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SUMMARY

Mutations in the gene longitudinals lacking (lola) lead to
defects in the development of axon tractsin the Drosophila
embryonic central nervous system. We now show that lola
mutations also cause defects of axon growth and guidance
in the peripheral nervous system, and causes a particular
cluster of embryonic sense organs (Ich5) to be oriented
improperly. Axonal aberrations caused by lola are similar
to those caused by mutations of three other genes, logo,
Notch and Delta, raising the possibility that lola works in
the same genetic pathway as do these other molecules. The
lola gene encodes at least two nuclear protein products,
apparently by differential RNA splicing. The predicted

proteins contain an amino-terminal motif similar to that
recently described for a family of transcription factors,
including the products of the Drosophila genes tramtrack
and the Broad Complex. Like Ttk and BR-C, one of the
two characterized products of the lola locus bears
sequences similar to the zinc-finger motif, but the other
(neuronal) form of the protein has no recognizable DNA-
binding maotif.

Key words: intersegmental nerve, PNS, Tramtrack, zinc finger,
PlacW, axon pathfinding

INTRODUCTION

The attainment of a complete understanding of axon guidance
presupposes that we know, for specific guidance decisions of
identified neurons, the identities of the guiding molecule(s) and
their receptors as well as the mechanism by which these
molecules come to be expressed at appropriate times and
places. One approach that has been used to identify many genes
involved in asingle regulatory hierarchy has been to screen for
unlinked mutations that give rise to a common mutant
phenotype (Anderson and Nusslein-Volhard, 1984; Lehman et
al., 1983; Nusdein-Volhard et al., 1987). Such an approach has
been extremely valuable in dissecting the logic underlying
guidance decisions in the C. elegans nervous system
(Hedgecock et al., 1990; Mclntire et a., 1992). In that system,
mutant phenotypes have been grouped into distinct classes,
affecting specifically anteroposterior axon extension or
dorsoventral extension. Mutations disrupting dorsoventral
processes were further divided into those perturbing just dor-
salward growth of axons (eg uncb), just ventralward growth
(eg unc40), or growth in both directions (eg unc6). Two of the
genes required for dorsoventral axon extension have recently
been cloned. unc6 encodes a protein related to the vertebrate
extracellular matrix molecule, laminin (Ishii et al., 1992). unc5
encodes an apparent transmembrane receptor with repeats
related to the vertebrate protein, thrombospondin, which is
known to interact with laminin (Leung-Hagesteijn et al., 1992).

Interestingly, mutations in these genes also disrupted directed
cell migrations in the embryo. As yet, the nuclear regulatory
hierarchy that orchestrates dorsoventral axon guidance in the
worm has remained obscure.

Recently, a genetic approach to identify decision points in
axon guidance in the Drosophila embryonic CNS was taken
by Seeger et a. (1993). Their analysis revealed four classes of
mutant phenotypes, differentially affecting guidance towards
and away from the ventral midline of the animal or along the
longitudinal tracts of the CNS. One class of mutations
described by Seeger et a. (1993) and exemplified by the
mutations longitudinal lacking (lola) and longitudinals gone
(logo), prevents the growth of axons along the longitudinal
tracts connecting the segmental ganglia in the CNS. This
phenotype had been described previously as also arising from
appropriate temperature shifts of temperature-sensitive
mutations of the genes Delta and Notch (Giniger et a., 1993).
The regulatory decision revedled by these mutations is a
promising candidate for genetic dissection, due to the number
of loci aready known to affect it and the existence of anumber
of additional loci, currently being characterized, that give
similar mutant phenotypes (E. G., unpublished data). We
therefore undertook the cloning of a gene, in retrospect
identical to the gene lola, which we identified by lethal trans-
poson insertions that gave rise to a reduction of longitudina
CNS fibers.

We show here that lola encodes a nuclear protein, putatively
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a transcription factor, which is required for axon growth and
guidance in the Drosophila embryo. In addition to the charac-
terized CNS aberrations found in lola embryos, mutations in
this gene also cause defects in pathfinding of the peripheral
intersegmental nerve (1SN) of the embryo. The combination of
CNS and PNS pathfinding defects in lola mutants is reminis-
cent of the axonal aberrations caused by temperature-sensitive
mutations of Delta and Notch. In addition, the lola mutation
causes abdomina chordotonal organs of the PNSto be oriented
improperly. Cloning of the lola locus and determination of the
nucleotide sequences of encoded RNAs predicts synthesis of
at least two nuclear proteins. These are related to a family of
transcription factors which includes Tramtrack (Ttk), the
products of the Broad Complex (BR-C), the GAGA transcrip-
tion factor and the vertebrate protein, KUP, though only one
of the characterized lola products includes an identifiable
DNA-binding motif. The tissue distribution of Lola protein is
determined, and its nuclear localization is established, by
immunocytochemistry of embryos. We suggest that isolation
of genes regulated by lola is apt to identify other molecules
that are key to the proper guidance of the axons whose
extension is dependent on Delta, Notch and logo.

