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holder Ns} that have no BLAST hit at 99% identity for
finished data and 95% identity for light-shotgun data
were considered uncovered. The percentage of each
clone not hit by Celera sequence was calculated by
dividing the total length of the uncovered sequence by
the sequence length of the clone. The total number of
nucleotides that have no coverage in the Celera assem-
bled contigs was calculated by summing the regions of
no hits for all the clones that covered Celera contigs by
less than 90% (95% for finished clones). This cutoff
value was chosen to eliminate the occasionally low
quality of sequences in the clone sequence data. The
cutoff value of 30% was determined by the amount of
no-hit sequences in 16 light-shotgun clones that are
fully contained within three Celera contigs. A higher
cutoff value (95%) was used for the finished data than
for the light-shotgun data, because finished clones have
better sequence quality. The total amount of uncovered
sequence for each light-shotgun clones was calculated
by multiplying the no-hit percentage of the clone by the
clone length as determined by sizing on agarose gels
(36). For those light-shotgun clones with unreported
insert sizes, the sequence length, excluding Ns, was used
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instead. For finished clones, the amount of uncovered
sequence was calculated by multiplying the no-hit per-
cent of the clone by the clone’s length. We created
7-kbp subcontig blocks and considered each block to be
fully present in the draft sequence if it was hit by at
least 500 bp of external sequences. We chose these
parameters conservatively, based on the fact that at 1<
sequence coverage, the chance of failing to sample a
7-kbp region covered by a light-shotgun clone is 1 in
10°. For the WGS assembly, we identified 1380 blocks
that were hit by less than 500 bp of clone sequence and
794 blocks that were completely missed by the clone
sequence. The total number of missed blocks is 2174,
which represents a total 15.2 Mbp.

34. M. Ashburner et al., Genetics 153, 179 (1999).

35. Seven conflicts were identified in this study, six of
which appear to be owing to transposable elements.
The remaining represents a 30-kbp insert within a
Celera contig that does not match the corresponding
clone. This discrepancy is still under investigation.

36. www.sciencemag.org/feature/data/1049666.shl

37. S. Altschul et al., Nucleic Acids. Res. 25, 3389 (1997).

38. R. A. Hoskins, personal communication.
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39. In order to align the Celera sequences unambiguously
to the external data, all significant HSPs at the param-
eters given in (27) were screened to identify “mutually
unique regions” where the clone and contig sequences
have a unique, reciprocal match relation.

40. Most negative gaps arise because of inaccuracies in
the distances implied by bundles—the bundle implies
a small amount of overlap between two contigs
because it is actually short, whereas the reality is that
there is a small gap at that location. in a very small
number of cases, there is an overlap, but it is because
the distance estimate is too long by 3 standard
deviations, or because there is a small bit of foreign
DNA at the tip of a contig because of untrimmed
vector or a chimeric read. None of these negative
gaps has yet been found to imply incorrect assembly.

41. We wish to thank H. Smith and S. Salzburg for the
many collegial exchanges, M. Peterson and his team
for keeping the machines humming, R. Thompson and
his staff for providing us with an environment con-
ducive to such an intense effort, and A. Glodek, C.
Kraft, and A. Deslattes Mays, and their staff for
getting the data to us.
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A comparative analysis of the genomes of Drosophila melanogaster,
Caenorhabditis elegans, and Saccharomyces cerevisiae—and the proteins
they are predicted to encode—was undertaken in the context of cellular,
developmental, and evolutionary processes. The nonredundant protein
sets of flies and worms are similar in size and are only twice that of yeast,
but different gene families are expanded in each genome, and the mul-
tidomain proteins and signaling pathways of the fly and worm are far
more complex than those of yeast. The fly has orthologs to 177 of the 289
human disease genes examined and provides the foundation for rapid
analysis of some of the basic processes involved in human disease.

With the full genomic sequence of three ma-
jor model organisms now available, much of
our knowledge about the evolutionary basis
of cellular and developmental processes will
derive from comparisons between protein do-
mains, intracellular networks, and cell-cell
interactions in different phyla. In this paper,
we begin a comparison of D. melanogaster,
C. elegans, and S. cerevisiae. We first ask
how many distinct protein families each ge-
nome encodes, how the genes encoding these
protein families are distributed in each ge-
nome, and how many genes are shared among
flies, worms, yeast, and mammals. Next we
describe the composition and organization of
protein domains within the proteomes of fly,
worm, and yeast and examine the representa-
tion in each genome of a subset of genes that
have been directly implicated as causative

agents of human disease. Then we compare
some fundamental cellular and developmen-
tal processes: the cell cycle, cell structure,
cell adhesion, cell signaling, apoptosis, neu-
ronal signaling, and the immune system. In
each case, we present a summary of what we
have learned from the sequence of the fly
genome and how the components that carry
out these processes differ in other organisms.
We end by presenting some observations on
what we have learned, the obvious questions
that remain, and how knowledge of the se-
quence of the Drosophila genome will help
us approach new areas of inquiry.

The “Core Proteome”

How many distinct protein families are en-
coded in the genomes of D. melanogaster, C.
elegans, and S. cerevisiae (1), and how do

these genomes compare with that of a simple
prokaryote, Haemophilus influenzae? We
carried out an “all-against-all” comparison of
protein sequences encoded by each genome
using algorithms that aim to differentiate
paralogs— highly similar proteins that occur
in the same genome—from proteins that are
uniquely represented (Table 1). Counting
each set of paralogs as a unit reveals the “core
proteome™: the number of distinct protein
families in each organism. This operational
definition does not include posttranslationally
modifed forms of a protein or isoforms aris-
ing from alternate splicing.

In Haemophilus, there are 1709 protein cod-
ing sequences, 1247 of which have no sequence
relatives within Haemophilus (2). There are 178
families that have two or more paralogs, yield-
ing a core proteome of 1425. In yeast, there are
6241 predicted proteins and a core proteome of
4383 proteins. The fly and worm have 13,601
and 18,424 (3) predicted protein-coding genes,
and their core proteomes consist of 8065 and
9453 proteins, respectively. It is remarkable that
Drosophila, a complex metazoan, has a core
proteome only twice the size of that of yeast.
Furthermore, despite the large differences be-
tween fly and worm in terms of development
and morphology, they use a core proteome of
similar size.
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Gene Duplications

Much of the genomes of flies and worms
consists of duplicated genes; we next asked
how these paralogs are arranged. The fre-
quency of local gene duplications and the
number of their constituent genes differ wide-
ly between fly and worm, although in both
genomes most paralogs are dispersed. The fly
genome contains half the number of local
gene duplications relative to C. elegans (4),
and these gene clusters are distributed ran-
domly along the chromosome arms; in C.
elegans there is a concentration of gene du-
plications in the recombinogenic segments of
the autosomal arms (/). In both organisms,
approximately 70% of duplicated gene pairs
are on the same strand (306 out of 417 for D.
melanogaster and 581 out of 826 for C. el-
egans). The largest cluster in the fly contains
17 genes that code for proteins of unknown
function; the next largest clusters both consist
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of glutathione S-transferase genes, each with
10 members. In contrast, 11 of 33 of the
largest clusters in C. elegans consist of genes
coding for seven transmembrane domain re-
ceptors, most of which are thought to be
involved in chemosensation. Other than these
local tandem duplications, genes with similar
functional assignment in the Gene Ontology
(GO) classification (5) do not appear to be
clustered in the genome.

We next compared the large duplicated gene
families in fly, worm, and yeast without regard
to genomic location. All of the known and
predicted protein sequences of these three ge-
nomes were pooled, and each protein was com-
pared to all others in the pool by means of the
program BLASTP. Among the larger protein
families that are found in worms and flies but
not yeast are several that are associated with
multicellular  development, including ho-
meobox proteins, cell adhesion molecules, and
guanylate cyclases, as well as trypsinlike pep-
tidases and esterases. Among the large families
that are present only in flies are proteins in-
volved in the immune response, such as lectins
and peptidoglycan recognition proteins, trans-
membrane proteins of unknown function, and
proteins that are probably fly-specific: cuticle
proteins, peritrophic membrane proteins, and
larval serum proteins.

Gene Similarities

What fraction of the proteins encoded by
these three eukaryotes is shared? Compara-
tive analysis of the predicted proteins encod-
ed by these genomes suggests that nearly
30% of the fly genes have putative orthologs
in the worm genome. We required that a
protein show significant similarity over at
least 80% of its length to a sequence in
another species to be considered its ortholog
(6). We know that this results in an underes-
timate, because the length requirement ex-
cludes known orthologs, such as homeodo-
main proteins, which have little similarity
outside the homeodomain. The number of
such fly-worm pairs does not decrease much
as the similarity scores become more strin-
gent (Table 2A), which strongly suggests that
we have indeed identified orthologs, which
may share molecular function. Nearly 20% of
the fly proteins have a putative ortholog in
both worm and yeast; these shared proteins

probably perform functions common to all
eukaryotic cells.

We also compared the proteins of fly,
worm, and yeast to mammalian sequences.
Most mammalian sequences are available as
short expressed sequence tags (ESTs), so we
dispensed with the requirement for similarity
over 80% of the length of the proteins. Table
2B presents these data. Half of the fly protein
sequences show similarity to mammalian
proteins at a cutoff of E < 1071° (where E is
expectation value), as compared to only 36%
of worm proteins. This difference increases
as the criteria become more stringent: 25%
versus 15% at E < 107°% and 12% versus 7%
at E < 107190, Because many of the compar-
isons are with short sequences, it is likely that
many of these sequence similarities reflect
conserved domains within proteins rather
than orthology. However, it does suggest that
the Drosophila proteome is more similar to
mammalian proteomes than are those of
worm or yeast.

Protein Domains and Families

Proteins are often mosaic, containing two or
more different identifiable domains, and do-
mains can occur in different combinations in
different proteins. Thus, only a portion of a
protein may be conserved among organisms.
We therefore performed a comparative anal-
ysis of the protein domains composing the
predicted proteomes from D. melanogaster,
C. elegans, and S. cerevisiae using sequence
similarity searches against the SWISS-
PROT/TrEMBL nonredundant protein data-
base (7), the BLOCKS database (&), and the
InterPro database (9). The 200 most common
fly protein families and domains are listed in
Table 3, and the 10 most highly represented
families in worm and yeast are shown in
Table 4. InterPro analyses plus manual data
inspection enabled us to assign 7419 fly pro-
teins, 8356 worm proteins, and 3056 yeast
proteins to either protein families or domain
families. We found 1400 different protein
families or domains in all: 1177 in the fly,
1133 in the worm, and 984 in yeast; 744
families or domains were common to all three
organisms.

