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Neurogenesis relies on the establishment of the proper number
and precisely controlled proliferation of neuroblasts, the neuronal
precursor cells. A role for the mushroom body defect (mud) gene in
both of these aspects of neuroblast behavior, as well as possible
roles in other aspects of fruit fly biology, is implied by phenotypes
associated with mud mutations. We have localized mud by deter-
mining the sequence change in one point mutant, identifying a
predicted ORF affected by the mutation, and showing that an
appropriate segment of the genome rescues mud mutant pheno-
types. An analysis of mud cDNAs and a survey of mud transcripts
by Northern blotting indicate that the gene is subject to differential
splicing and is expressed primarily during embryogenesis but also,
at lower levels, during subsequent developmental stages in a
sexually dimorphic manner. The gene is predicted to encode a
polypeptide without obvious homologs but with two prominent
structural features, a long coiled coil that constitutes the central
core of the protein and a carboxyl-terminal transmembrane
domain.

Development of the Drosophila central nervous system (CNS)
is subdivided into two periods (for an overview, see ref. 1).

During embryogenesis, neuroblasts (Nbs) delaminate from the
neuroectoderm in a stereotypic pattern and give rise to the
neurons that form the basic architecture of the CNS. With the
onset of postembryonic development, further Nb proliferation
and neuronal differentiation elaborates this pattern to generate
a functioning larval CNS, which subsequently is remodeled to
serve adult behavior.

Many features of central nervous system development are
exemplified in the mushroom bodies (MBs). MBs are paired
neuropil structures of the adult midbrain that are the site of a
short-term olfactory memory (2) and play important roles in
other forms of sensory integration (3). In wild-type flies, the
dendrites of the '2,500 intrinsic neurons (Kenyon cells, KCs)
that make up a single MB form the calyx, a structure that receives
input from projection neurons of the antennal lobes. The KC
axons extend through the peduncle into a system of lobes. Based
on their projection patterns and birth date, three classes of KCs
can be distinguished (4). Cell lineage analysis identified four Nbs
in each brain hemisphere, each giving rise to all three subtypes
of KCs (5). Together with one additional Nb in the antennal lobe,
the MB Nbs maintain proliferation throughout development. In
contrast, all other Nbs undergo cell cycle arrest at late embryonic
stages and only resume mitotic activity several hours after larval
hatching (6).

Mutations in the mushroom body defect (mud) gene (7) are
associated with an abnormal proliferation pattern of Nbs in
embryonic and larval stages and with distorted MBs in adults. In
the dorsolateral brain of mud larvae an excess number of MB
Nbs is found, whereas in the ventrolateral brain and the ventral
nerve cord, Nbs occur in normal numbers but the proliferation
period of some of them is extended (8). The excess number of
MB Nbs causes a dramatic increase in the number of KCs.
Instead of forming a peduncle and lobe system, fibers of these

KCs appear to accumulate beneath the cell body layer to form
enlarged and misshapen calyces (9). The MB defects of mud
mutants become most obvious in the pupal period when, during
normal development, many KC fibers are replaced (4, 9). How
the proliferation and the axonal outgrowth defects relate to each
other is a matter of speculation. Also unknown is whether the
hypersensitivity of adult mud f lies to general anesthetics like
halothane (10, 11) reflects anatomical defects in brain structure
or a role for Mud in adult physiology. Finally, a role for Mud in
early embryogenesis is suggested by the sterility of mud homozy-
gous females (12). Here, we report the cloning of the gene, its
transcription pattern, and its coding potential.

Materials and Methods
Fly Strains and Crosses. The origin and cytogenetic extent of the
deficiencies used in this work have been summarized elsewhere
(10). Four alleles of mud have been reported: mud1, mud3, and
mud4 were induced in the wild-type Berlin strain by ethyl
methanesulfonate (7), and mud2 was isolated after hybrid dys-
genesis (13). Stocks of these mutants generally are maintained as
balanced lines, from which males can be recovered, albeit with
low efficiency. Although homozygous mud2 and mud4 females
also can be recovered, in contrast to a previous report (12),
homozygous mud1 and mud3 females were never observed.
Transheterozygous mud1yDf(1)KA9 females can be generated;
such heterozygotes are sterile and display a typical mutant MB
phenotype. The differential viability of homozygous and hemi-
zygous mud1 suggests that two doses of this allele produce
interference with the function of another gene.