MATERIALS AND METHODS

Genetics

All five P-element-induced alleles of lola (1A4, 2B13, 4D4, 5D2 and
4E4) were identified among the collection of 550 P-element-induced
lethal mutations described by Bier et al. (1989). 5D2 and 2B13 chro-
mosomes were cleaned by recombination with ar dp b pr Bl ¢ px sp,
followed by backcrossing to y w iso 2,3 Oregon R to remove these
markers, and balancing over CyO. Linkage of the mutant phenotype
to the transposon insertion was verified by excising the P-element
with P-transposase, supplied by crossing-in the chromosome Sb A2-
3 (Robertson et al., 1988). All other genetic markers are described by
Lindsley and Zimm (1992).

Histochemistry and microscopy

Chromosomal localization of P-element insertionsand of cloned DNA
was determined by in situ hybridization to squashes of larval salivary
glands (Ashburner, 1989), using probes |abelled with biotin or digox-
igenin and visualized by peroxidase staining following incubation
with an appropriate secondary reagent. In situ hybridization to whole-
mount embryos was performed by standard methods (Ashburner,
1989), using digoxigenin-labelled DNA or RNA probes made as
suggested by the manufacturer (Boehringer Mannheim) and alkaline
phosphatase visualization. Thein situ hybridization protocol for RNA
probes was essentially the same as for DNA probes (Rao et a., 1990),
except hybridization was performed at 55°.

Immunohistochemistry was performed on embryos fixed with 4%
formaldehyde by standard methods (Bier et a., 1989; Bodmer and
Jan, 1987). Antibodies used were as follows: anti-Cut (Blochlinger et
al., 1988), mAb 44C11 (anti-Elav)(Bier et a., 1988), anti-HRP (Jan
and Jan, 1982), mAb 22C10 (Zipursky et al., 1984), anti-Prospero
(Vaessin et d., 1991), mAb 68G5D3 (recognizes an anonymous
antigen of the tracheal lumen; (Giniger et a., 1993)) and anti-Lola
(see below). In al cases, detection was with an HRP-conjugated
secondary antibody, using peroxidase cytochemistry. Secondary anti-
bodies were from BioRad (EIA grade) or from Jackson Immunolog-
icals, and were preabsorbed against WT fly embryos prior to use
(1:40-1:100 dilution; 100 pl packed embryos per 1 ml diluted
antibody). For some experiments, lola mutant embryos were identi-
fied by their failure to stain with anti-Lola antibody. Stained samples

were observed under Nomarski optics, using a Nikon Optiphot micro-
scope. Staging of embryos was as described by Campos-Ortega and
Hartenstein (1985).

DNA cloning and analysis

Standard protocols were used for all molecular cloning experiments,
including plasmid rescue (Roberts, 1986), subcloning of rescued
DNA, isolation of genomic and cDNA clones by plaque hybridization,
Southern and northern blotting, DNA sequencing and construction of
bacterial expression vectors (Maniatis et a., 1982) and PCR (Innis et
al., 1990). All cloned DNAs were analyzed by in situ hybridization
to salivary gland chromosomes, to verify that they derived from 47A
9-14 (PlacW-associated sequences obtained by plasmid rescue, as
well as cDNA and genomic clones). Genomic bacteriophage clones
wereisolated from alibrary constructed in the vector A DASH (Strat-
agene); cDNA clones were in Agtl0 and were isolated from the
Kauvar E library (derived from 3-10 hour embryonic mRNA; (Poole
et al., 1985)).

DNA sequence homology analysis was performed using public
email servers; BLAST (NCBI, Bethesda), BLOCKS (FHCRC,
Sesttle), BLITZ (EMBL, Heidelberg) and FASTA (DNA Data Bank
of Japan, National Institute of Genetics, Mishima). All other sequence
analysis, including multiple sequence alignment, was performed using
the commercial GCG package, version 7 (Devereux et a., 1984).

The sequences of both characterized lola splice variants have been
deposited in Genbank. The accession number for cDNA 8 (repre-
senting lola 3.8) is U07606; the accession number for cONA 4 (rep-
resenting lola 4.7) is U07607.