Many protein families exhibit great dis-
parities in abundance, and only the C2H2-
type zinc finger proteins and the eukaryotic

Table 1. Numbers of distinct gene families versus numbers of predicted genes and their duplicated copies
in H. influenzae, S. cerevisiae, C. elegans, and D. melanogaster. Row one shows the total number of genes
in each species. Row two shows the total number of all genes in each genome that appear to have arisen
by gene duplication. Row three is the total number of distinct gene families for each genome. Each
proteome was compared to itself using the same parameters as described in (63).

H. influenzae S. cerevisiae C. elegans D. melanogaster
Total no. of predicted genes 1709 6241 18424 13601
No. of genes duplicated 284 1858 8971 5536
Total no. of distinct families 1425 4383 9453 8065
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protein kinases are among the top 10 protein
families common to all three organisms.
There are 352 zinc finger proteins of the
C2H2 type in the fly but only 138 in the
worm; whether this reflects greater regulatory
complexity in the fly is not known. The pro-
tein kinases constitute approximately 2% of
each proteome. Curation of the genomic data
revealed that Drosophila has approximately
300 protein kinases and 85 protein phospha-
tases, around half of which had previously
been identified. In contrast, there are approx-
imately 500 kinases and 185 phosphatases in
the worm; the difference is largely due to the
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worm-specific expansion of certain families
such as the CK 1, FER, and KIN-15 families.
There are currently approximately 600 ki-
nases and 130 phosphatases in humans, and it
is expected that these figures will rise to 1100
and 300, respectively, when the sequence of
the human genome is completed (70). Of the
proteins uncovered in this analysis, over 70%
exhibit sequence similarity outside the kinase
or phosphatase domain to proteins in other
species. In the kinase group, approximately
75% are serine/threonine kinases, and 25%
are tyrosine or dual-specificity kinases. Over
90% of the newly discovered kinases are
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Table 2A. Similarity of sequences in predicted proteomes of D. melanogaster, S. cerevisiae, and C.
elegans. To be scored as a similarity, each pairwise similarity was required to extend over more than 80%
of the length of the query sequence at an E value less than that indicated. For example, in “Fly proteins
in Fly-yeast,” the column labeled E < 10~ "% shows the number and percentage of fly proteins that match
yeast proteins at this E value or less and for which more than 80% of the length of the fly protein is
aligned with the yeast protein. Each set of pairs was analyzed without consideration of the third
proteome. The rows labeled “Fly-worm-yeast” report the composition of an independent clustering in
which only groups containing a member from all three proteomes were counted. The numbers are slightly
higher for the “Fly-worm-yeast” counts than for the “Fly-yeast” or “Worm-yeast” counts because of
sequence bridging; that is, not all sequences within a group necessarily have a significant match to all
other members of that group. See (6) for details.

E< 107 E<1072° E<107%° E < 10710
(n) (%) (n) (%) (n) (%) (n) (%)

Fly proteins in:

Fly-yeast 2345 16.5 1877 13.2 1036 73 433 31

Fly-worm 4998 35.2 4212 29.7 2442 17.2 1106 78

Fly-worm-yeast 3303 233 2428 17.1 1113 7.8 435 3.1
Worm proteins in:

Worm-yeast 2184 1.8 1768 9.5 933 5.0 374 2.0

Fly-worm 4795 25.8 4004 21.6 2403 12.9 1092 59

Fly-worm-yeast 3229 174 2439 131 1115 6.0 419 2.3
Yeast proteins in:

Fly-yeast 1856 29.4 1567 248 891 14.1 376 6.0

Worm-yeast 1704 27.0 1425 22.6 802 12.7 335 53

Fly-worm-yeast 1833 29.1 1525 24.2 831 13.2 352 5.6

Table 2B. A comparison of D. melanogaster, C. elegans, and S. cerevisiae protein sequences to each other
and to mammalian sequences (64). This table reports the number and percent of fly, worm, or yeast query
sequences with similarities less than the indicated E value cutoffs. For example, in the “Fly vs. Yeast”
comparison, 3986 or 28.1% of fly proteins have a similarity with a yeast protein with an E value less than
1 X 107", EST E values are not directly comparable to protein E values, because the resulting alignments
are shorter.

Ng i";‘éaflfy E<10-°  E<10°2  E<10-% f£< 107100
(n) %) () %) ) (%) ) (%) ) (%)
Fly vs.

Yeast 8177 576 3986 281 2677 189 1266 89 504 36
Worm 5110 36.0 6743 47.5 5180 36.5 2832 199 1197 84
Mammalian 5833 411 7032 495 5837 411 3580 252 1772 125
Mammalian ESTs 5386 379 7329 51.6 5352 37.7 1775 125 110 0.8

Worm vs.
Yeast 12541 680 3582 194 2378 129 1106 6.0 401 22
Fly 8603 46.7 7138 38.8 5428 29.5 2880 15.6 1229 6.7
Mammalian 10152 55.t 6550 356 4999 271 2782 151 1211 66
Mammalian ESTs 10354 562 6005 326 4000 217 1170 64 68 04

Yeast vs.
Fly 2614 419 2564 410 1910 306 1021 164 408 6.5
Worm 2762 442 2358 378 1730 277 882 14.1 348 5.6
Mammalian 3230 51.7 2340 37.5 1802 289 992 159 429 6.9
Mammalian ESTs 3106 497 2319 371 1553 249 503 8.1 18 03
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predicted to phosphorylate serine/threonine
residues; this group includes the first atypical
protein kinase C isoforms identified in Dro-
sophila. In addition, we found counterparts of
the mammalian kinases CSK, MLK2, ATM,
and Peutz-Jeghers syndrome kinase, and ad-
ditional members of the Drosophila GSK3B,
casein kinase I, SNF1-like, and Pak/STE20-
like kinase families. In the fly protein phos-
phatase group, approximately 42% are pre-
dicted to be serine/threonine phosphatases;
48% are tyrosine or dual-specificity phospha-
tases. Among the newly discovered phospha-
tases, 35% are serine/threonine phosphatases,
most of which are related to the protein phos-
phatase 2C family, and 65% are tyrosine or
dual-specificity phosphatases. The fly and
worm both contain close relatives to many of
the known mammalian lipid kinases and
phosphatases; however, no SH2-containing
inositol 5’ phosphatase SHIP is apparent. Fi-
nally, it has been found that the assembly of
kinase signaling complexes in vertebrate cells
is aided by the presence of scaffolding and
adaptor molecules, many of which contain
phosphoprotein binding domains; we found
85 such proteins in the fly, including coun-
terparts to IRS, VAV, SHC, JIP, and MP1.

Two remarkable findings emerge from the
peptidase data that may reflect different ap-
proaches to growth and development in flies,
worms, and humans. The pattern and distri-
bution of peptidase types are similar between
the fly and the worm: there are approximately
450 peptidases in the fly and 260 in the
worm. The difference is due almost entirely
to the expansion or contraction of a single
class of trypsin-like (S1) peptidases. C. el-
egans has seven of this class and yeast has
one, but the fly has 199. Of these, 163 are
small proteins of approximately 250 amino
acids containing single trypsin domains; very
few are mosaic proteins. The remainder have
either multiple trypsin-like domains or long
stretches of amino acids with no readily iden-
tifiable motif, usually at the NH,-terminus. In
humans, trypsin-like peptidases perform di-
verse functions in digestion, in the comple-
ment cascade, and in several other signaling
pathways (/7), and flies may have a similarly
wide range of uses for these proteins. The
extensively characterized members of this
family, which include Snake, Easter, Nudel,
and Gastrulation-defective, are all key mem-
bers of a regulatory cascade that controls
dorsoventral patterning in the fly (/2). In
addition, flies have only two members of the
MI10 class of peptidases, which include the
matrix metalloproteases, collagenases, and
gelatinases that are essential for tissue remod-
eling and repair in vertebrates.

The number of identifiable multidomain
proteins is similar in the fly and the worm:
2130 and 2261, respectively. Yeast has only
672 (Table 5). Part of this difference is ac-
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counted for by proteins with extracellular
domains involved in cell-cell and cell-sub-
strate contacts (/3), such as the immunoglob-
ulin domain—containing proteins, which are
more abundant in flies than in worms (153
versus 70) and are nonexistent in yeast. Two
other common extracellular domains occur in
similar numbers in fly and worm: EGF (110
versus 109, respectively) and fibronectin type
III (46 versus 43) but are rare or absent in
yeast. Extracellular regions of proteins often
contain a variety of repeated domains (/4),
and so these proteins may account for our
finding that flies have a larger number of
proteins with multiple InterPro domains than
either worms or yeast (2107 versus 1747 and
525, respectively) (Table 6). Some multido-
main proteins of the fly are particularly het-
erogeneous: Two low-density lipoprotein re-
ceptor—related proteins have 75 InterPro do-
mains each. Another protein of unknown
function has 62 InterPro domains; the most
heterogeneous worm and yeast proteins
[SWISS-PROT/TrfEMBL accession numbers
(AC), Q04833 and P32768, respectively]
have 61 and 18 InterPro domains, respective-
ly. There can be extensive repetition of the
same domain within a protein; for example,
an immunoglobulin-like domain is repeated
52 times within one protein of unknown func-
tion in the fly. The large worm protein UNC-
89 contains 48 immunoglobulin-like domains
(SWISS-PROT/TrEMBL AC, Q17362). In
contrast, the largest number of repeats in yeast,
of a C2H2-type zinc finger domain, occurs
nine times in the transcription factor TFIIIA
(SWISS-PROT/TrEMBL AC, P39933).