Transgenic lines were generated by injecting DNA (purified
with a commercial resin) into w1118 embryos. Autosomal inserts
were balanced, and males from these lines were crossed to w
mudyIn(1)FM7, y31d sc8 wa B females. Male offspring that
inherited both a mud allele and an insert were phenotyped and
used in crosses to generate mud females.

Molecular Biology. Clones containing genomic DNA from the 12E
region on the X chromosome used in this work were as follows:
cos24 was from the NotBamNot-CoSpeR library of an isog-
enized y;cn bw sp strain (14); pZGRC was made by cloning an
18-kb SnaBI subfragment of cos24 into the StuI site of the
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pCaSpeR4 transformation vector; cos80G4 was from the Euro-
pean Drosophila Genome Project library of an Oregon-R strain
(15); pJMD1 was generated by cloning a 16-kb XhoI subfragment
of cos80G4 into the pW8 transformation vector. Expressed
sequence tag clones LD24364 and LD31911 were identified by
partial sequences deposited in the Berkeley Drosophila Genome
Project database (16) and were obtained from Research Genet-
ics, Huntsville, AL. Additional cDNAs were identified on filters
containing spotted cDNA clones, obtained from RZPD, the
Resource Center of the German Human Genome Project (17);
these were screened with genomic and cDNA probes. The ID
number for cDNA clone RZ15 is ICRFp520J1117Q4. A cDNA
fragment, AP-C, from the putative 59 end of the gene was
amplified from a 4–8 h embryonic cDNA library (kindly
provided by N. Brown, University of Cambridge, Cambridge,
U.K.) by standard PCR procedures using oligonucleotides 59-
GCTGGAGTATACGGACCGCATTCG-39 and 59-CATT-
GCTCGTTCGGAGCAGTTGTG-39. Sequencing of cDNA
clones, genomic clones, and PCR products was done by using the
DyeDeoxy Terminator Cycle Sequencing kit (Perkin–Elmer) or
the PRISM dRhodamine Terminator kit (Applied Biosystems).

For Northern analysis of embryonic or larval transcripts, 5–10
mg of poly(A)1 RNA (prepared with an Amersham Pharmacia
mRNA Purification Kit) was separated on 0.9% agarose-
formaldehyde gels and blotted onto nylon membranes. The blots
were hybridized with 32P-labeled DNA probes (prepared with an
Amersham Pharmacia MegaPrime Kit); they were stripped and
reprobed up to six times. A probe for the rp49 gene was used to
verify the loading and integrity of the different RNA samples.
The position of the mud gene probes is diagrammed in Fig. 1.
Probe A was the AP-C fragment described above. Probe B was
a NotI–SalI fragment derived from cDNA clone RZ3, a 59
truncated version of RZ15. Probe C, encompassing exon 7, was
amplified from a cloned genomic fragment using the oligonu-
cleotides 59-TAAATGGCATGGTCGCCGGCGA-39 and 59-
CGGGCGGCACGCATTTTTAAAGGA-39. Probe D was a
PstI–BglII fragment of cDNA clone LD31911. Probe E was a

BamHI–BglI fragment of cDNA clone RZ2, a 59 truncated
version of LD31911. Northern analysis of adult transcripts
followed a similar protocol but used the following antisense
oligonucleotides that were 32P-labeled with terminal transferase:
GZ44, 59-CCACTGGAGTAGGACCTTGCGCCAGCT-
GCGCGTGTCCAT-39; GZ45, 59-CTTTGTTGAGAACT-
TTAATGAGCTCGTCCTTCTCCATTTGCTGCTCC-39;
GZ51, 59-CTCTCATTCAACTTTGAATGCACGGTAT-
GCGATACAGTGTTG-39.

