Cytc2
Cytokeratins 100

daughterless 4, 169
Ddc 111
decapentaplegic 277
Deformed 64
Delta 4
Diphenol oxidase component A2, see

DoxA2
DNA amplification

Cp 75, 79
otu 233

Dopa decarboxylase cluster (Ddc, l(2)amd,
Cs, DoxA2) 109

doublesex 310
DoxA2 123

Ecdysone dependent genes (Edg) 97
Edg78E 97
Edg84A 99
Edg91A 100
Efla.1 126, 130
Efla2 126, 130
Egg shell protein genes (Cp) 72

egon 213
Elongation Factor 1 alpha ( E f l a l ,

Eflv.2 126
Embryonic gonads, see egon
engrailed 135, 144, 149
eve 60, 135, 147, 148, 151, 162, 215, 244
even-skipped, see eve
exuperantia 65

Follicle cell protein at 3C 296
fas 67
ftz 41, 138, 139, 144, 154, 280
fushi-tarazu, see ftz

Cap gene G
hb 167
kni 209
Kr 216

Gene expression
in adult epidermis

Ddc 111,113
DoxA2 123
Edg 99, 100, 103
Pep 96
v 303

in adult fat body
Adh 37
CecA 52
Yp 307, 310

in adult midgut
Amy 44
Mtn 223

and aging, Ef-lxFl 126
autoregulation of

ac 10
eve 138, 140
fiz 147, 151
Aft 162, 169
Ubx 270, 280

in blastoderm stage
ac-sc family 8, 10
bed 60
Bsg25D 67
eve 138, 139
/fz 147, 148
h 158, 159
Aft 168

kni 209
fcnr/ 213
Kr 216, 219
prd 244
Srv/3, Sryd 267, 268
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Srya 262
Ubx 278

in ejaculatory duct Anp 51, 53
environmental induction of

Cec 51
Hsp67B 173
Hsp70 192
Mtn 223
Mto 226

environmental repression in Amy 46
in gastrulation

eve 139
ftz 147
h 158
/cm 212
Kr 219
Ubx 277, 279

in gonadal primordia egon 213
in hindgut

eve 139
/tz 147
fc 158, 159

in imaginal discs
ac-sc family 8, 15
h 158
Pgd 235
Ubx 111

in indirect flight muscles Act88F 17
induced by ecdysone

Act42A 29
ActSC 25

99
100

Edg91A 103
GEBFl/Sqs3 254
Hsp67B 173, 175, 181
Lcp 88
Ypl, Yp2, Yp3 307

induced by heat
Hsp67B 175, 177, 181, 186, 187
Hsp70 193

induced by infection Cec 52
induced by juvenile hormone Ypl,

Yp2 307
induced by mating Anp 53
induced by metals

Mtn 223
Mto 226

in intersegmental muscles
Act 57 B 17
/lc(S7£ 17

in larval epidermis
Ddc 111, 113
DoxA2 123
£da 99, 103

Lcp 88, 89
Pep 96
31 303

in larval fat body
Adh 37
CecA 52
Pgd 235
» 287

in larval midgut
Adh 37
Amy 44
Mm 223

in larval salivary glands Sgs 249, 251
in neuroblasts

ac-sc family 4, 8, 15
eve 139
/tz 149
«> 167, 169
Kr 216

in neurons Ddc 111, 113
in optic lobes ac-sc family 8, 15
in ovarian follicle cells