The heterotrimeric GTP-binding protein
(G protein)—coupled receptors (GPCRs) are a
large protein family in flies, worms, and ver-
tebrates whose members are involved in syn-
aptic function, hormonal physiology, and the
regulation of morphological movements dur-
ing gastrulation and germ band extension
(15). There are predicted to be at least 700
GPCRs in the human genome (/6) and
roughly 1100 GPCRs in C. elegans (17). We
found approximately 160 GPCR genes in the
Drosophila genome, 57 of which appear to be
olfactory receptors. Drosophila, C. elegans,
and vertebrates each have diverse families of
odorant receptors that, although recognizable
as GPCRs, are unrelated by sequence and
therefore apparently evolved independently.
The number of odorant receptors in verte-
brates ranges from around 100 in zebrafish
and catfish to approximately 1000 in the
mouse; C. elegans also has approximately
1000. In the fly, as in zebrafish and mouse,
there is a correlation between the number of
odorant receptors and the number of discrete
synaptic structures called glomeruli in the
olfactory processing centers of the brain (/6,
18). In the mouse, each glomerulus is dedi-
cated to receiving axonal input from neurons
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expressing a particular odorant receptor (16).
Therefore, the correlation between number of
odorant receptors and number of glomeruli
may reflect a conservation in the organiza-
tional logic of odor recognition in insect and
vertebrate brains. Although the fly odorant
receptors are extremely diverse, there are a
number of subfamilies whose members share
50 to 65% sequence identity. The distribution
of odorant receptor genes is different among
these organisms as well. Unlike C. elegans or
vertebrate odorant receptors, which are in
large linked arrays, the fly odorant receptor
genes are distributed as single genes or in
arrays of two or three. Vertebrate receptors
are encoded by intronless genes, but both fly
and worm receptor genes have multiple in-
trons. These distinctions suggest that in addi-
tion to differences in the sequences of the
odorant receptors of the different organisms,
the processes generating the families of re-
ceptors may have differed among the lineages
that gave rise to flies, worms, and vertebrates.

The data suggest conservation of hormone
receptors between flies and vertebrates; nev-
ertheless, there is a greater diversity of hor-
mone receptors in both C. elegans and verte-
brates than in Drosophila. Insects are subject
to complex hormonal regulation, but no ap-
parent homologs of vertebrate neuropeptide
and hormone precursors were identified.
However, many receptors with sequence sim-
ilarity to vertebrate receptors for neurokinin,
growth hormone secretagogue, leutotropin
(follicle-stimulating hormone and luteinizing
hormone), thyroid-stimulating hormone, ga-
lanin/allatostatin, somatostatin, and vasopres-
sin were identified. Other GPCRs include a
seventh Drosophila thodopsin and homologs
of adenosine, metabotropic glutamate, y-ami-
nobutyric acid (GABA), octopamine, seroto-
nin, dopamine, and muscarinic acetylcholine
receptors. In addition, there are GPCRs that
are unique to Drosophila, others with se-
quence similarity to C. elegans and human
orphan receptors, and an insect diuretic hor-
mone receptor that is closely related to ver-
tebrate corticotropin-releasing factor recep-
tor. Finally, we found several atypical seven-
transmembrane domain receptors, including
10 Methuselah (MTH)-like proteins and four
Frizzled (FZ)-like proteins. A mutation in
mth increases the fly’s life-span and its resis-
tance to various stresses (/9); the FZ-like
proteins probably serve as receptors for dif-
ferent members of the Wingless/Wnt family
of ligands.

Human Disease Genes

Studies in model organisms have provided
important insights into our understanding of
genes and pathways that are involved in a
variety of human diseases. In order to esti-
mate the extent to which different types of
human disease genes are found in flies,

worms, and yeast, we compiled a set of 289
genes that are mutated, altered, amplified, or
deleted in a diverse set of human diseases and
searched for similar genes in D. melano-
gaster, C. elegans, and S. cerevisiae, as de-
scribed in the legend to Fig. 1. Of these 289
human genes, 177 (61%) appear to have an
ortholog in Drosophila (Fig. 1). Only pro-
teins with similar domain structures were
considered to be orthologs; this judgment was
made by human inspection of the InterPro
domain composition of the fly and human
proteins. The importance of human inspec-
tion, as well as consideration of published
information, is underscored by the fact that
some sequences with extremely high similar-
ity scores to proteins encoded by fly genes,
such as LCK and Myotonic Dystrophy 1,
were judged not to be orthologous, but others
with relatively low scores, such as p53 and
Rbl, were considered to be orthologs. We
attempted this additional level of analysis
only for the fly proteins, as the lower overall
level of similarity of worm and yeast proteins
made these subjective judgments even more
difficult. Some of the human disease genes
that are absent in Drosophila reflect clear

-differences in physiology between the two

organisms. For instance, none of the hemo-
globins, which are mutated in thalassemias,
have orthologs in Drosophila. In flies, oxy-
gen is delivered directly to tissues via the
tracheal system rather than by circulating
erythrocytes. Similarly, several genes re-
quired for normal rearrangement of the im-
munoglobulin genes do not have Drosophila
orthologs.