anti-Lola antibodies

cDNA 8.13 (derived from lola 3.8) was digested with Bcll and
HinDIII to produce a 1.45 kb fragment encoding amino acids 19-467
of the short form of Lola. Thiswas cloned into the bacterial expression
vector pUR289 (Ruther and Muller-Hill, 1983) to generate a fusion
to the C-terminal end of E. coli 3-galactosidase. To produce protein
for use as immunogen or for affinity-purification of antibodies, log
phase cultures of bacterial strain BSJ 72, transformed with the
expression vector (pEG110), were induced with 1 mM IPTG for 4
hours, cells were harvested by centrifugation, and resuspended, 20-
fold concentrated, in 50 mM sodium phosphate pH 7.2, 10 mM (-
mercaptoethanol, 10 mM EDTA. Resuspended cells were lysed by
freezing in liquid nitrogen, thawing and sonicating on ice in the
presence of a cocktail of protease inhibitors (final concentrations:
PMSF, 1 mM; leupeptin, 10 pg/ml; pepstatin, 10 pg/ml; aprotinin, 20
pa/ml; benzamidine, 100 pg/ml; TPCK, 10 pg/ml; prepared as a 100x
cocktail in DMSO). NaCl was then added to afina concentration of
2 M, and after a 10 minute incubation on ice, insoluble protein was
collected by centrifugation at 16.5x103 revs/minute for 20 minutes.
The bulk of the fusion protein was found in this insoluble fraction.
Pellet was resuspended in 2/5 the lysis volume of lysis buffer plus
8 M urea. One half volume of Laemmli sample buffer was added to
the extract, the sample was boiled 4 minutes and aliquots containing
approximately 1 mg total protein were separated by SDS-polyacry-
lamide gel electrophoresis (6.5% acrylamide). The band of fusion
protein was identified by staining with Coomassie Blue and cut out
of the gel. Acrylamide strips were sent either in this form, or after 1
hour fixation with 4% formaldehyde in 0.1 M sodium phosphate, pH
7.2 and extensive washing with water, to Babco, Berkeley, CA, for
injection into two rabbits.

For affinity purification of antibodies, a preparative gel of fusion
protein was transferred to nitrocellulose, the band of fusion protein
was identified by staining with Ponceau S and cut-out. The nitrocel-
lulose strip was blocked as for a western blot (1 hour at room tem-
perature with PBS containing 0.5% Tween 20, 2% BSA and 2% goat
serum). Typically, 2 ml of serum was incubated with a strip bearing
100-500 pg fusion protein (1 hour, room temperature), washed 3-4
times with PBS+Tween, and eluted 30 minutes with 2 ml 0.2 M



glycine, pH 1.5-2, 0.5% Tween 20. Eluate was immediately neutral-
ized with Tris base. To remove antibodies against contaminating
bacterial proteins, including B-galactosidase, affinity-purified anti-
bodies were then counter-selected against a column (BioRad AffiGel
10 and 15, mixed 1:1) bearing total protein extract of BSJ 72 E. coli
transformed with the parent expression vector, pUR289, and induced
with IPTG. Counter-selection column was prepared as per manufac-
turer’s protocol, and contained ~50 mg total protein coupled to 2 ml
AffiGel. Final antibody preparation was diluted with an equal volume
PBS containing 4% BSA and 4 mM NaN3, and frozen in aliquots at
-80°C. For whole-mount embryo immunocytochemistry, anti-Lola
antibodies were used at dilutions between 1:10 and 1:1000; identical
staining patterns were observed regardless of concentration.
Typically, antibodies were used at 1:100 dilution for analyses of the
expression pattern, and at 1:400 dilution to identify mutant embryos
in double stainings with other antibodies. Three lines of evidence
suggest that affinity-purified anti-Lola antibodies specifically recog-
nized Lola protein: antibodies from both rabbits gave identical
patterns; purified antibodies preabsorbed against a nitrocellulose strip
bearing the fusion protein did not stain WT embryos, and mutant
embryos did not stain with purified antibodies (lola2B13, |ola*P4 and
loladP?),

RESULTS

A collection of 550 homozygous lethal insertions of the
synthetic transposon PlacW (Bier et a., 1989)was screened by
visuaizing the nervous system with antibody against HRP (Jan
and Jan, 1982) to identify mutations that disrupted, in concert,
pathfinding of the intersegmental nerve (ISN) inthe lateral part
of the fly embryo, and formation of the connective fibers
between the segmental ganglia in the embryonic CNS. This
combination of pathfinding defects had previously been
observed in studies of Delta and Notch mutants (Giniger et al.,
1993). Among the mutants that we identified that fit these
criteria were five independent P-element insertions that were
mapped to chromosomal position 47A 9-14 by hybridization
of transposon sequences to polytene chromosomes in situ.
These were 1(2)1A4, 1(2)2B13, 1(2)5D2, 1(2)4D4 and 1(2)4E4.
The mutations were crossed inter se and found not to comple-
ment, as assayed by lethality (no non-balancer progeny
observed among greater than 150 offspring examined for each
cross). Two of the mutant alleles, 5D2 and 2B13, were selected
for further characterization. Transposase-induced excision of
the P-edlement reverted both the lethality and the mutant
neurona phenotypes from each of these two lines (data not
shown). The chromosome arms were exchanged by crossing
on genetic markers along the length of the chromosome and
crossing them back off. These ‘cleaned” chromosomes were
then used for the detailed phenotypic analysis of the mutations.
We noted that the chromosomal location of the mutations
that we had isolated overlapped that described for the gene,
lola. Moreover, the CNS phenotype observed in mutant
embryos (see below) was strikingly similar to the published
lola phenotype. Finaly, 1(2)5D2 failed to complement bona
fide lola alleles (G. Tear, M. Seeger and C. S. Goodman,
personal communication). Wetherefore conclude that the locus
defined by the five P-element alleles described above islola.