Cp 15, 76, 81
FcplC 297
Vm 291-295
Ypl, Yp2 307, 310

in ovarian nurse cells
bed 64
hb 168
Hsp23 111
Hsp26 111
Hsp27 181
otu 228,233
Sryp, Sryd 268

in ovaries janA 203
in pupal histolysis CecB/C 52

with segmental polarity
eve 139
prd 245
l/fcx 277

in testes
Hsp26 177
HspG2 186
janA 203
y'onB 204

in thoracic muscles Act79B 17
ubiquitous

Act42A 17
4cr5C 17
Cytc 108
£/J<x/ 130
Hsp67B 173
Hsp70 192
Rp49 247

Edg78E
edg84 A
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Gene expression (cont.)
in "zebra" pattern

eve 139
ftz 148, 149
h 160,161
prd 244

Genel, Gene2, Gene! (HspGl-G3) 171
giant 140, 216, 220
gooseberry 241

h 151, 154, 209, 216
hairy, see ft
Hairy-wing (ac-sc) 6
Hb 4, 60, 140, 148, 162, 212, 215, 220, 280
Heat-Shock Cognate Genes 198
Heat-shock cluster at 67B (Hsp22 ...

HspGl) 171
Heat-shock genes 20
Heat-shock proteins of 70 kD (HsplOAl ...

Hsp70Cl) 189
Hemolymph protein

CEC 51
YP 305

Homeotic gene, Ubx 277
Hsp22, Hsp23, Hsp26, Hsp27 171
Hsp67B Heat-shock cluster at 67B 171
Hsp68 198
Hsp70 189
HspGl, HspG2, HspG3 171
hunchback, see hb

Intron, alternative splicing
bed 64
Ddc 111
otu 232
Ubx 278

Intronless gene
ac 6
Amy A, AmyB 46
ase 12
Hsp67B 171
Hsp70 192
Isc 12
sc 10
Sryy. 262
Sry 268
Vm26Aa 291
Vm26Ab 293
Km32£ 294
Km34C 295

janA,janB 201,261
janus, see janA, janB

kni 160, 167, 205, 216
knirps, see kni
knirps-related, see knrl
knrl 214
Kr 60, 140, 160, 162, 209, 212, 215
Kruppel, see Kr

Larval cuticle proteins genes (Lcpl-4) 88
Lcpl-4 88-93
Leader intron

Act42A 27
/lc(5C 20
Act87E 31
/ictSSF 34
Adh 38
Ddc 111
E/Jct 130
fife 168
HspG2 184
yanX 203
*:ni 209
otu 232

lethal of scute, see isc
be 3, 12
/(2)amd 117

Metallothioneins (Mm, Mto) 222
mRNA

degradation signals
Cec 52
eye 139
ftz 149
Hsp70 197
Mtn 223

localization signals feed 64
maternal

Act5C 20
feed 60

Mst(3)gl-9 204
Mw 222,223
Mto 222, 226
myc 4, 148, 154
MyoD 4

Notch 4

ocelliless 75
otu 75, 228
ovarian tumor, see otu
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Overlapping genes
ActSC/X 27
Ddc/Cs 113
Hsp26/HspGl 178
HspG2/HspG3 186
janA/janB 201
janA/Sryp 203
Pcp/ade3 93
Sgs7/Sgs8 251
Kp//rp2 310

paired, see prd
Pair-rule gene

we 138
/tr 147, 148
h 158
prd 244

Pep 93
Pcpgart 93
Pgd 235
6-Phosphogluconate dehydrogenase, see Pgd
Polycomb 279
prd 148, 241
Promoter

multiple
ActSC 20
Adh 38
ft 159
ftb 168
HspG2 183

with CAAT box
A&42A 27
ActSC distal 20
Act79B 29
,4c«S7£ 31
Act88F 34
/Wft distal 38
Amy 46
Xnp 53
J3sg25£ 67
Cpl5 81
Cp/6 85
Cp36 76
Cp3S 78
ZWc 111
DoxA2 124
£dg9M 101
Efla2 130
eue 139
ft distal 159
hb distal 168
janB 203
Lcpi 91