Of the cancer genes surveyed, 68% appear
to have Drosophila orthologs. In addition to
previously described proteins, these searches
identified clear protein orthologs for menin
(MEN; multiple endocrine neoplasia type 1),
Peutz-Jeghers disease (STK11), ataxia telan-
giectasia (ATM), multiple exostosis type 2
(EXT2), a second bCL2 family member, a
second retinoblastoma family member, and a
p53-like protein. Despite its relatively low
sequence similarity to the human genes, the
Drosophila gene encoding p53 was consid-
ered an ortholog because it shows a con-
served organization of functional domains,
and its DNA binding domain includes many
of the same amino acids that appear to be hot
spots for mutations in human cancer. Com-
parison of the fly p53-like protein with the
human p53, p63, and p73 proteins suggests
that it may represent a progenitor of this
entire family. In mammalian cells, levels of
p53 protein are tightly regulated in vivo by its
interaction with the Mdm2 protein, which in
turn binds to pl9ARF (20). This mode of
regulation, which modulates the activity of
p53 but probably not of p63 or p73 (21), may
not apply to the Drosophila protein, because
we have not been able to identify orthologs of
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Table 3. Number of proteins in D. melanogaster (F), C. elegans (W), and S. threshold specified for that signature by the individual database. Resuilts of the
cerevisiae (Y) containing the 200 most frequently occurring protein domains in InterPro analysis may differ from results obtained based on human curation of
D. melanogaster. Domain identifiers are from InterPro (9), a new database that protein families, due to the limitations of large-scale automatic classifications. In
has begun to integrate the independent databases of localized protein sequence some instances, different InterPro domains correspond to different features of
patterns into a single resource. The beta release used includes PROSITE, PRINTS, proteins within the same family; for example, IPRO01650 and IPR0O01410 (26 and
and PFAM. InterPro considers a signature to be true if its score is above a 42 in the table). See (62) for live links to the InterPro database.
Acc. No. FIw Y Interpro Domain Name ~ { Acc. No. F w Y Interpro Domain Name
1. JI'.F:‘F!000694 579 | 398 § 40 { Proline-rich rem 65. Tﬁﬁooam 32 19 0 { Transmembrane 4 family
24 IPR0008224 3524 1384 47§ Zinc ﬁf]ger, C2H2 type 66, |'l-2 R0008344 31 56 § 21 § Serine/threonine sEeciﬁc Erotein Ehosehatase familx ‘
3§ IPR000719] 249 § 388 § 119 § Eukaryotic protein kinase 674 IPR0012513 31 16 6 § CRAL/TRIO domain
4.4 IPR0O012649 1994 13 1 { Serine proteases, trypsin family 68.4 IPR0018813 31 34 0 Calcium-binding EGF-like domain
5. I.!:H001314 178 5 0 § Chymotrypsin serine protease family (S1) 694 IPR0021733 31 4 2 1 P1kB family of carbohydrate kinases
6. IPR001680Y 167§ 95§ 90 | G-protein beta WD-40 repeats 704 IPR000194§ 30 54 22§ ATP synthase alpha & beta subunits
7y 1PR000504 ] 1604 92§ 55 § RNA-binding region RNP-1 (RNA recogpnition motif) 71 m00217 294 22 4 Tut&:lin famity
8.4 IPR0O004959 1531 70 0 { Immunoglobulins & major histocompatibility complex 72§ IPR000873] 294 23§ 11§ AMP-binding domain
proteins 734 IPR0000734 281 17§ 16 { Alpha/beta hydrolase fold
24 1PRO00345T 1454 171 73 Cytochrome c family heme-binding site 744 1PR000152] 284 284 0] Aspartic acid & as;;.raﬂine hydroxylation site
101 IPR0003791 1404 1121 38 Jipase/thic 751 1PR000408] 28] 61 31 Regulator of chromosome condensation (RCC1) |
114 IPR0022904 138§ 1714 110 S"e_rine/T hreonine protein kinases active-site 764 IPR000834] 28 9 11 Zinc c;mowpeptidases, carboxypeptidase A
12§ IPR002048Y 1304 79 16 § EF-hand family . metalloprotease (M14) family
134 IPR0O01356¢ 113§ 88 10 § Homeobox domain 774 |IPR001715§ 283 22 3 § Calponin homoloﬁx (CH) domain
14 IEROOOSM 110 § 108 0 § EGF-like domain 784 IPR0020864 284 133 133 Aldehyde dehydrwse family
154 IPR0016114 108 § 48 7 § Leucine-rich repeat 79.4 IPR0022194 281 36 1 4 Phorbol esters/diacylglzcerol binding domain
16, thom 84141 1051 113§ 35 § Zinc finger, C3HCA4 type (RING ﬁnger) 804 IPRO00483§ 27 7 0 § Leucine rich repeat C-terminal domain
17.4 IPR002356 4 100 § 335 0 § G-protein coupled receptors, rhodopsin family 814 IPR0O008864 27 8 § 11 § Endoplasmic reticulum targeting sequence
18.4 IPRO010664 973 54 3 46 Sl&alr transporter 824 IPR0O011754 271 81 0 Neurotransmiﬂer—geted ion-channel
19, j.I‘I"‘:'F!00112!! 941 73 3 § Cytochrome P450 enzyme . 834 IPR0002194 264 17 5 § Dbl domain (dbl/cdc24 rhoGRF family)
204 IPR0021104 90§ 771 19 { Ankyrin-repeat . 844 IPR0O006264 264 27 9 uui”itin domain
21.§ IPRO00618) 87 0 0 4 Insect cuticle protein 85, E’ROOOSZQ 26 3‘2 20 § ATP-dependent helicase, DEAD-box subfamily
224 IPR0012454 871 63 0 § Tyrosine kinase catalytic domain 86.4 IPRO00859Y 264 55 0 4 CUB domain
234 IPRO014404 823 463 341 TPR repeat 874 IPRO00958Y 263 21 6 § KH domain
24. 1I‘.IEOO(H 30§ 794 19 8 ] Neutral zinc metallopeptidases, zinc-binding region 884 IPRO017524 264 22 6 { Kinesin motor domain
254 |IPR002380J 784 41 22 3 Transforming protein P21 RAS 894 IPR002067% 264 11 6 1 Mitochondrial carrier protein
264 IPR0O016504 76§ 66§ 75§ DNA/RNA helic%se domain (DEAD/DEAH box) 90 I.I:ROOOZOS 254 221 104 NAD binding site
274 IPROO1617§ 724 564 324 ABC trﬂlsporters family 914 IPR0O00299§ 254 13 0 § Band 4.1 famity
284 IPR001849Y 714 67§ 27 ] PHdomain 924 IPRO004494 254 10 8 1 Ubiquitin-associated domain
29. I_iI’R001 478y 693 60 2 § PDZ domain (also known as DHR or GLGF) 93. LTLOOOMO 253 15 8 § HMG1/2 (high mobility group) box
301 IPR001488] 69 8 5 { Myc-type, helix-loop-helix dimerization domain 944 IPR0O010543 25§ 32 1 § Guanylate cyclase
- Signature 958 1PR001202] 251 177 5 WW/rsp5SMWWP domain
314 IPR0O01051 87 81 38 ATP—binding 1ransBon Erotein, 2nd P-IOOE ‘motif 964 IPR0O00595] 24 19 2 § Cyclic nucleotide-binding domain ]
3211PRO01993Y 67 | 434 35 Mitochondrial energy transfer proteins 974 1PRo00832§ 24 [ 10§ ~ 0§ G-protein coupled receptors family 2 (secrtin-fike)
334iPRo007344 661 S0 . A lLipase 98] IPRo01140] 24§ 30] 10§ ABC transporter transmembrane region
341 PROC0210Y 64§ 1034 11 Btorttk domain 99 IPRO0I214] 241 271 6] SET-domain of ranscriptional regulators (TRX, EZ,
35. IrR000575 631 543 36 ATP/GTP-bindingLsite motif A (P-loop) - ASH1 etc)
364 IPR001452] 63] 559 25§ Src homology 3 (SH3) domain ) 100.1 IPRO018711 24 18 15 { bZIP (Basic-leucine zipper) transcription factor
37 IPR001092] 61] 383 8 Helix-loop-helix DNA-binding domain Jamily
38 IPR002198] 61§ 63] 13 | Short-chain dehydrogenase/reductase (SDR) 1011 1PR0020404 234 164 O 1 Laminin:type EGFike (LE) domain
superfamily 1024 IPROO21113 233 21 2 § Cation channels, 6TM region (transient receptor
391 1PRoo2106] 581 141 17§ Aminoacyl-transfer RNA synthetases class-I — potential subtype)
401 1PR0078061 511 261 231 Ras family ’ ‘ 1034 IPRo00048] 224 16§ 24 1Q calmodulin-binding domain
414 IPR002347{ 50 22 1 { Glucose/ribitol dehydrogenase family ] 104. !‘ERO(N 3531 22 12 14 { Multispecific proteases of the proteasome
424 1PR001410] 461 434 48§ DEAD/DEAH box helicase 1054 1PRo01810] 223 2153 11§ F-box domain
434 IPRO017778 46§ 43 2 { Fibronectin type Il domain 106., |:’R002E‘23 224 34 0 § Pancreatic thESin inhibitor Kunitz! 1amil¥
444 1PRO00169Y 431 201 11 Eukaryotic thiol (cysteine) proteases active sites 10741eR000718 8 211,290 .0 Neprilysin metalloprotease (M12) family
459 IPR000521 42 44 6 1 Glutathione S-transferase 108.4 IPR000964 § 21 15 3 Stenie-a!gha module (SAM) domain
46, fR001622 421 o1 1 l:’ftassium channel 1094 1PRO01311 4 21 13 0 SOl.Ute Pmdmg protem/gutamate receptor c}omam
474 IPR002557] 42 6 0 { Chitin binding domain 1104 IPRO013943 214 24 3 18 4 Ubiquitin carboxyl-terminal hydrolases family 2
48] 1PR000051] 401 38] 21§ SAM (and some other nucleotide) binding motif 111§1PR0015944 21§ 131 61 DHHC type Znfinger
494 IPR002172] 40 32 0 { Low density lipoprotein (LDL)-receptor class A 1124 1PRO0TE28 4 214 224 0.1 C4-typs steroid receptor zinc finger
(LDLRA) domain 113.4 {PR0020173 21 19 3 § Spectrin repeat
50. EROOOOG:& 38§ 324 12§ Thioredoxin family 114 LP_F.l302113 21 6 4 3 Adenine nucleotide translocator 1
51.4 IPR0016231 38 29 22 § DnaJ domain 115.4 IPR0021263 21 15 0 § Cadherin domain
524 IPR0020184 3841 44 0 § Carboxylesterases type-B 116. L}:Hooows 204 171 12 ] RabGAP/TBC domain
53 £R001304 37 4 165 0 S-type lectin domain 117.4 IPR0O001984 20§ 19 10 § RhoGAP domain
544 IPR0003874 36§ 83 12 § Tyrosine s;Pecific protein phosphatase 118.4 IPRO007954 20§ 17 15 § GTP-binding elongation f?gtor
55, E‘ROO0215 35 9 0 { Semins 119, I.IZROMQSO 20 11 4 § Membrane alanxl dimaﬁdase, familx M1 i
56.4 IPR0010054 35 16 19 § Myb DNA binding domain 120.4 IPR002422 20§ 14 7 { Permeases for amino acids & related compounds,
574 1PR001412] 35] 151 14 | Aminoacyl-transfer RNA synthetases class-I ] . famiyll ”
58.4 IPRO01939] 351 27] 29 ] AAA-protein (ATPases associated with various 1214 IPR000166§ 194 33§ 16 J Histone-fold/TFIID-TAF/NF-Y domain
cellular activities) 1224 IPR000630] 19 84 74 RNA-binding protein C2H2 Zn-finger domain
594 1PRo01965] 351 224 163 PHO-finger 123J IPR0017664 194 194 4] Fork head domain
60.] 1PR000008] 344 341 9§ Protein kinase G2 domain 12411PRoo2130] 199 174 81 Cyclophilin-ype peptidyl:prolyl cis-trans isomerase
61.11PRO00608Y 344 181 16§ Ubiquitin-conjugating enzymes 125 IPR002293] 19] 161 25 { Permeases for amino acids & related compounds,
62]1PRo0T781d 344 33§ 4 1LIMdomain family |
63.] IPR0O00980Y 33§ 43 1 § Src homology 2 (SH2) domain 126. ER000175 18 12 0 § Sodium:neurotransmitter szm&ﬂer familx
64.] IPR002213{ 33§ 59 0 § UDP-glucoranosyl & UDP-glucosyl transferases 127 IPR000330§ 18 § 20§ 17 § SNF2 & others N-terminal domain
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Table 3 (continued).
Acc. No. F w Y Interpro Domain Name Acc. No. F w Y Interpro Domain Name
128. E’R000742 18 9 0 § EGF-like domain, subtype 2 165.4 IPRO005669 14 6 0 ] Lipocalin & cytosolic fatty-acid binding protein
1294 IPR0009614 183 24 1 10 § Protein kinase C terminal domain 166.4 IPR0005774 14 3 2 3 Carbohydrate kinase, FGGY family
1304 IPR0011734 18§ 17 4 { Glycosyl transferase, family 2 167.4 IPRO00746] 14 0 0 § Pheromone/general odorant binding protein,
1314 IPRo002424 17§ 761 3] Tyrosine specific protein phosphatases - PBP/GOBP family
1324 IPR0O004673 171 11 41 D111 domain 168.4 IPRO00884 3 141 27 0 § Thrombospondin type | domain
1333 IPR000636 17 22 1 { Cation channels, G?M region !non—ligand gated! 169.4 IPR001100 14 5 3 | Pyridine nucleotide-disulfide oxidoreductase, class |
1344 IPRO00717{ 17 { 13 8 § Domain in components of the proteasome, COP9- 1704 1PROO11SOY 14 9 2 3 Double-stranded ANA binding (DSRBD) domain
complex & elF3 (PCI) 1714 IPRO011994 14 8 5 § Cytochrome B5
1354 IPR000S53 17§ 15 2 § Chromo domain 172. IEF!OO1357 143 21 11 § BRCT domain
136., LP.EOM 071 17 0 0 § Alpha-tocopherol transport protein 173.] IPRO015894 14 8 1 § Actinin-type actin-binding domain
1374 IPR001163§ 174 11 16 § Small nuclear ribonucleoprotein (Sm protein) 174.4 IPRO01753§ 14 10 3 § Enoyl-CoA hydratase/isomerase
138.4 IPR001327y 17 4 4 4 FAD-dependent pyridine nucleotide reductase 175. E{om 8784 144 24 9 { Zn-finger CCHC type
1394 IPRO013954 17§ 11 6 § Aldo/keto reductase family 176.§ IPR0019524 14 0 1 § Alkaline phosphatase family
140.4 IPRO017349 17 3 1§ Sodium:solute symporter family 177.4 IPR0022164 144 17 1 ] lon transport protein —
141, IzFl001757 174 223 17§ E1-E2 ATPases phosphorylation site 178.4 IPR0024647 14 9 8 § DEAH-box subfamily ATP-dependent helicase
1424 IPR0017914 174 16 0 § Laminin-G domain 179.4 IPR0001074 13 8 3 § SPRY domain
143, LF:R001B73 17 4 22 0 § Amiloride-sensitive sodium channel 180.4 IPR0004253 13 8 6 § MIP family
1444 IPRO019694 17 8 § 42 § Eukaryotic & viral aspartyl proteases active site 181.4 IPRO0O0S08 ] 13 2 3 § Signal peptidase
1454 IPR000087] 16§ 166 0 C(llaﬂen triple helix repeat 182. JIER000727 13 14 15 t-SNARE coiled-coil domain
146.] I_E’ROOOZSS 16 6 16 § Forkhead-associated (FHA) domain 183. IPRO00901 13 6 7 § Carbamoyl-phosphate synthase
1474 IPR0005364 163 88 0 § Ligand-binding domain of nuclear hormone receptor 184.4 IPR001461§ 133 16 7 § Pepsin (A1) aspartic protease family
1484 IPR0013204 16§ 10 0 { Ligand-gated ion channel 185. IEROO1506 134 36 0 Qsiacin (Peptidase family M12A) family
149.4 IPR001487¢§ 16§ 13§ 10 § Bromodomain 1864 IPRO01523] 133 11 0 { 'Paired box' domain ]
150.4 IPR002027§ 164 113 24 § Amino acid permease 187. @001827 13 2 0 § 'Homeobox' antennapedia-type protein
151. LI:H002046 16 1 1 § SAR1 GTP-binding protein family 188.1 IPRO018761 13 7 1 Zn-finger in ranbp & others
‘_1“‘52. IPRO000143 15 8 1 { Generalized PAS domain 189.1 IPR002423% 13 8 9 § TCP-1 (Tlaillesslcomplex polypeptide)/cpn60
1534 1PRO001720 154 11 0] GMC oxidoreductases chaperonin family
1544 IPRO00251§ 154 12 7 § ADP-ribosylation factors family 1904 IPR002893§ 13 8 1 § MYND finger
155.9 IPRO00569§ 15 5 5 § HECT-domain (Ubiquitin-transferase) 1914 IPR0004614 12 4 8 § Alpha amylase
156.4 IPRO00772Y 150 12 0 { Lectin domain of ricin b-chain, 3 copies 1924 IPR0007981 12 4 0 § Ezrin/radixin/moesin family
1574 IPR001223§ 15§ 34 1 { Glycosyl hydrolases family 18 1934 1PR0O01023% 123 131 14 3 Heatshock protein hsp70
1584 1PRO016094 154 20 5 § Myosin head (motor domain) 1949 IPRO015083 12 1 0 § NMDA receptor
1594 IPRo018284 154 199 0§ Receptor family ligand binding region ] 1954 1PR0016839 129 93 153 PX (Bem1/NCF1/PI3K) domain
160.4 IPR002129 15 7 1 § Pyridoxal-dependent decarboxylase family 196. LF:EIIOO191 74 12 6 4 1 Aminotransferases class-I|
1614 IPR002465] 15 1 0 ] Growth factor & cytokine receptor family signature 2 1974 IPR001932] 12 9 8 { Protein phosphatase 2C
162. IPRO001594 14§ 11 2 Ras-associe_ted (RalGDS/AF-6) domain 198, I}:HOOODSO 11 8 0 § Phosphotyrosine intere;:tion domain (PID)
1631 IPR000225] 14 6 2 { Armadillo/plakoglobin ARM repeat 1994 IPR0001823 11 9 9 { cetyttransferase (GNAT) family
164.4 IPR000279] 141 10 8 { Actin 200.4 IPR0O00243% 11 2 7 { Proteasome B-type subunit