Mutant phenotype

A common set of neurona aberrations was observed in al
alleles of lola, and these are displayed in Figs 1 and 2. Most
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readily apparent was disruption of the axon tracts in the CNS
(Fig. 1). There appear to be two parts to this phenotype. The
connective fibers are commonly missing between the
segmental ganglia, and the two commissures in each ganglion
are often partly or fully fused (Fig. 1A; compare WT, Fig. 1B).
The former of these phenotypes has been seen previously in
embryos bearing temperature-sensitive mutations of the neu-
rogenic genes Delta or Notch (Giniger et al., 1993). The latter,
fused-commissure phenotype can arise from absence or
improper development of midline glia cells (Klambt et al.,
1991). In lola, the fusion is exacerbated by CNS condensation
at late embryonic stages (data not shown). The CNS effects of
lola mutations can also be observed with reagents specific for
subsets of CNS axons. Staining embryos with mAb 22C10
(Zipursky et al., 1984); provided by Dr S. Benzer) reveals that
the MP fascicle, an early element of the longitudinal fibers that
connect the segmental ganglia (Thomas et al., 1984), fails to
form properly in some segments of mutant embryos (Fig. 1C;
WT Fig. 1D) and, at later stages, there is a genera reduction
of 22C10-positive axons throughout the affected sections of the
connective (Fig. 1E; WT Fig. 1F). Furthermore, in some
segments, the VUM neurons are born and differentiate, but fail
to form a well-defined posterior root to the anterior peripheral
fascicle (Fig. 1E). It appearsthat they either fail to extend their
axons fully or else exit the CNS via the posterior fascicle. For
this experiment, and for most of the phenotypic characteriza-
tion, mutant embryos were identified by their failure to stain
with anti-Lola antibodies (see below). The mutant CNS phe-
notypes that we observe thus essentially recapitul ate the effects
of published lola alleles (Seeger et al., 1993).

We went on to investigate the effects of lola mutations on
the development of the peripheral nervous system. In the PNS
of mutant embryos (Fig. 2), we found various aberrations of
the intersegmental nerve (compare WT, Fig. 2C), either failure
of the nerve to grow (Fig. 2A), ‘wandering’ of axons into
adjacent segments (Fig. 2B) or defasciculation of 1SN sensory
axons (not shown). This phenotype was substantially confined
to the lateral region of the embryo, that is, that region in which
axons of the ISN normally grow along the transverse branch
of the trachea (Hartenstein, 1988). Again, similar mutant phe-
notypes are produced by appropriate temperature-shifts of Nts
and DI's mutants (Giniger et al., 1993). In atypical experiment,
ISN defectswere observed in nearly one-quarter of the progeny
from lola®P?/+ parents stained with mAb 22C10 (25/115
appropriately oriented embryos between late stage 15 and early
stage 17), suggesting nearly complete penetrance of the
phenotype as regards sensory axons of the ISN. The expres-
sivity of the ISN phenotype was incomplete in this sample,
however: 2.3+1 mutant abdominal segmentswere observed per
half-embryo (mean + standard deviation; mode = 2 mutant
segments). We also observed that, in mutant animals, the
lateral chordotonal (ch) organs of the abdomen were
sometimes displaced dorsally from their wild-type position
(penetrance varied from 25 to 50 % in different experiments).
The expressivity of this phenotype was such that it was seldom
seen in more than one or two segments of a single mutant
animal. Dorsally displaced chordotonal neurons still formed a
tight linear array, as in wild-type embryos, but in a subset of
mutant embryos (10-25%) the orientation of displaced arrays
was aberrant, with the dendrites of these neurons directed pos-
teriorly (Fig. 2E), in contrast to the extremely consistent
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Fig. 1. CNS phenotypes of lola mutants. Ventral views of embryos derived from lola®P2/+ parents, stained with a-HRP (A,B) to label all
neurons or mAb 22C10 (C-F) to label a subset of neurons, mainly motoneurons, and visualized with peroxidase cytochemistry. Homozygous
mutant embryos, A, C and E; non-mutant, B, D and F. (A,B) Stage 15 embryos. In the mutant, note the breaks (arrowhead) in the longitudinal
(connective) fibers between the segmental ganglia, and the fusion of the two cross-tracts (commissures) within many of the ganglia (asterisk).
(C,D) Stage 13 embryos (22C10). In a subset of segments in the mutant, pioneer growth cones of the MP fascicle fail to orient towards and
fasciculate with one another (arrowheads) as they do in the wild-type embryo. (E,F) Stage 15 embryos (22C10) Arrowheads denote the
positions where connective fibers should be; these are substantially missing from the mutant embryo. Furthermore, the axons of the VUM
neurons (arrow) fail to provide a distinct posterior root to the anterior fascicle (af) in the mutant. Anterior isto theleft in all panels. Mutant
embryos were identified by their failure to stain with a-Lola antibodies.