Lcp2 92
Lcp3 93
/(2)om<f 119
Mtn 223
Afto 226
otu minor 232
Pgd 239
Sgs3 252
S0s5 258
S0s7 256
SgsS 256
Sry0 268
Sryot 262
w 287
Fm26<4fe 293
y 298
Kp2 314

with TATA box
ac 6
ActSC distal 20
Act79B 29
Act87E 31
/IctSSF 34
^d/i distal 38
Adh proximal 38
Amy 46
Anp 53
ase 12
Bsg25D 67
CecXI 54
CecAl 54
CecB 56
CpJ5 81
Cp/6 85
Cp/S 85
Cpl9 85
Cp36 76
Cp38 78
Cs 121
rwc in
Edg78E 99
£d»«4/l 100
£d997A 101
eve 139
/tz 148
hb distal 168
/ifc proximal 168
Hsp22 173
Hsp23 175
Hsp26 177
Hsp27 179
Hsp70 197
HspGl 181
HspG2 183
HspG3 186
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Promoter (com.)
with TATA box (cont.)

janA 203
janB 203
Kr 216
Lcpl 91
Lcp2 92
Lcp3 93
Z,cp4 93
1(2) amd 119
Aftn 223
Afto 226
Pep 93
/V 239
sc 10
S0s3 252
S0s5 258
S0s7 256
S0sS 256
Srya 262
S/70 268
Sry5 268
Vm26Aa 291
Km26/lfe 293
Vm32E 294
^m34C 294
y 298
Ypl 310
Kp2 314
YP3 315

without CAAT box
ac 6
ActSC proximal 20
Adh proximal 38
ase 12
CecAl 54
CecA2 54
CecB 56
Cpl8 85
Cp/9 85
Cs 121
Edg78E 99
E<f9«4/4 100
E f l a l 130
/tz 148
h proximal 159
hb proximal 168
Hsp23 175
Hsp2 177
Hsp27 179
Hsp70 197
HspGl 181
HspG2 183
H5/>G3 186
Kr 216

Lcp4 93
otu major 232
Pep 93
Rp49 247
sc 10
Sry<5 268

Ubx 278
Km34C 294
Fp/ 310
Yp3 315

without TATA box
Act42A 27
/4c(5C proximal 20
DoxA2 124
£//«/ 130
E f l x 2 130
/i distal 159
/i proximal 159
otu major 232
otu minor 232
Rp49 247
Ubx 278
v 287

Protein features
Ala repeat

EVE 135
KR 215
UBX 270

ATP-binding site HSP70 189
basic helix-loop-helix (bHLH)

AS-SC family 3
HAIRY 154

degradation signal
FTZ 148
EVE 140

denatured protein binding site HSP70 189
GTP-binding site £F/a 126
homeodomain

BCD 59
EVE 135
FTZ 144
PRD 241
UBX 270

KNI box KNI 205
nuclear localization signal SRY<5 267
nucleolar localization HSP70 189
OPA repeat

BCD 59
HAIRY 154

PEST sequences
AC-SC family 4
BCD 59
FTZ 148
HAIRY 154

PRO domain PRO 141, 241



INDEX 413

PRD repeat
BCD 59
PRD 241

pyridoxal binding site
AMD 117
DDC 111

Zn fingers, C2H2

SRY/3, SRY 267
HB 162
KR 215

Zn fingers, C4/C5 KNI 205
Protein processing

cross-linking
CP 72,79
LCP 88
MT 222
SGS 249

C-terminal amidation CEC 51
derivatized N-terminus

ADH 37
AMY 44

glycosylation
HAIRY 154
KR 215
SGS 249, 252, 257
YP 305

phosphorylation
AC-SC family 4
BCD 59
FTZ 144
HSP67B 171
UBX 270
YP 305

signal peptide
EDG78E 97
AMY 44
CEC 51
CP 72, 79
EDG84A 100
EDG91A 100
LCP1-4 88
PCP 93
SGS 249
VM 289
Y 298

specific hydrolysis
CEC 51
DOXA2 123

tyrosine sulfation YP 305
Pseudogene

Cec 52
Lcp 89

Pupal cuticle proteins genes (Pep, Edg78E,
Edg84A, Ed91A) 93

raised 34
Retrovirus HIV-1 pol 162
Ribitol dehydrogenase, Adh 37
Ribosomal protein 49, see Rp49
RNA-binding proteins Hsp67B 171
Rp49 247,261