either Mdm?2 or pl9ARF in Drosophila. In-
terestingly, likely orthologs of the breast can-
cer susceptibility genes BRCAI and BRCA?2
were not found in Drosophila. In most in-
stances, cancer genes that have a Drosophila
ortholog also have an ortholog in C. elegans,
although the extent of sequence similarity to
the worm gene is lower. In a minority of
instances, a C. elegans ortholog was clearly
absent. Cancer genes with orthologs in Dro-
sophila and apparently not in C. elegans in-
clude p53 and neurofibromatosis type 1 (22),
the two genes implicated in tuberous sclerosis
(TSCI and TSC2) (23), and MEN. The two
TSC gene products are thought to bind to
each other and may function in a pathway
that is conserved between humans and Dro-
sophila but is absent in C. elegans and S.
cerevisiae. However, the limitations of this
type of analysis are clearly illustrated by our
inability to find a bCL2 ortholog in C. el-
egans using these search parameters. The C.
elegans ced-9 gene has been shown to func-
tion as a bCL2 homolog, and its protein is
23% identical to the human protein over its
entire length (24).

Numerous orthologs of neurological
genes are also found in the Drosophila ge-
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nome. Some, such as Notch (CADASIL syn-
drome), the beta amyloid protein precursor-
like gene, and Presenilin (Alzheimer’s dis-
ease), were already known from previous
studies in the fly. The genome sequencing
effort has uncovered several additional genes
that are likely to be orthologs of human neu-
rological genes, such as tau (frontotemporal
dementia with Parkinsonism), the Best mac-
ular dystrophy gene, neuroserpin (familial
encephalopathy), genes for limb girdle mus-
cular dystrophy types 2A and 2B, the Fried-
reich ataxia gene, the gene for Miller-Dieker
lissencephaly, parkin (juvenile Parkinson’s
disease), and the Tay-Sachs and Stargardt’s
disease genes. Several genes implicated in
expanded polyglutamine repeat diseases, in-
cluding Huntington’s and spinal cerebellar
ataxia 2 (SCA2), are found in the fruit fly.
Most human neurological disease genes sur-
veyed were also detected in C. elegans, and
some were even found in yeast, although a
few examples are apparently present only in
Drosophila, such as the Parkin and SCA2
orthologs.

Among genes implicated in endocrine dis-
eases, those functioning in the insulin path-
way are mostly conserved. In contrast, mem-

bers of pathways involving growth hormone,
mineralocorticoids, thyroid hormone, and the
proteins that regulate body mass in verte-
brates, such as those encoding leptin, do not
appear to have Drosophila orthologs. Sur-
prisingly, a protein that shows significant
sequence similarity to the luteinizing hor-
mone receptor is present in Drosophila (25).
The physiological ligand for this receptor is
not known. A number of genes that have been
implicated in human renal disorders have or-
thologs in Drosophila, despite the differences
between human kidneys and insect Mal-
pighian tubules. In many instances, these
gene products are involved in fluid and elec-
trolyte transport across epithelia. Not surpris-
ingly, most disease genes that function in
intracellular metabolic pathways appear to
have Drosophila orthologs.

Developmental and Cellular Processes

Developmental strategies in various phyla are
overtly very different, from the fixed cell
lineage of C. elegans to the syncytial embry-
ogenic development of the fly, to early em-
bryogenesis in amphibians and mammals. A
number of major processes—cell division,
cell shape, signaling pathways, cell-cell and
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cell-substrate adhesion, and apoptosis—de-
termine the developmental outcomes of these
very different embryos. Although there are
many more, such as the processes that deter-
mine embryonic gradients, cell polarities, and
cell movement, here we examine the first
five, beginning with cell cycle components,
and examine what new insights have been
gained from the genomic data that affect our
knowledge of the evolution of developmental
processes. We then discuss the processes of
neuronal signaling and innate immunity.
Cell cycle. Despite conservation of the
mechanisms regulating cell cycle progres-
sion, many of the functions governing this
progression are encoded by gene families
whose individual members are not conserved
between vertebrates and yeast. For example,
the cyclins of S. cerevisiae can be divided
into a G, class (Clnl, CIn2, and CIn3) and an
S/G, class (CIbl through Clb6); it is not
possible to identify orthologs of individual
vertebrate cyclins. Consequently, analysis of
the roles of particular vertebrate cell cycle
genes benefits from a genetic model in which
parallels are more evident. Analysis of the
Drosophila genome sequence supports and
extends previous suggestions of strong paral-
lels between fly and human cell cycle regu-
lators. Orthologs of vertebrate cell cycle cy-
clins—cyclin A (CycA), CycB, CycB3,
CycE, and CycD—have been identified in
Drosophila, as have orthologs of cyclins that
appear to have roles in transcription: CycC,
CycH, CycK, and CycT. Apparent orthologs
of these cyclins can be also be found in C.
elegans; however, the level of similarity to
the vertebrate members is invariably substan-
tially less. Indeed, BLAST comparisons sug-
gest that vertebrate and Drosophila CycA and
CycB share more sequence similarity with
yeast than with proposed C. elegans or-
thologs. Examination of other cell cycle reg-
ulators confirms that quite precise compari-
sons can be made between vertebrates and
flies; parallels with yeast are looser. For ex-
ample, like vertebrates, Drosophila uses sev-
eral different cyclin-dependent kinases
(Cdks) to regulate different aspects of the cell
cycle; S. cerevisiae and Schizosaccharomyces
pombe use only one. Cloning efforts and the
genome sequence revealed Drosophila or-
thologs of vertebrate Cdkl (cdc2) and Cdk2
(cdc2c), as well as a single Drosophila Cdk
(Cdk4/6) with close similarity to both Cdk4 and
Cdké. As in vertebrates, Drosophila has two
distinct kinases that add inhibitory phos-
phate to Cdkl, the previously identified
Wee, and a recently recognized homolog of
Mytl, which was initially identified as a
membrane-associated inhibitory kinase in Xen-
opus (26). C. elegans also has two homologs
of these kinases (Weel.l and Weel.3);
however, similarity scores do not place
these into distinct Weel*and Mytl sub-
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F W Y Cancer
ABL1
+ Acute Myeloid Leukemia-DEK
_ Adenomat. Polyposis Coli-APC
T AKT2
| Ataxia Telangiectasia-ATM
BRCA1
BRCA2
Basal Cell Nevus-PTC
B-Cell Lymphoma 2-BCL2
B-Cell Lymphoma 3-BCL3
Bloom-BLM
Burkitt's Lymphoma-MYC
CDKN2C
CSF1R/C-Fms
" Chk2 Protein Kinase
PDGFB
CML-BCR
Cyclin D1-CCND1
| Cyclin Dep. Kinase 4-CDK4
EGFR
ERBB2
ETS
E-Cadherin-CDH1
Ewing Sarcoma-FLI-1
- FGF3
- Fanconi's Anemia A-FANCA
= Fanconi's Anemia C-FANCC
= Fanconi's Anemia G-FANCG
HNPCC*-MSH2
HNPCGC*-MSH3
HNPCC*-MSHE
HNPCC*-MLH1
HNPCC*-PMS2
S KT
B o«
+ Lymphoma-MCF2
MADH4
MDM2
MET
MEN***1
MEN**“2A-RET
Multiple Exostosis 1-EXT1
i Multiple Exostosis 2-EXT2
B INTRKI
" Neurofibromatosis 1-NF1
Neurofibromatosis 2-NF2
Nijmegen Breakage 1-NBS1
Nucleoporin-NUP214
P16-INK4
P16-INK4A
P19 ARF
P53
PTEN
llRas
REL
+ Retinoblastoma-RB1
+ STK11
+ Stem Cell Leukemia-TAL1
Tuberous Sclerosis 1-TSC1
Tuberous Sclerasis 2-TSC2
- Von Hippel Lindau-VHL
Wilm's Tumor-WT1
Keroderma Pigment. A-XPA
Xeroderma Pigment, B-ERCG3
Xeroderma Pigment. D-XPD
JXeroderma Pigment. F-XPF
1)<eroderma Pigment. G-XPG
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F W Y Neurological
. Adrenoleukodystrophy-ABCD1
Alzheimer-PS1
__ Alzheimer-APP
| Amyolrophic Lat. Sclero.-SOD1
| Angelman-UBE3A
Aniridia-PAX6
Best Macular Dystrophy-VMD2
Ceroid-Lipofuscinosis-PPT
RG] Ceroid-Lipofuscinosis-CLN3
- Cercid-Lipofuscinosis-CLN2
= Charcol-Marie-Tooth 1A-PMP22
- Charcol-Marie-Tooth 1B-MPZ
[+ Choroideremia-CHM
Creutzfeldt-Jakob-PRNP