dorsally-directed orientation of wild type abdominal chordo- Failure of the ISN to develop appropriately may reflect
tonal organs (Fig. 2F). All of the mutant PNS phenotypeswere  indirect effects such as an absence of the cellular substratum
observed in all abdominal segments at similar frequencies; we  for the nerve or ateration in neuronal identity, or it may be
did not observe any obvious segment-specific differences in  directly dueto defectsin the guidance system. The experiments
sensitivity to the effects of the mutation. described below are consistent with the latter idea. We and
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Fig. 2. PNS phenotypes of lola mutants. Lateral views of embryos derived from lola®PZ/+ parents, stained with the indicated antibodies and
visualized by HRP cytochemistry. (A-C) Stage 15/16 embryos stained with a-HRP to label all neurons. Arrowsin A and B highlight axonal
aberrations in mutant embryos, either failure of the ISN to extend across the lateral part of the embryo or crossing of sensory axons between
two segments, respectively. Compare with the ISN of a non-mutant embryo, highlighted by arrow, in C. Dorsal, lateral and ventral clusters of
peripheral neurons are marked d, | and v, respectively; ¢ denotes the CNS. (D) Stage 16 lola mutant embryo, stained with mAb 68G5D3 to
label the tracheal lumen. The pattern of tracheal development isindistinguishable from that of wild type. The bracket denotes the portion of the
transverse tracheal branch that guides the growth of 1SN axons through the lateral part of the embryo. (E,F) Lateral chordotonal neurons
visualized by staining with a-HRP. In wild-type embryo (F), note the consistent dorsalward orientation of chordotonal dendrites (bracket).
Similarly, most segments of mutant embryos have dorsally oriented chordotonal organs, but a subset of segments have displaced chordotonal
organs with their dendrites pointing posteriorly (middle segment of E, highlighted with bracket). (G,H) Stage 16 embryos, mutant and wild
type, respectively, stained with a-Prospero to label the inner support (sheath) cells of external and internal sensory organs. The number of inner
support cells per hemisegment is the same in mutant asin wild type, suggesting that lola does not alter the lineages of cells within the sensory
organ. Note that the positions of the chordotonal sheath cells reflect the aberrant location and orientation of a displaced chordotonal cluster
(bracket). As above, dorsal, lateral and ventral sensory organ clusters are denoted d, | and v, respectively, while CNSis denoted c. Anterior isto
the left and dorsal at the top of all panels. For most experiments, mutant embryos were identified by their failure to stain with a-Lola
antibodies; in some cases, the distinctive CNS phenotype was used to identify the mutants.
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others have shown previoudly that disruption of tracheal devel-
opment can give rise to ISN aberrations similar to those
observed in lola (Giniger et a., 1993; Hartenstein and Harten-
stein, 1993), so we examined tracheal integrity in the mutant
embryos. We find no obvious morphological abnormalities in
the tracheal tree in these embryos (Fig. 2D). We also examined
PNS differentiation to begin to address the issue of possible
effects of the mutation on neuronal identity. The total number
of PNS neurons is normal in the mutants, as is their distribu-
tion into various neuronal subtypes (es, ch and md), as assayed
both by overall morphology (Fig. 2A,B and E), and by the
presence of distinctive a-HRP immunoreactive dot and
scolopale structures in es and ch neurons, respectively (Fig.
2A,B and E and data not shown; for description of wild-type
PNS, see Bodmer and Jan, 1987; Ghysen et a., 1986; Harten-
stein, 1988). Other than the lateral chordotonal neurons (see
above) the positions and orientations of peripheral neurons in
mutant embryos are not consistently different from that seen
in WT. Moreover, the differentiation of sense organs appears
normal as assayed by two criteria, expression of Prospero
protein (Matsuzaki et al., 1992; Vaessin et al., 1991) in the
nuclei of inner support (sheath) cells of es and ch organs (Fig.
2G; WT, Fig. 2H), and expression of Cut protein (Blochlinger
et al., 1988, 1990) in all cells of esorgans, and also in a subset
of md neurons, but not in any ch organ cells (data not shown).
Similarly, there is no evidence that the lola mutation leads to
failure of substratum differentiation or alterations of neuronal
identity in the CNS of mutant embryos (Seeger et al., 1993;
EG, data not shown).