S15, S16, S18, S19, S36, S38, see Cp
Salivary gland secretion protein genes (Sgs3,

SgsS, Shs7, Sgs8) 249
sc 3, 10
scute, see sc
Serendipity Cluster (Srya, Sryfi, Sryd, janA,

janB, Rp49) 261
sex-lethal 6
Sgs3 249, 252
SgsS 249, 257
Sgs7 249,254
SgsS 249, 256
sisterless b (sc) 6
Small heat-shock proteins Hs67B 171
Srya 262
Sryfi 267
SryS 247, 267
staufen 65
suppressor of sable 287, 303
swallow 65

tailless 160, 212
Transcription factor

AC-SC family 3
AC-SC family in

ac-sc 10
hb 169

ADF-1 in Adh 41
AEF-1 in Adh 41
AEF-1 in Yp 310
ANTP in Ubx 280
BCD 59
BCD in

eve 140
hb 168, 169
fail 209
Kr 220

CADin/tz 150
CFI in CplS 85
CFII in CplS 85
C/EBP in Adh 41
C/EBP in Yp 310
DA in ac-sc 4, 10
DA in hb 169
DEP1-4 in Adh 41
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Transcription factor (cont.)
DSX in Yp 310
EMC in ac-sc 4
EVE 135
EVE in eve 141
FTZ 144
FTZ in/tz 151
FTZ in Ubx 280
FTZ-F1 in Adh 41
FTZ-F1 in/tz 149
FTZ-F2 in/tz 150
GAGA protein in

ActSC proximal 25
eve 141, 142
tfsp26 177
Hsp70 197
Ubx 280

GEBF1 in Sgs3 254
GT in eve 140
HAIRY 154
HB 162
HBin

eve 140
hb 169
Jkni 212

Kr 220
l/bx 280

helix-loop-helix protein, see
AC-SC family
DA
EMC
HAIRY

homeodomain protein, see
ANTP
BCD
EVE
FTZ
PRD
UBX

HSF in Hsp70 193
KNI 205
KNI in h 160
KNI in Kr 220

KR 215
KR in

eve 140
ft 160
ftfc 169
kni 212

POU/homeodomain protein 117
PRO 241
PRD in eve 141
SP2Adh 41
Steroid hormone receptor, see

CFI = USP

FTZ-F1
KNI

TLLin
h 160
kni 212
Kr 220

TTK in eve 141, 142
TTK in/tz 150, 151
UBX 270
UBX in Ubx 280
USP in CplS 85
YPF1 in Yp 314
ZESTE in l/6x 280
Zn finger protein, see

CFII
HB
KR
SRY& SRY5
TTK = FTZ-F2

Transcriptional interference
Adh 41
janB 204
y 303

Transcriptional read-through
HspGl 186
Sry 261

Transposable element insertion
412 in B 287
B704 in v 286
copia in sc 10
gypsy in ac 8
gypsy in >• 302
HMS Beagle in Lcp.3 94
Pin

otu 232
i.' 286
y 302

Triacylglycerol lipase 305
Tropomyosin 67
Tryptophan oxygenase, see v

Ubx 147, 167, 270
Ultrabithorax, see Ubx
ultraspiracle 85

v 283, 303
vermilion, see v
Vitelline membrane proteins gense (Vm26Aa,

Vm26Ab, Vm32E, Vm34C,
Fcp3C) 289

Vitellins 305
Vitellogenins 305
Vm26Aa 289, 291
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Vm26Ab 289,292
Vm32E 289, 293
Vm34C 289, 294

y 3, 287, 298
yellow, see y

Yolk proteins gense (Ypl, Yp2, Yp3) 305
Ypl 41, 305, 310
7p2 305, 314
Kp3 305, 315

Zwischenferment 239