-Dealness Hereditary-MYO15

Deafness, X-Linked-TIMMBA

E Diaphanous 1-DIAPH1

+ Dementia, Multi-Infarct-NOTCH3

+ Duchenne MD*-DMD

- Emery-Dreifuss MD*-EMD
Emery-Dreifuss MD"-LMNA
Familial Encephalopathy-PI12
Fragile-X -FRAXA
Friedreich Ataxia-FRDA
Frontotemporal Dement.-TAU
Fukuyama MD*-FCMD
Huntington-HD
Limb Girdle MD" 2A-CAPN3
Limb Girdle MD* 2B-YSF
Limb Girdle MD* 2E-BSG
Lissencephaly, X-Linked-DCX

7 | Lowe Oculocerebroren.-OCRL
Machado-Joseph-MJD1
Miller-Dieker Lissen.-PAF

" Myotonic Dystrophy-DM1
Myotubular Myopathy 1-MTM1

- Naito-Oyangi-DRPLA

- Nemaline Myopathy 2-NEB

- Neuraminidase Defic.-NEU1

Norrie-NDP

Ocular Albinism-OA1
+ Oculopharyngeal MD™-PABPN1
7 Oguchi Type 2-RH KIN
- Parkinson-SNCA
Parkinson-PARK2
Parkinson-UCHL1
Prog. Myoclonic Epilepsy-CSTB
Retinitis Pigmentosa-RPGR
Retinitis Pigmentosa 2-RP2
SCA™" 1-5CA1
SCA™" 2-SCA2
SCA™" §-CACNA1A
SCA"™" 7-SCA7
Spinal Muscular Atrophy-SMN1
Stargardt-ABCA4
Tay-Sachs-HEXA

Thomsen-CLCN1
Usher-USH2A
Wilson-ATP78

F W Y Cardiovascular

+ AV Conduction Defects-CSX
HDL Deficiency 1-ABCA1

Long Q-T 1-KCNQ1

Long Q-T 2-KCNH2

Long Q-T 3-SCN5A

Fam. Cardiac Myopathy-MYH7

Fw Y Malformation Syndromes

= Aarskog-Scott-FGD1

Achondroplasia-FGFR3

Alagille-JAG1

. Banh.TAZ

= Beckwilh-Wiedemann-CDKN1C

- Cerebral Cavern. Malf.-CCM1
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types. Each of these genes appears to be
present in a single copy, a factor that sim-
plifies genetic interpretations.

The retinoblastoma gene product pRb is a
crucial cell cycle regulator in mammals and is
thought to modulate S-phase entry via its
interactions with the transcriptional regulator
E2F and its dimerization partner (DP). This
important mode of regulation is not found in
yeast, but many components of the Rb path-
way have been identified and studied in Dro-
sophila (27). The sequencing effort uncov-
ered a second Rb-related gene in Drosophila
and confirmed the existence of only two E2F
family members and a single DP ortholog. C.
elegans also has an Rb-related gene, isolated
in a genetic screen for mutations affecting
cell fate decisions (28), but it has not been
shown to play a direct role in cell cycle

regulation. Also evident from the sequence
are eight skp-like genes and six cullin-related
genes. The Skp and Cullin proteins function
in a complex that mediates the degradation of
specific target proteins during crucial cell
cycle transitions. Further exploration of the
genome sequence should define orthologs to
most vertebrate cell cycle genes and lead to
genetic tests of their regulation and function.

Cytoskeleton. A large number of proteins
link events at the cell surface with cytoskel-
etal networks and intracellular messengers
(13). We found approximately 230 genes (ap-
proximately 2% of the predicted genes) that
encode cytoskeletal structural or motor pro-
teins; these represent most major families
found in other invertebrates and vertebrates
(29). The fraction of the Drosophila genome
devoted to cytoskeletal functions appears to
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Fig. 1 (continued). Fly (F), worm (W), and yeast (Y) genes showing similarity to human disease
genes. This collection of human disease genes was selected to represent a cross section of human
pathophysiology and is not comprehensive. The selection criteria require that the gene is actually
mutated, altered, amplified, or deleted in a human disease, as opposed to having a function
deduced from experiments on model organisms or in cell culture. Due to redundancy in gene and
protein sequence databases, a single reference sequence for each gene had to be chosen. Most
reference sequences represent the longest mRNA of several alternatives in GenBank. Authoritative
sources in the literature and electronic databases {Online Mendelian Inheritance in Man (OMIM)]
were also consulted. In all, 289 protein sequences met these criteria. These were used as queries
to search a database consisting of the sum total of gene products (38,860) found in the complete
genomes of fly, worm, and yeast. 12,953 was used as the effective database size (the z parameter
in BLAST ). BLASTP searches were conducted as described for full genome searches, except for the
z parameter. To control for potential frameshift errors in the Drosophila genome sequence, searches
against a six-frame translation of the entire genome (using TBLASTN) were also conducted with the
disease gene sequences using the z parameter above. Only two cases in which matches to genomic
sequence were better than to the predicted protein were found, and these were manually corrected
to reflect the better TBLASTN scores in the table. Results are scaled according to various levels of
statistical significance, reflecting a level of confidence in either evolutionary homology or func-
tional similarity. White boxes represent BLAST E values >1 X 1076, indicating no or weak
similarity; light blue boxes represent E values in the range of 1 X 107%to 1 X 10~4%; purple boxes
represent E values in the range of 1 X 1074 to 1 X 107199 and dark blue boxes represent E values
<1 X 107199, indicating the highest degree of sequence conservation. Actual E values can be found
in the Web supplement to this figure (62), where links to OMIM and GenBank may also be found.
A plus sign indicates our best estimate that the corresponding Drosophila gene product is the
functional equivalent of the human protein, based on degree of sequence similarity, InterPro
domain composition, and supporting biological evidence, when available. A minus sign indicates
that we were unable to identify a likely functional equivalent of the human protein.

be somewhat smaller than that found in C.
elegans (5%) (30); whether this reflects a true
biological difference or a difference in classifi-
cation criteria remains to be discovered. Of the
Drosophila cytoskeletal genes, 90 encode pro-
teins belonging to the kinesin, dynein, or myo-
sin motor superfamilies, or accessory or regu-
latory proteins known to interact with the motor
protein subunits. Approximately 80 genes en-
code actin-binding proteins, including proteins
belonging to the spectrin/a-actinin/dystrophin
superfamily of membrane cytoskeletal and ac-
tin—cross-linking proteins. Twenty genes en-
code proteins that are likely to bind microtu-
bules, based on their similarity to microtubule-
binding proteins found in other organisms.
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Fourteen genes encode members of the actin
superfamily, 12 encode members of the tubulin
superfamily, and 5 encode septins. Overall, the
representation of predicted cytoskeletal protein
types and families is similar to what has been
found for C. elegans, although Drosophila has
many more dyneins, probably because C. el-
egans lacks motile cilia and flagella.

Among this collection of cytoskeletal genes
are several interesting and in some cases long-
sought genes. One gene encodes a protein with
striking homology to proteins of the taw/MAP2/
MAP4 family that share a characteristic repeat-
ed microtubule-binding domain. Two encode
new tubulins; one appears most closely related
to a-tubulin, and the other appears most closely

related to B-tubulin, both with approximately
50% identity. Neither new tubulin has greater
similarity to the other, more divergent members
of the tubulin superfamily, such as vy-, 8-, or
e-tubulin (37). Thus, both Drosophila and C.
elegans appear to lack &- and e-tubulin, even
though 8-tubulin is highly conserved between
Chlamydomonas and humans. There are also
three new members of the central motor domain
family of kinesins that encode nonmotor pro-
teins that regulate microtubule dynamics (32).
There are clear homologs of the dystrophin
complex and of dystrobrevin. Finally, the fly
lacks cytoplasmic intermediate filament pro-
teins, other than nuclear lamins, although other
invertebrates, including C. elegans, appear to
have genes encoding these (33). Drosophila
and C. elegans both also appear to lack a gene
encoding kinectin, the proposed receptor for
kinesin and cytoplasmic dynein on vesicles and
organelles (34). Flies and worms must thus use
different proteins to link microtubule motors to
vesicles and organelles.

Cell adhesion. Cell-cell adhesion and cell-
substrate adhesion molecules have been crucial
to the development of multicellular organisms
and the evolution of complex forms of embry-
ogenesis (/3). The transmembrane extracellular
matrix-cytoskeleton linkage via integrins is an-
cient. There are five o and two 3 integrins in
the fly, two « and one B in C. elegans, and at
least 18 « and eight 3 in vertebrates. Integrin-
associated cytoplasmic proteins (talin, vinculin,
a-actinin, paxillin, FAK, p130CAS, and ILK)
are encoded by single-copy fly genes, as are
tensin and syndecan.

Two genes for type IV collagen subunits
and genes for the three subunits of laminin
were already known in the fly. Analysis of
the genome revealed no more laminin genes
and only one more collagen, which is closest
to types XV and XVIII of vertebrates. A
counterpart of this collagen is found in C.
elegans, which has on the order of 170 col-
lagens. Most important, it appears that the
core components of basement membranes
(two type IV collagen subunits, three laminin
subunits, entactin/nidogen, and one perle-
can), are all present in flies. This constitution
of basement membranes was clearly estab-
lished early in evolution and has been well
conserved in metazoans; remarkably, the fly
preserves the linked head-to-head organiza-
tion of vertebrate type-IV collagen genes. In
contrast to this conservation, many well-
known vertebrate integrin (ECM) ligands are
absent from the fly: fibronectin, vitronectin,
elastin, von Willebrand factor, osteopontin,
and fibrillar collagens are all missing.

The fly has three classic cadherins, two of
which are closely linked, but no protocadherins
of the type found in vertebrates as clusters with
common cytoplasmic domains (35). Verte-
brates have three such clusters encoding over
50 protocadherins and close to 20 classical

2211



2212

cadherins. The fly has no reelin, an ECM ligand
for CNR-type protocadherins in vertebrates
(36). However, there are other fly proteins with
cadherin repeats, including the previously
known Fat, Dachsous, and Starry night, and a
new very large protein related to Fat. C. elegans
has 15 genes containing cadherin repeats; the
number in humans is now 70 and will undoubt-
edly rise (13).