The single-strand conformation polymorphism scan for mud
mutations used RNase A-treated genomic DNA that had been
cut with one of several arbitrarily chosen restriction enzymes of
four-base specificity. About 6 mg of this material was loaded on
each lane of a 20% GeneAmp Detection gel (Perkin–Elmer) and
electrophoresed overnight at 4°C. After electrotransfer to a
nylon membrane, the DNA was probed with 4- to 10-kb genomic
fragments that had been labeled with the Random Primers
Labeling Kit (GIBCOyBRL); hybridization was at 68°C in
QuikHyb Hybridization Solution (Stratagene).

Predictions concerning the mud gene were obtained with the
Wisconsin Sequence Package of the Genetics Computer Group
(PEPTIDESTRUCTURE for a-helix content and SEG for globular
domains) or at the following electronic sites: http:yy
genomic.sanger.ac.uky for exonyintron boundaries (FGENESH);
http:yywww.ch.embnet.orgysoftwareyCOILS_form.html for
coiled coil (COILS); and http:yygenome.cbs.dtu.dkyservicesy for
transmembrane (TMHMM).

Results and Discussion
Genomic Localization of mud. Complementation studies involving
mud alleles and various deficiencies previously showed that the
gene is uncovered by Df(1)KA9 (7) but not by Df(1)g-l and
Df(1)RK5 (K. F. Fischbach and M.H., unpublished observa-
tions). This placed the gene in the 12E region of the X
chromosome, in the vicinity of the recently cloned yolkless (yl)
gene (18). The previously established positions of the proximal
breakpoint of Df(1)g-l and the distal breakpoint of Df(1)KA9

Fig. 1. A physical and transcription map of the mud gene. The horizontal line at the top represents the genomic DNA; the centromere is to the right. Restriction
sites for EcoRI (E) and SnaBI enzymes are indicated. The position of the codon that is changed in mud4 is indicated by an arrow. Below the genomic DNA is
diagrammed the exon-intron structure of the mud transcription unit, as derived from the analysis of various cDNAs isolated by PCR (line I, clone AP-C) or from
libraries (line II, clone RZ15; line III, clone LD24364; line IV, clone LD31911). Filled boxes represent potential coding regions and open boxes correspond to
untranslated sequences. The dashed open box indicates a noncoding upstream portion for the mud transcription unit that is predicted by FGENESH, but
corresponding cDNAs have not yet been found. For each splice variant, only the longest isolated cDNA is diagrammed. Complete sequences for these clones have
been deposited, lines I and II as GenBank accession no. AF209068 and lines III and IV as GenBank accession no. AF174134. The sequences show that two versions
of exon 12 are used: exon 12a (for cDNA III) having its 59 end 12 nt upstream of the 59 end of exon 12b (for cDNAIV). Below the cDNAs are shown the inserts of
two partially overlapping genomic constructs that respectively succeed and fail to rescue mud phenotypes: pZHRC and pJMD1 (which extends 4.4 kb distally, as
indicated by the dashed line). Between the genomic and exon-intron maps are shown the positions of probes A-E, used for Northern blot analyses.
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(18) indicated that mud extended in the centromere-proximal
direction from yl. To delimit a boundary for mud in this
direction, we investigated the distal breakpoint of Df(1)RK5. We
obtained a set of overlapping cosmid clones covering the yl-
proximal region from C. Schonbaum (University of Chicago)
and used them to establish a dense restriction map (see Figs. 5
and 6, which are published as supplemental material on the
PNAS web site, www.pnas.org). Comparison of restriction pat-
terns of Df(1)RK5 with the P2 line from which this deficiency
was derived (19) revealed that several alterations were clustered
in the region of the genome corresponding to the middle of
cosmid 80G4 (15), as reported (20). If Df(1)RK5 ends in the
region of these alterations (see Figs. 5 and 6), the mud gene
would be confined to the 60 kb proximal to yl. Study of other
deficiencies did little to improve this mapping. Df(1)NP5, which
complements mud4, was made the same way as Df(1)RK5 and is
reported (20) to have the same alterations in cosmid 80G4.
Three deficiencies that fail to complement mud mutations—
Df(1)RK3, Df(1)CO1, and Df(1)CO2 (19, 21)—appear to delete
all genetic material from the 60-kb window (data not shown), a
result consistent with the assignment of mud to this window but
one that fails to refine the map.