We suspect the set of phenotypes described above to be the
zygotic null phenotype of lola for two reasons. First, dl five
lola alleles give essentially the same phenotype and, second,
Lola protein was not detectable in embryos homozygous for
loladP2, |ola?B13 or lola?P4 (see below). We note that Seeger
et al. (1993) also report incomplete expressivity for the mutant
phenotypes of both EMS (ethyl
methane sulfonate)- and P-induced
lola aleles. Thisincomplete expres-
sivity may account, in part, for the
apparent discrepancy between our
finding of reproducible ISN defects
in lola embryos versus the finding
by Seeger et a. (1993) that aCC

viable
insertions

five P-element insertions (Fig. 3). These insertions were found
to lie in two clusters, separated by approximately 1 kb. The
entire cloned region was screened for transcripts by hybridiz-
ation of cloned fragments of genomic DNA to blots of
poly(A)* RNA of various embryonic stages. Two transcription
units were identified, using probes indicated in Fig. 3 as a, 3,
y and 6. One transcription unit comprised a family of three
related mRNAS (3.8, 4.7 and 4.9 kb) and was closely associ-
ated with the lethal P-element insertion sites. In Fig. 3, B and
y indicate sequences encoding two different 5' ends that were
found to be associated with a common sequence encoded by
region 6. The temporal pattern of expression of these RNAs is
showninFig. 4. All three RNA species are present at egg depo-
sition, though the 4.9 kb RNA rapidly disappears. The 3.8 kb
RNA continues to be present throughout embryogenesis,
whereas the 4.7 kb transcript decays at about 9 hours, the time
at which the 4.9 kb RNA reappears. Expression of the 4.9 kb
RNA then persists at low levels throughout the remainder of
embryonic life. In addition to these mgjor transcripts, severa
minor RNA species of uncertain significance were observed
(see Fig. 4 and legend). The second transcription unit (encoded
by genomic region a in Fig. 3) was approximately 4 kb away
from the lethal insertions and was associated with a cluster of
independent, homozygous-viable P-element insertions that
complemented lola mutations (A4 2nd 51, B1 2™ 45 and B4 2nd
29). Thisdistal transcription unit generated a4 kb RNA which
had no apparent protein-coding potential when the DNA
sequence was determined (E. Bier, E. G., L. Y. J and Y. N.J,
unpublished data), and this transcript was not analyzed further.
(Hereafter, we will refer to the 3.8, 4.7 and 4.9 kb transcripts
aslola 3.8, lola 4.7 and lola 4.9, respectively.)

We used the cloned genomic sequences to obtain by plague
hybridization cDNASs representing the 3.8 and 4.7 kb lola tran-
scripts (from the Kauvar E library representing RNA from 3-
10 hour embryos (Poole et al., 1985)). The sequences of these

1(2)1A4
1(2)2B13
1(2)5D2

1(2)4D4

I%2%4E4

usually succeeds in reaching its T I3

dorsal muscle targets in mutant
embryos. In this connection, it may
also be relevant that ISN sensory
axons appeared to be more sensitive ‘ L

to the effects of lola mutations than
were motor axons (data not shown).

Fig. 3. Genomic region surrounding lola P-element insertions. The approximate positions of

Cloning of the lolalocus

Genomic DNA from the lola locus
was isolated by plasmid rescue of
PlacW and adjacent sequences from
al fivelolaalleles(Bier et al., 1989;
Roberts, 1986). Rescued DNA from
the line lola®P2 was used to screen a
genomic library (ADASH) and a
restriction map was constructed of
the genomic region surrounding the

mapped P-insertions in the 47A 9-14 region are indicated with inverted triangles. Insertions
marked I(2) arelola™, viable insertions map to the EcoRI-Hindl 1 restriction fragment denoted by
the solid bar. mMRNA species map to the region as follows: a indicates the EcoRlI restriction
fragment that hybridizes to a non-protein coding message upstream of lola; 8 indicates the
genomic DNA that encodesthe 5' end of the cDNA representing the 3.8 kb lola message (cDNA
lola 8); y indicates the genomic DNA that encodes the 5' end of the cDNA representing the 4.7 kb
lola RNA (cDNA lola 4);  indicates the genomic DNA coding for the exon shared by the various
lola RNAs. Sequences encoding the 3' exon(s) of the longer lola RNAs are more than 19 kb
downstream of the promoter (not shown). The position of the insertion in 1(2)5D2 was arbitrarily
selected as the zero position of the map and distances (in kbp) are indicated by the scale at the
bottom of the figure. R, EcoRI; H, HindllI.



Fig. 4. Expression of
RNAs from the lola
locus. Northern blot of
poly(A)* RNA from
Oregon R embryos of
the indicated ages,
probed with sequences
from the exon shared by
al lola transcripts.
Three RNA species are
observed, of
approximate size 3.8,
4.7 and 4.9 kb,
respectively (referred to
inthetext aslola 3.8,
: lola4.7 andlola4.9). In
. thelabel, h refersto the
| time of hatching (~22
hours). Additional RNA
species were observed in strongly hybridizing lanes, but these were
of much lower abundance than were the major species. The band at
~5.5 kb, for example, accounts for less than 3% of the total
hybridization in each of the samplesin which it was detected (as
determined by densitometry of the autoradiogram; data not shown).
We have no data to suggest a specia role for any of these minor
RNAS, as none of the characterized cDNAS preferentialy labelled
any of the minor transcripts. They could conceivably represent
products of aberrant or incomplete RNA processing.