Cell signaling. Components of known sig-
naling pathways in the fly and worm have
largely been uncovered by examinations of de-
velopmental systems. It is a tribute to the pre-
vious genetic analyses done in these organisms
that only a modest number of new components
of the known signaling pathways were revealed
by analysis of the genomic sequence. The core
components defined in flies and worms have
been used in modified and expanded forms in
vertebrates (37). The predominant pathways—
transforming growth factor—8 (TGF-pB), recep-
tor tyrosine kinases, Wingless/Wnt, Notch/lin-
12, Toll/IL1, JAK/STAT/cytokine, and Hedge-
hog (HH) signaling networks—all have largely
conserved fly and vertebrate components. The
worm, by contrast, does not appear to possess
the HH or Toll/IL1 pathways, nor does it have
all of the components of the Notch/lin-12 net-
work (38). Two new proteins of the TGF-B
superfamily were identified, bringing the total
to seven; all seven are members of the bone
morphogenetic protein (BMP) or -activin sub-
families. We detected no representatives of the
other branches of this superfamily, namely the
TGF-B, a-inhibin, and Mullerian inhibiting
substance (MIS) subfamilies. Three new mem-
bers of the Wingless/Wnt family were identi-
fied, bringing the total to seven. Each of these
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proteins has sequence similarity to a differ-
ent vertebrate Wnt protein; this ancient
family clearly underwent much of its ex-
pansion before the divergence of the arthro-
pod and chordate lineages. There is only
one member of the Notch and HH families,
in contrast to the many members of these
families in vertebrates.

Apoptosis. The core apoptotic machinery of
Drosophila shares many features in common
with that of mammals. Many apoptosis-induc-
ing signals lead to activation of members of the
caspase family of proteases. These proteases
function in apoptotic processes as cell death
signal transducers and death effectors, and in
nonapoptotic processes in flies and mammals
(39). Drosophila contains genes encoding 8
caspases, as compared to 4 in the worm and at
least 14 in mammals. Three of the fly caspases
contain long NH,-terminal prodomains of 100
to 200 amino acids that are characteristic of
caspases that function as signal transducers.
These prodomains are thought to mediate
caspase recruitment into signaling complexes in
which activation occurs in response to oli-
gomerization. In one pathway described in
mammals but not in worms, death signals cause
the release of proteins, including cytochrome ¢
and the apoptosis-inducing factor (AIF), from
mitochondria (40). The human protein Apaf-1,
in conjunction with cytochrome c, activates
CARD domain—containing caspases (41). Dro-
sophila has an Apaf-1 counterpart, a CARD
domain—containing caspase, and AIF; Dro-
sophila also has counterparts to the caspase-
activated DNAse CAD/CPAN/DFF40, its in-
hibitor ICAD/DFF45, and the chromatin con-
densation factor Acinus (42).

Table 4. The 10 InterPro protein domains occurring in the largest number of different proteins in S.

cerevisiae and C. elegans.

Acc. no. InterPro domain name No. 9f
proteins
S. cerevisiae
IPRO00O719 Eukaryotic protein kinase 119
IPRO01680 G-protein beta WD-40 repeats 90
IPRO01650 DNA/RNA helicase domain (DEAD/DEAH box) 75
IPRO01138 Fungal transcriptional regulatory protein, N-terminus 60
IPRO0 1042 TYA transposon protein 57
IPRO00504 RNA-binding region RNP-1 (RNA recognition motif) 55
IPRO01410 DEAD/DEAH box helicase 48
IPRO00822 Zinc finger, C2H2 type 47
IPRO01066 Sugar transporter 46
IPRO01969 Eukaryotic and viral aspartyl proteases active site 42
C. elegans
IPRO00168 7-Helix G-protein coupled receptor, nematode 545
(probably olfactory) family
IPRO00694 Proline-rich region 398
IPRO00719 Eukaryotic protein kinase 388
IPR0O02356 G-protein—coupled receptors, rhodopsin family 335
IPRO01628 C4-type steroid receptor zinc finger 224
IPRO01810 F-box domain 215
IPRO00087 Collagen triple helix repeat 166
IPRO01304 C-type lectin domain 165
IPRO02900 Domain of unknown function 142
IPRO00822 Zinc finger, C2H2 type 138

Pro- and anti-apoptotic BCL2 family
members regulate apoptosis at multiple
points (43). Drosophila encodes two BCL2
family proteins, though more divergent fam-
ily members may exist. Fifteen BCL2 family
proteins have been identified in mammals
and two in the worm. In addition, inhibitor of
apoptosis (IAP) family proteins negatively
regulate apoptosis (44). They are defined by
the presence of one or more NH,-terminal
repeats of a BIR domain, a motif that is
essential for death inhibition. Drosophila has
four proteins with this motif, as compared to
seven identified thus far in mammals. There
are several BIR domain—containing proteins
in C. elegans and yeast, but none has been
implicated in cell death regulation. Reaper
(RPR), Wrinkled (W), and Grim are essential
Drosophila cell death activators (45). Or-
thologs have not been identified in other or-
ganisms, but they are likely to exist because
RPR, W, and Grim induce apoptosis in ver-
tebrate systems and physically interact with
apoptosis regulators that include IAPs and the
Xenopus protein Scythe (46), for which there
is a predicted Drosophila homolog.

Neuronal signaling. The neuronal signaling
systems in flies, worms, and vertebrates reveal
extensive conservation of some components, as
well as extreme divergence, or the total ab-
sence, of others. There is no voltage-activated
sodium channel in the worm (/7); flies and
vertebrates generate sodium-dependent action
potentials. The fly genome encodes two pore-
forming subunits for sodium channels (Para and
NaCP60E), and also four voltage-dependent
calcium channel o subunits, including one
T-type/alG, one L-type/alD (DmcalD), one
N-type/alA (Dmca1A), and one protein that is
more similar to an outlying C. elegans protein
than to known vertebrate calcium channels. Ad-
ditional fly calcium channel subunits include
one B, one vy 2, and three o 2 subunits.

The worm genome encodes over 80 potas-
sium channel proteins (/7); the fly genome has
only 30. The extent to which these different
family sizes contribute to the establishment of
unique electrical signatures is unknown. The fly
potassium channel family includes five Shaker-
like genes (Shaker, Shab, Shal, and two Shaws);
a large conductance calcium-activated channel
gene (slowpoke); a slack subunit relative; three
members of the eag family (eag, sei, and elk);
one small conductance calcium-regulated chan-
nel gene; one KCNQ channel gene; and four
cyclic nucleotide—gated channel genes. In ad-
dition, there are 50 TWIK members in the
worm, but only 11 fly members of the two-
pore/TWIK family with four transmembrane
domains. There are also three fly members of
the inward rectifier/two transmembrane family.
Finally, neither the fly nor the worm has dis-
cerible relatives of a number of mammalian
channel-associated subunits such as minK and
miRPI1.
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There are also major differences postsynap-
tically. C. elegans has approximately 100 mem-
bers of a family of ligand-gated ion channels
(17); flies have about 50. The worm has 42
nicotinic acetylcholine receptor subunits and 37
GABA(A)-like receptor subunits; the fly con-
tains only 11 nicotinic receptor subunit genes
and 12 GABA(A)/glycine-like receptor subunit
genes. In contrast, there are 30 members of the
excitatory glutamate receptor family in the fly
but only 10 in the worm. These include sub-
types of the AMPA, kainate, NMDA, and delta
families. In addition, the fly genome contains a
large number of PDZ-containing genes, ap-
proximately a dozen of which encode proteins
that have high sequence similarity to mamma-
lian proteins that interact with specific subsets
of ion channels. We also found a number of
additional ion channel families, including three
voltage-dependent chloride channels, 14 Trp-
like channels, 24 amiloride-sensitive/degenerin-
like sodium channels, one ryanodine receptor,
one IP; (inositol 1,4,5-trisphosphate) receptor,
eight innexins, and two porins. C. elegans is
missing a nitric oxide synthase gene, copies of
which occur in fly and vertebrate genomes.

A large array of proteins mediates specific
aspects of synaptic vesicle trafficking and con-
tributes to the conversion of electrical signals to
neurotransmitter release. These components of
exocytosis and endocytosis are relatively well
conserved with respect to both domain struc-
tures and amino acid identities (50 to 90%). The
fly has enzymes for the synthesis of the neuro-
transmitters glutamate, dopamine, serotonin,
histamine, GABA, acetylcholine, and octopam-
ine, and a family of conserved transporters is
likely to be involved in loading vesicles with
these neurotransmitters. The conserved vesicu-
lar trafficking proteins, with 50 to 80% amino
acid identity, include members of the Munc-18,
SCAMP, synaptogyrin, HRS2, tomosyn, cys-
teine string protein, exocyst (SEC 5, 6, 7, 8, 10,
13, 15, EXO 70, and EXO84), synapsin, rab-
philin-3A, RIM, rab-3, CAPS, Mint, Munc-13,
NSF, « and y SNAP, DOC-2B, latrophilin,
Veli, CASK, VAP-33, Snapin, SV2, and com-
plexin families. Generally, there is only one
homolog in Drosophila for every three to
four isoforms in mammals. However, there are
eight fly synaptotagmin-like genes, making this
the largest family of vesicle proteins in Dro-
sophila (47). However, there is no homolog of
synaptophysin, an early candidate for a vesicle
fusion pore, which indicates a nonessential role
in exocytosis for this particular protein across
phyla.

Membrane trafficking also requires inter-
actions between compartment-specific vesic-
ular and target membrane proteins (v-
SNAREs and t-SNAREs, respectively),
whose subcellular distribution and combina-
torial binding patterns are predicted to define
organelle identity and targeting specificity
(48). The completed fly genome allows us to
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address whether there is any correlation be-
tween the increased developmental complex-
ity of multicellular organisms and a larger
number of SNAREs than that found in uni-
cellular organisms. In the fly, we find six
synaptobrevins, three SNAP-25s, 10 syntax-
ins, and four additional t-SNAREs (membrin,
BETI1, UFE1, and GOS28), and the number
of SNARE:s is similar between yeast (49) and
Drosophila. Thus, basic subcellular compart-
mentalization and membrane trafficking to
and between these various compartments has
not changed dramatically in multicellular ver-
sus unicellular organisms. Dynamin, clathrin,
the clathrin adapter proteins, amphiphysin,
synaptojanin, and a number of additional
genes that encode proteins with defined en-
docytotic motifs are all present.