An obvious candidate for the mud gene was not apparent
within the 60-kb window. Northern blots of RNA extracted from
embryos, larvae, and adults detect more than 15 distinguishable
mRNAs (unpublished observations). Genomic analysis of the
mud alleles did not detect a physical alteration in the window, not
even mud2, which was generated in a dysgenic cross (13).
Moreover, a screen of 800 X-linked P element lines turned up
only two within the 60-kb window, neither of which disrupted
mud. The initial clue to finding the gene came from a single-
strand conformation polymorphism (SSCP) scan of the window
for sequence alterations in the mutant lines. As described in
Materials and Methods, we used large fragments from the cosmid
walk to probe restriction digests of genomic DNA from mud1,
mud3, and mud4, the three alleles that had been derived from the
same parental strain. Alterations in the SSCP pattern were
detected for one mutant (mud4) with an 8-kb fragment from the
centromere-proximal end of the window (see Figs. 5 and 6).
Probing the same digests with shorter fragments localized the
alteration to a region of '1 kb. The corresponding region of
genomic DNA was amplified by PCR and sequenced. This
revealed a single nucleotide change in the mud4 mutant by
comparison with the parental line and the other mud alleles.

Computer predictions with the FGENESH program (22), trained
to recognize the structure of Drosophila genes, suggested that
several small exons were present in the '1-kb region and that the
change in the mud4 strain created a stop codon in a predicted
translated region of one of them. To explore the extent of the
candidate mud gene, we determined additional DNA sequence
from an appropriately positioned cosmid, 80G4. In the end,
more than 16 kb of sequence (GenBank accession no.
AF174134) was needed to satisfy FGENESH and other comput-
erized predictions that a full-length gene had been covered.
Many (but not all) of these predictions assigned the first exon to
the one that was altered in mud4 and the last exon to a segment
nearly 10 kb away (Fig. 1). A cosmid clone from a library
designed for genomic rescue (14) was identified by restriction
mapping as nearly coextensive with cos80G4 (see Figs. 5 and 6)
and thus expected to contain the putative mud ORF. Three
independent autosomal insertions of the '38-kb genomic seg-
ment of this construct, cos24, were recovered and crossed into
mud1, mud3, and mud4 strains. As judged by appearance of brain
sections (23), two of the three transgenic lines rescued the MB
anatomy (calyx, peduncle, lobe system) of all male flies analyzed
(see Fig. 2 for an example). To quantify the degree of rescue, the
calyx volume was determined by planimetric measurements of
serial frontal sections. The MB of mud mutants shows a high

degree of variability: in individual f lies, the increase in calyx
volume ranges from 2-fold to 10-fold and is accompanied by a
correspondingly severe defect in the peduncle and lobe system.
Nevertheless, compared with the calyx volume (mm3 6 SEM) of
wild-type males (20,200 6 465, n 5 20), the calyx volume of mud1

(108,000 6 23,800, n 5 20) and mud4 (143,000 6 17,200, n 5 20)
males is clearly increased. Moreover, a single copy of the cos24
construct is sufficient to restore the wild-type calyx size and
shape in mud1 (20,700 6 780, n 5 20) and mud4 (22,200 6 1,183,
n 5 10) males. In addition, a copy of the cos24 transgene
produced rescue for: the lethality of homozygous mud1 females,
which proved to be fertile; the sterility of homozygous mud4 and
transheterozygous mud1yDf(1)KA9 females; and the MB anat-
omy in mud1 and mud4 females. A single copy of cos24 also
reduced the hypersensitivity of a mud mutant to halothane.
Specifically, the concentration of halothane required to reduce
performance by 50% in a behavioral test (10) was 0.20 volyvol%
(95% confidence limits 5 0.17–0.23) for transheterozygous
mud4yDf(1)KA9 females carrying a control transgene but 0.39
volyvol% (95% confidence limits 5 0.34–0.48) when such
females carried a cos24 transgene.