cDNAs were determined (see below). cDNAs were placed
relative to the genomic map by a combination of hybridization
of cDNA fragments to cloned genomic sequences, preparation
of isoform-specific oligonuclotides and their use to probe
Southern blots of the cloned DNA, and determination of partial
genomic sequences, as required (datanot shown). Asdisplayed
in Fig. 5, the transcripts were found to share a common core
seguence, with different 5 and 3' ends. The two differential 5'
ends were found to map, respectively, to the two clusters of
lethal transposon insertion sites. The 4.9 kb RNA seems not to
be expressed at places (see below) and times relevant to the
mutant axonal phenotype and was not pursued further.

lola encodes proteins related to transcription
factors

The DNA sequence of lola is presented in Fig. 5A,B and its
relationship to known protein sequencesis summarized in Fig.
5C. Both protein forms have a large protein-coding region in
common. The sequence of the 3.8 kb RNA predicts a protein
of 467 residues (49.5x10% My). The sequence of the 4.7 kb
RNA diverges near the predicted C terminus of the ORF
present in the 3.8 kb RNA, and is predicted to encode a sub-
stantially larger protein (894 residues; 96.5x103 M;). The two
different 5 ends converge to a common sequence 5' to the
AUG. The presence of nonsense codons in al three reading
frames 5' to the first AUG and 3' to the termination codons of
both messages suggests that we have isolated cDNASs encoding
the entire proteins.

The predicted isoforms of Lola protein have, at their N
terminus, a 115 amino acid motif found in a recently described
family of transcription factors (Koonin et a., 1992), including
three Drosophila loci; tramtrack (Harrison and Travers, 1990),
the protein products of the Broad Complex (DiBello et 4.,

lola encodes a putative transcription factor 1391
1991) and the GAGA transcription factor (Soeller et al., 1993),
as well as the human transcription factor KUP (Chardin et al.,
1991). The known members of thisfamily typically show ~40-
50% sequence identity in pairwise comparisons. In this
domain, Lolais 62% identical and 80% similar to Tramtrack,
51% identical with the BR-C proteins, 41% with GAGA factor
and 20% with KUP. The four known members of the
Tramtrack family are all DNA-binding proteins bearing two
zinc fingers of the CoH2 type (Miller et al., 1985). In contrast,
while the long isoform of Lolais also predicted to include two
sequences related to CoH2-class zinc fingers (amino acids 796-
817 and 826-847, respectively), the fina histidine of the first
predicted finger is replaced by a third cysteine. While such a
his— cys substitution is somewhat uncommon, it is not
unprecedented. Similar sequences have been reported, for
example, in Caenorhabditis elegans SDC1 (Nonet and Meyer,
1991), in Drosophila Snail (Boulay et al., 1987), Escargot
(Whiteley et al., 1992) and Serendipity 3 (Payre et al., 1990),
and in Xenopus Snail (Sargent and Bennett, 1990), though the
functional significance of the substitution has not been
examined. We verified the structure and sequence of the zinc
finger region by sequencing a PCR product corresponding to
this region, amplified from genomic DNA. Surprisingly, the
short form of Lola (that which is expressed throughout
embryogenesis) has no sequence similar to the zinc finger
motif. We have been unable to identify any DNA-binding
motif in the sequence of the smallest Lola isoform. Proteins
bearing a divergent Tramtrack domain but no apparent DNA-
binding motif have been identified in a number of mammalian
viruses (Koonin et a., 1992), but their function is unknown.
To ensure that the absence of a predicted DNA-binding unit in
lola 3.8 was not due to a cloning artifact, we verified the
structure of this part of the message by PCR amplification of
aregion of the transcript extending from within the sequence
common to both lola cDNAs to beyond the stop codon of the
short protein, using as template first-strand cDNA made from
embryonic RNA (data not shown). Consistent with arole asa
transcription factor, the region of Lola common to both tran-
scripts includes a short, basic sequence similar to known
nuclear-targetting sequences (Chelsky et a., 1989).

Temporal and spatial distribution of /ola gene
products

The products of the lola gene were visualized both by in situ
hybridization of common or isoform-specific probes to whole-
mount embryos, and by raising an antibody against the
common region of Lola protein and using it to stain whole-
mount embryos. The distribution of lola RNA is presented in
Fig. 6. Both short (3.8 kb; Fig. 6A) and long (4.7 kb and 4.9
kb; Fig. 6F) forms of the RNA are present uniformly at high
levels in preblastoderm embryos and through germ band
extension (stage 10). They appear to be supplied maternally,
as they are present in zygotically mutant embryos. After germ
band extension, a probe recognizing the 4.7 kb isoform pref-
erentially labels mesoderma (Fig. 6G) and mesectodermal
cells (Fig. 6H), while a common probe additionally labels
ectoderm (Fig. 6B). The invaginating posterior midgut ceases
to contain lola RNA (Fig. 6B). While the 4.7 kb message
remains largely mesodermal after this stage, label associated
with a common probe progressively concentrates in neural
tissue between stages 11 and 13 (Fig. 6C,D), presumably
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A 1 CGATTCGGTTTCGTGOGCTCGGRGATTTTGT TTGGT TCTCT GCTCTGT GCGGECAGAT CGCGAGGCAACGOGT GCGGT TTGCT GGCTAAATTCTACATATACACATTCAACATCCGACGEC 120
121 CGAAGCGGAGCTAGAATAGGAAAACCAACCTTTGCAGT GCTAATTATTTACAACACAACACATAACT GCTGACACACT AAACAAAACT GAAAAAAGAACCAAGGGCGAAAGCTGTTTATT 240
241 TTGTTTAGGCACCTAAGTTTGGCCAAAT TATAATCAAAAAACGAGT GGCGAAAAAAACAGCAAGT CAGAGAGAGCGCT CGACGT TCGBOCCCAAGGT CGTGBGOCCAAACCCCCAGGATC 360