In contrast to the conservation of the syn-
aptic vesicle trafficking machinery, the few
identified proteins present at mammalian ac-
tive zones, namely aczonin, bassoon, and pic-
colo, do not have relatives in Drosophila.
There are, however, numerous proteins in the
fly with combinations of C2 domains, PDZ
domains, zinc fingers, and proline-rich do-
mains, indicating that the precise protein
composition of active zones is likely to vary
among metazoans. In addition, Drosophila
contains a neurexin III gene and four neuroli-
gin genes that may be part of a neurexin-

neuroligin complex that has been widely pro-
posed to provide a synaptic scaffold for link-
ing pre- and postsynaptic structures in mam-
mals (50). Potential agrin and Musk genes are
also present, though the overall sequence
similarity is low.

Immunity. Multicellular organisms have
elaborate systems to defend against microbial
pathogens. Only vertebrates have an acquired
immune system, but both vertebrates and in-
vertebrates share a more primitive innate im-
mune system. Innate immunity is based on
the detection of common microbial molecules
such as lipopolysaccharides and peptidogly-
cans by a class of receptors known as pattern
recognition receptors (57/). We identified a
large family of genes encoding homologs of
receptors that are involved in microbial rec-
ognition in other organisms. These include
two new homologs of the Drosophila Scav-
enger Receptors (dSR-CI), nine members of
the CD36 family, 11 members of the pepti-
doglycan recognition protein (PGRP) family,
three Gram-negative binding protein (GNBP)
homologs, and several lectins (52).

The recognition of infection by immuno-
responsive tissues induces a battery of de-
fense genes via Toll/nuclear factor kappa B
(NF-kB) pathways in both Drosophila and
mammals (53). The Toll receptor was initial-
ly discovered as an essential component of

Table 5. Proteins in D. melanogaster, C. elegans, and S. cerevisiae with more than one InterPro domain.
These numbers represent the total number of recognizable domains within a single protein, no matter
whether they are multiple copies of the same domain or different domains.

InterPro domains per D. melanogaster

C. elegans S. cerevisiae

protein (number of proteins) (number of proteins) (number of proteins)
2 920 1236 410
3 388 458 121
4 219 182 58
5 163 98 26
6 101 72 17
7 92 53 15
8 58 27 7
9 42 25 4
10 22 18 7
11-15 73 43 6
16-20 18 17 1
21-30 22 22 0
31-50 8 5 0
51-75 4 5 0

Table 6. Proteins in D. melanogaster, C. elegans, and S. cerevisiae with multiple different InterPro
domains. Individual InterPro domains are counted only once per protein, regardless of how many times

they occur in that protein.

Unique InterPro

domains per D. melanogaste_r C. elegans S. cerevisiae
protein {number of proteins) (number of proteins) (number of proteins)
2 1474 1248 402
3 413 335 95
4 156 114 23
5 52 38 4
6 8 9 1
7 or more 4 3 0
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the pathway that establishes the dorsoventral
axis of the Drosophila embryo. Recent genetic
studies now reveal that Toll signaling pathways
are key mediators of immune responses to fungi
and bacteria in both Drosophila and mice (53).
We found seven additional homologs of Toll
proteins in Drosophila, all of which are more
similar to each other than to their mammalian
counterparts. Some of these other Toll proteins,
like 18-wheeler, will probably mediate innate
immune responses. In Drosophila, infection by
at least some microbes induces a proteolytic
cascade that leads to the processing of Spaetzle
(SPZ), a cytokine-like protein, which then acti-
vates Toll (53). We found two proteins related
to SPZ with similarities that include most or all
of the cysteine residues of SPZ. Given the
presence of multiple Toll-like receptors in Dro-
sophila, these new SPZ-like proteins may also
function in the immune system. With the ex-
ception of the two I-xB kinase homologs and
the three rel proteins (Dorsal, Dif, and Relish),
the Drosophila genome appears to contain only
single copies of the genes encoding intracellular
components of the Toll pathway: Tube, Pelle,
and Cactus. How do the different Toll receptors
trigger specific immune responses using the
same intracellular intermediates? One explana-
tion is that additional signaling components
remain unidentified; another explanation is
crosstalk with other signaling pathways. In con-
trast, a Toll ortholog has not been identified in
C. elegans, although there are some Toll-like
receptors. C. elegans, in addition, does not pos-
sess homologs of NF-kB/dorsal transcriptional
activators that function downstream of Toll.
Although it is probable that the worm has re-
tained parts of the innate immunity network,
there is no clear evidence of an inducible host
defense system in the worm.

One of the most potent innate immune
responses in insects is the transcriptional in-
duction of genes encoding antimicrobial pep-
tides (53). In contrast to Metchnikowin,
Drosocin, and Defensin peptides, which are
encoded by single genes, the sequence data
indicate that, like the previously identifed
cecropin clusters, several antimicrobial pep-
tides are encoded by gene families that are
larger than previously suspected. Four genes
appear to encode antifungal peptide Droso-
mycin isoforms, and two genes each code for
the antibacterial proteins Attacin and Dipteri-
cin. These additional genes may generate
peptides with slightly different spectra of an-
timicrobial activity or may simply amplify
the antimicrobial response.

Concluding Remarks

What have we learned about the proteins
encoded by the three sequenced eukaryotic
genomes? Some information emerges readily
from the comparison of the fly, worm, and
yeast genomes. First, the core proteome sizes
of flies and worms are similar and are only
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twice the size of that of yeast. This is perhaps
counterintuitive, because the fly, a multicel-
lular animal with specialized cell types, com-
plex development, and a sophisticated ner-
vous system, looks more than twice as com-
plicated as single-celled yeast. The lesson is
that the complexity apparent in the metazoans
is not achieved by sheer number of genes
(54). Second, there has been a proliferation
of bigger and more complex proteins in the
two metazoans relative to yeast, including,
not surprisingly, more proteins with extracel-
lular domains involved in cell-cell and cell-
substrate interactions. Finally, the population
of multidomain proteins is somewhat larger
and more diverse in the fly than in the worm.
There is presently no practical way to quan-
tify differences in biological complexity be-
tween two organisms, however, so it is not
possible to correlate this increased domain
expansion and diversity in the fly with differ-
ences in development and morphology.

The availability of the annotated sequence
of the Drosophila genome enhances the fly’s
usefulness as an experimental organism. By
greatly facilitating positional cloning, the ge-
nome sequence will increase the efficiency of
genetic screens that seek to identify genes
underlying many complex processes of cell
biology, development, and behavior. Such
screens have been the mainstay of Drosoph-
ila research and have contributed enormously
to our knowledge of metazoan biology. The
genome sequencing effort has revealed a
number of previously unknown counterparts
to human genes involved in cancer and neu-
rological disorders; for example, p53, menin,
tau, limb girdle muscular dystrophy type 2B,
Friedrich ataxia, and parkin. All of these fly
genes are present in a single copy in the
genome and can be genetically analyzed
without uncertainty about redundant copies.
More genetic screens are important in order
to uncover interacting network members. Or-
thologs of these network members can then
be sought in the human genome to determine
if alterations in any of them predispose hu-
mans to the disease in question, an experi-
mental paradigm that has already been suc-
cessfully executed in several cases. Flies can
also play an important role in exploring ways
to rectify disease phenotypes. For example, at
least 10 human neurodegenerative diseases
are caused by expansion of polyglutamine
repeats (55). Human proteins containing ex-
panded polyglutamine repeats have been ex-
pressed in flies, resulting in the formation of
nuclear inclusions that contain the protein as
well as other shared components (56), just as
in humans. It has been shown that directed
expression of the human HSP70 chaperone in
the fly can totally suppress neurodegenera-
tion resulting from expression of the human
spinocerebellar ataxia type 3 protein (57).
The power and speed of this in vivo system

are unparalleled, and we anticipate the in-
creased use of such “humanized” fly models.

Knowing the complete genomic sequence
also allows new experimental approaches to
long-standing problems. For example, it
makes it possible to study networks of genes
rather than individual genes or pathways. As-
saying the level of transcription of every gene
in the genome makes it at least theoretically
possible to monitor the expression of an en-
tire network of genes simultaneously. One
problem that is approachable this way is the
combinatorial control of gene transcription.
The fly genome appears to encode only about
700 transcription factors, and mutations in
over 170 have already been isolated and char-
acterized. The techniques are available to
measure the changes in expression of every
gene in individual cell types as a consequence
of loss or overexpression of each transcrip-
tion factor. We can look for common se-
quence elements in the promoters of coregu-
lated genes and perform chromatin immuno-
precipitation to identify the in vivo binding
sites of individual factors. For the first time,
we can envision obtaining the data needed to
understand the behavior of a complex regu-
latory network. Of course, collecting these
data is a massive task, and developing meth-
ods to analyze the data is even more daunting.
But it is no longer ludicrous to try.

How big is the core proteome of humans?
Vertebrates have many gene families with
three or four members: the HOX clusters,
calmodulins, Ezrins, Notch receptors, nitric
oxide synthases, syndecans, and NF1 tran-
scription factor genes are some examples
(58). This is evidence for two genome dou-
blings during mammalian evolution, super-
imposed on which were the amplifications
and contractions over evolutionary time that
uniquely characterize each lineage (59). The
human genome, with 80,000 or so genes, is
likely to be an amplified version of a very much
smaller genome, and its core proteome may not
be much larger than that of the fly or worm; that
is, the more complex attributes of a human
being are achieved using largely the same
molecular components. The evolution of ad-
ditional complex attributes is essentially an
organizational one; a matter of novel interac-
tions that derive from the temporal and spa-
tial segregation of fairly similar components.

Finally, approximately 30% of the predicted
proteins in every organism bear no similarity to
proteins in its own proteome or in the pro-
teomes of other organisms. In other words,
sequence similarity comparisons consistently
fail to give us information about nearly a third
of the components that make every organism
uniquely itself. What does this mean with re-
spect to the evolution and function of these
proteins? Does each genome contain a sub-
population of very rapidly evolving genes?
One-third of randomly chosen cDNA clones do
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not cross-hybridize between D. melanogaster
and Drosophila virilis (60). Even though these
are distantly related species, they are develop-
mentally and morphologically very similar.
Crystallographic data will be needed to deter-
mine whether these proteins that have diverged
in primary sequence have maintained their
three-dimensional structures or have diverged
so far that new folds and domains have formed.

Our first look at the annotated fly genome
provokes these and other questions. Access to
the genomic sequence will help us design the
experiments needed to answer them. The rel-
ative simplicity and manipulability of the fly
genome means that we can address some of
these biological questions much more readily
than in vertebrates. That is, after all, what
model organisms are for.
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