Further evidence that the candidate ORF is indeed the mud
gene came from transformation with a subclone derived from
cos24, pZHRC. Although this construct leaves only a few kb
upstream and downstream of the predicted ORF (Fig. 1), one
copy of this construct is sufficient (in one of two independent
insertions) to rescue the MB phenotype in mud1 and mud4 males.

Fig. 2. Rescue of the brain anatomy phenotype of mud by a genomic
fragment. (A-C) Schematic frontal sections of wild-type Drosophila heads at
the level of the calyces (A), the peduncle (B), and the lobe system (C). The
overall neuorophil structure is outlined in gray, the MBs are highlighted in
dark gray. The KC bodies (Kcb) of the MBs are located in the dorsal-posterior
cortex. KC dendrites and extrinsic input fibers constitute the calyx (ca). The KC
fibers form the peduncle (ped), which projects anterior-ventrally where it
divides into the dorsally projecting a and a9 lobes and the medially projecting
b, b9, and g lobes. pb: protocerebral bridge; fb: fan-shaped body; al: antennal
lobes; ol: optic lobes. (D–L) Frontal sections (7 mm) of paraffin-embedded
heads (23) examined with a fluorescence microscope: wild type (D–F), mud1

(G–I), and mud1 flies that carry a single copy of cos24 (J–L). Note that the KC
fibers of mud1 do not form a peduncle (H) or lobe system (I) but instead form
a greatly enlarged and misshaped calyx region (G). In these flies, distortions of
brain anatomy outside the MBs may be secondary to the enlargement of the
calyces andyor reflect prolonged proliferation of other central brain Nbs (8).
When mud1 flies bear a cos24 transgene, the organization of the entire MB is
restored to a wild-type appearance, including calyces (D and J), peduncles
(arrows in E and K), and lobe system (arrows in F and L).
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The degree of rescue was similar to that with the cos24 trans-
gene: in males that carry a single autosomal copy of pZHRC, the
calyx volume (mm3 6 SEM, n 5 20) for mud1 and mud4 was,
respectively, 22,200 6 877 and 22,000 6 474. It must be noted
that in some cases the calyces of the rescued lines still appeared
to be slightly misshaped. Similarly, although pZHRC rescued the
sterility and MB phenotype in homozygous mud4 females and the
sterility of transheterozygous mud1yDf(1)KA9 females, homozy-
gous and fertile mud1 females were recovered only at low
frequency (data not shown). This suggests that the region
flanking mud in pZHRC is insufficient to achieve full expression
of the gene. In contrast to the successful rescues with cos24 and
pZHRC, consistent failure to achieve any rescue of mud phe-
notypes was observed with a genomic fragment that encom-
passes only part of the predicted mud ORF (pJMD1, Fig. 1) or
with various genomic fragments from the 60-kb window that do
not overlap with the predicted mud ORF (J.M., A.P., and T.R.,
unpublished observations).

Expression of the mud Gene. The genomic sequence described
above was used to identify cDNAs in the Berkeley Drosophila
Genome Project database of expressed sequence tags (16) and
on cDNA array filters (17). Representative clones were fully
sequenced; these clones fall into three different classes, the
longest members of which are diagrammed in lines II, III, and IV
in Fig. 1. These clones have in common sequences corresponding
to an exon from the middle of the gene but have divergent 39
ends, indicating the existence of alternative splicing. The clones
appear to be less than full length: their 59 ends fall far short of
the computer-predicted start of the gene and none contains a
complete ORF preceded by in-frame stop codons. A cDNA
fragment from the putative beginning of the gene could be
amplified from an embryonic cDNA library (kindly provided by
N. Brown) using a primer predicted to be upstream of the
translated portion of the mud gene and a primer complementary
to the 59 end of the cDNA diagrammed in Fig. 1, line II.
Sequence analysis verified that this cDNA fragment (dia-
grammed in Fig. 1, line I) includes the putative start codon,
preceded by stop codons in all three frames; it also includes the
codon altered in mud4. Together, these cDNAs define 12 exons,
11 of which were predicted by FGENESH.

Northern blots of poly(A)1 RNA have been hybridized with
probes corresponding to various exons. The observed patterns
(Fig. 3) are complex but several points are clear. First, expression
in embryos (lanes 3) is generally much higher than expression in
larvae (lanes 1 and 2) and adults (not shown). Preliminary study
indicates that mud RNA is most abundant in midembryogenesis,
5–9 h after egg laying (data not shown). Second, the detected
transcripts are large, typically 6–9 kb, suggesting that all isoforms
include the 4.5 kb of exon 6. Third, as expected if the 39 exons
are incorporated into alternatively spliced mud messages, probes
for these exons detect distinct transcripts. Of particular interest
is the preferential use of exon 7 in male larvae, hinting at a

special role for an unusual form of Mud protein (see below).
Fourth, at least in embryo RNA, multiple species of different
sizes are detected by virtually every probe. It must be pointed out
that, for a given probe, the relative intensity of these species
often varies between different preparations of embryo RNA.
Differential degradation is an unlikely explanation for this
variability because the integrity of each RNA sample was verified
by hybridization with a probe corresponding to the ubiquitously
expressed rp49 gene (data not shown). Instead, we suspect that
the observed variation in mud transcripts reflects differential
expression of various isoforms during the stages of embryogen-
esis, coupled with varying representation of these stages in
material collected for extraction. Importantly, sequential hybrid-
ization of the same blot of embryonic RNA with probes for exons
1–5 (probe A) and exon 6 (probe B) detected an identical set of
bands (data not shown), indicating that the 59 portion of mud is
expressed as a unit, at least in embryos. Moreover, in poly(A)1

RNA extracted from adult f lies an apparently identical set of
large transcripts is detected by probes (oligonucleotides GZ44,
GZ45, and GZ51) that are antisense to portions of exons 1, 3,
and 6 (data not shown). This suggests that exons 1–6 also are
expressed as a unit in adults. Because this unit includes the
position of the mud4 mutation, which converts the sixth codon of
exon 1 to a stop signal, mud4 is a presumptive null allele.
However, we cannot rule out the possibility that sometimes exon
1 is skipped or, despite that presence of a fair match to the
consensus for a translational start in this exon, that alternative
translational starts are used.

Taken together, the results with cDNAs and Northern blots
indicate that mud is expressed at various times in the life of a fly
and that the gene is subject to a complex program of differential
splicing. This suggests there are different functions for the gene
at different times and places.

The Coding Potential of the mud Gene. Each of the mud gene
transcripts can be considered to encode a product with three
domains: a central core flanked by amino- and carboxyl-terminal
domains. The core and amino-terminal domains are encoded by
exons 1–6 and are thus likely to be common to all isoforms. On
the other hand, the carboxyl terminus should vary between
isoforms, being encoded by different combinations of exons
7–12.

The central core is defined by a long region (encoded by part
of exon 3 and all of exons 4–6) of high a-helical potential.
Moreover, as shown in Fig. 4, the a-helices of the central region
are predicted (24) to form a long stretch of coiled–coil structure,
albeit interrupted by segments calculated to have low coiled–coil
potential. The MULTICOIL program (25) agrees largely with the
assignment of Fig. 4 and further predicts that the intertwined
helices of the central core are likely to be two-stranded rather
than three-stranded (not shown). Thus, for more than 1,600 aa,
a dimeric coiled coil is the predominant feature of the mud gene
product. Because the structure is built from a-helices that have

Fig. 3. Northern analysis of mud transcripts. Each panel presents a single blot hybridized sequentially with the indicated probes, which are described in Fig.
1. Samples 1 and 2 are RNA isolated, respectively, from male and female third instar larvae; sample 3 is RNA isolated from unstaged embryos. Different embryonic
and larval RNA preparations were used in A and B. Note that the smallest larval transcript (detected only by probes A, B, and C) is predominantly expressed in
males. Two exposures are shown of the blot hybridized with probe C; the one on the right has been overexposed to illustrate that the small message is expressed
in female larvae, albeit at very low levels.
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a regular repeat pattern of hydrophobic and hydrophilic residues
(24, 25), all coiled–coil proteins would be expected to display
some sequence similarity. Correspondingly, BLAST searches (26)
with the mud gene product yield many highly significant ‘‘hits’’
on proteins with long coiled coils, including myosins, kinesins,
plectins, and golgins. In these proteins, the coiled–coil portion,
which often is interrupted to introduce points of flexibility into
an otherwise rigid structure (27), is exploited for several differ-
ent ends. One use for the structure is the formation of either
head-to-head or head-to-tail homodimers (28). In other cases, it
appears that at least a part of the structure is used to make
specific contacts with different molecules (29–31). In this con-
text it should be pointed out that, within the region predicted to
form the coiled coil of Mud, there is a sequence of 42 aa that is
repeated, almost perfectly, 10 times (Fig. 4). It is attractive to
imagine that this feature subserves a specific function, perhaps
as a repeated interaction site. Indeed, almost every one of the
repeats has a good match to a motif found in several actin binding
proteins, a motif associated with the binding of the modulator
phosphatidylinositol 4,5-bisphosphate (32).

Of course, a potential role for the coiled–coil structure is to
provide physical separation between functional domains of a
protein. As expected from this surmise, virtually all of the long
coiled–coil proteins do have at least one globular domain
attached to an end of the coiled coil. Such domains often have
an identified catalytic activity or specific affinity for a partner:
examples include the motor domains of kinesins, the actin
binding domains of plectin and related cytoskeletal cross-linkers,
and the microtubule binding domains of cytoplasmic linker
protein (CLIP) family members. However, none of the flanking
domains of Mud match any of these or any other well-
characterized domain. The '225 aa of the amino terminus,
encoded by exons 1 and 2 plus part of exon 3, is predicted (33)
to contain a globular domain. However BLAST searches failed to
identify a highly significant match either to proteins of known
function or to translated DNA sequence databases. Concerning

the carboxyl terminus of Mud, of the three splice isoforms that
we have identified (Fig. 1), the shortest adds 47 aa to the end of
the coiled coil. In the next larger splice isoform, a noncoiled-coil
segment of 500 aa is abutted to the core (Fig. 4). Finally, the
longest isoform extends the coiled–coil domain by '70 aa (Fig.
4) and to it adds a segment of '600 aa. Both the 500- and 600-aa
termini are predicted (33) to be at least partly globular. Never-
theless, like the amino terminus, none of the carboxyl-terminal
domains has an obvious match in databases of either well-studied
or anonymous proteins.

Despite lacking an identifiable homolog, the carboxyl termini
of Mud all are characterized by the same structural feature, a
transmembrane (TM) domain that is calculated (34) to occur at
the very end of the protein. For the shortest isoform, a single TM
segment is predicted to precede the last 15 aa of the protein (Fig.
4). For both longer isoforms, a pair of TM segments, separated
by only 2 aa, are predicted to precede the final 6 aa of the protein
(Fig. 4). TM segments that occur very close to the carboxyl
terminus have been identified in several proteins, although most
of these have only a single TM segment (35). Like Mud, these
proteins are predicted not to have a signal sequence at their
amino terminus, so they are not expected to use the conventional
pathway for export across or incorporation into lipid bilayers.
Nevertheless, proteins with a terminal TM domain have been
found to be associated with membranes and, accordingly, this
feature has been described as a carboxyl-terminal membrane
anchor (36). As exemplified by Bax, synaptobrevin, and LAP2,
proteins with this feature serve a variety of functions and can be
associated with mitochondrial, vesicular, and nuclear mem-
branes (35, 37, 38). It is therefore difficult to predict how Mud
protein might use this feature but, together with the extensive
coiled coil, it forms a kind of signature for the protein. A survey
of proteins with long coiled–coil domains has identified a few
with a predicted carboxyl-terminal anchor but none of them
match all of the features of Mud. For example, the interaptin
protein of Dictyostelium discoideum (39) has an actin binding
domain at the amino terminus that is followed in turn by a
segment that is predicted to form '1,200 aa of discontinuous
coiled coil, a short globular domain, and a single TM span that
ends 8 aa from the carboxyl terminus. Despite the structural
similarity to a large portion of interaptin, Mud lacks a conven-
tional actin binding domain. Similarly, the Golgi protein giantin
(40) is believed to have a very long stretch of interrupted coiled
coil followed by a single TM domain. However, there is little
similarity between the globular portions of Mud and nonhelical
segments of giantin.

Concluding Remarks. Of the large collection of viable structural
brain mutants of Drosophila, few have been characterized at
the molecular level. Three of these are involved in the prolif-
eration pattern of optic lobe Nbs. Mutations in the anachro-
nism (ana) gene, which encodes a glycoprotein secreted by glia,
cause a massive disorganization of optic lobe structures caused
by precocious entry of quiescent postembryonic central brain
and optic lobe Nbs into S phase (41). Conversely, failure to
reactivate quiescent Nbs results from mutations in no optic
lobes (nol), a gene that also may encode a secreted glycopro-
tein (K. Koizumi, personal communication). A marked reduc-
tion in optic lobe volume but no gross alterations in optic lobe
architecture is observed in minibrain (mnb) mutants. The mnb
gene product is a serineythreonine protein kinase that is
required for the correct spatial arrangement of optic lobe Nbs,
which seems to be critical for normal proliferation (42). In
mud, the Nb proliferation phenotype is restricted to certain
Nbs of the ventral ganglion and the ventrolateral brain (8). For
these, intact Mud protein is required for timely cell-cycle
arrest. On the other hand, the MB defect in mud mutant f lies
is probably a consequence of both the excess number of MB

Fig. 4. Features of the product of the mud gene. The three proteins that are
deduced to arise from translation of alternatively spliced mud transcripts are
diagrammed. All three isoforms include exons 1–6 (which end, respectively, at
protein residues 13, 71, 266, 302, 338, and 1824). In successive diagrams, this
common segment is extended to incorporate the segments encoded by the
isoform-specific exons shown in lines II, III and IV of Fig. 1. Regions of these
gene products that are calculated to have a .60% propensity to form a coiled
coil (24) are indicated by shading. Filled boxes mark those portions of each
Mud isoform that are predicted (34) to have a .80% propensity to span a
membrane bilayer. Below the isoform diagrams is the peptide sequence
(one-letter code) of a segment of the central core, arrayed to emphasize its
tandemly repeated nature. To the right of each line is the number of the last
residue shown. Beneath the array is aligned the consensus motif associated
with binding of phosphatidylinositol 4,5-bisphosphate (32).
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Nbs and the misrouting of KC fibers. This defect has its
counterpart in mutants of mushroom bodies tiny (mbt) encod-
ing a p21-activated kinase. In mbt mutant f lies, the number of
MB Nbs can be reduced but no misrouting of KC fibers is
observed (43). An interesting possibility is that during devel-
opment of the wild-type brain, a single Nb delaminates from
the procephalic neuroectoderm and undergoes two equal
divisions to give rise to the four MB Nbs, which only then adopt
stem cell behavior. According to this view, the number of equal
divisions would be increased in mutant mud and decreased in
mutant mbt f lies. Clonal expansion of groups of Nbs may be a
crucial step in the establishment of some cerebral subsystems.
The molecular characterization of the mud gene should not
only help to determine how the diverse phenotypes observed

in mutant f lies are causally linked but also to define the
features involved in the establishing the correct number of
Nbs.
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