361 CATTTCCAACAACCCCATCCAACCACCCGAGAAACCAGAAT GGATGACGAT CAGCAGT TTTGT TTGCGGT GGAACAACCACCAGAGCACACT GATCAGOGTGTTCGACACGTTGCTGGAG 480
MDDDG QQFC CLRWNNHGO QSTLI SVFDTLTLE 27

481  AACGAGACTCTAGTCGATTGCACGCT AGOCGOCGAGGGCAAAT TTCTCAAGGOCCACAAGGT GGTGCT GTCAGCAT GCAGT COCTACT TTGCTACCT TACTACAAGAACAGTACGACAAA 600
28 NE T LVDCGCTLAATETG«KTFLZKAHKVYVYVLSACSPYFATLLTG GOETG QYTDEK 67

601 CATCOCATCTTTATACTCAAGGATGTCAAGTACCAAGAGCT GOGOGOCAT GAT GGACT ACAT GTACCGOGGCGAGGT CAAT ATCT CGCAGGAT CAGCTGEOCGCTCTGCTTAAGGCCGCC 720
68 H P I F I L KDVKYO QETLTRAMMDYMYRGEVNI SQDOQLAALTLTEKASA 107

721  GAATCGCTTCAGATCAAGGGCCT TTOGGACAAT CGCACT GBCGGOGGAGT AGCT CCCAAGCCAGAGT OCT CCGGROCAT CATCGCGGEOGGT AAGCT GAGOGGTGOCTACACACTGGAGCAA 840
108 E S L QI KGLSDNRTGGGVAPTEKTPETSSGHHRGGHKLTSGAYTLTEQ 147

841 ACTAAGOGGGCTCGACT GGCCACCGGOGGAGCGAT GGAT ACGT CTGGOGAT GT GTCOGGT TCGOGOGAGGRECT CCTCGAGT COGT CGOGT CGT CGCOGAAAAGT COGACGTCGCAGCATG 960
48 T K RARLATGGAMDTTSGDVSGS SRETGSS SSPSRRRRIKVYRRRSM 187

961 GAGAATGATGOOCACGACAACT CAAACT OGT COGT GTTACAAGOCGCOGOCT CGAAT CAGT CAATCCT CCAGCAGACAGGGGEOCGGT TTGGCOGT CTCOGCTTTGGTCACCACCCAGT TG 1080
18 E ND A HDNSNSSVLQAAASNQSI LQQTGAGLAVSALVTTA QL 227

1081 TCCAGOGGACCGGCAGCOGGAACCAGCAGOCAAGCGT CGT CGACCCAACAACAGCAGOCAT TGACCAGCACCAACGT TACCAAAAAGACT GAAAGCGCTAAACTAACATCCTCGACAGCC 1200
228 S S GP AAGTSSQASSTOQQQQPLTSTNVTZKEKTESAKLTSSTA 267

1201  GOCOCAGOGAGCGGAGCAT CTGOGT CAGCGGOCGT ACAACAGGOCCAT CTGCAT CAGCAGCAGGOGCAGACCACAAGOGAT GOCAT TAACACCGAGAAT GTACAAGOCCAGAGCCAAGGT 1320
268 A P AS GASASAAVQQAHLUHQQOQAQTTS SDAI NTENV QAT QSO QG 307

1321  GGOGCCCAAGGCGT CCAAGGOGAT GACGAGGACATTGAT GAGGGT AGT GOCGT TGGCGGACCAAACT CGECCACCGGACCCAAT COCGCCT COGOCT CTGCATCOGOOGTCCATGOCGGA 1440
308 G AQGVQGDDEUDI DEGSAVGGPNSATG GPNPASASASAVHASG 347

1441 GTTGTGGTAAAGCAGCT GGOCAGT GTTGTGGACAAAT CGT CGTCGAAT CACAAACAT AAGAT CAAAGACAACAGCGT GTCAT CAGT GGGCTCOGAAATGGTTATTGAACCCAAAGCCGAA 1560
348 VV VKQLASVVDEKSSS SNHEKTHEKTI KDNGSVSSVGSEMVI EFPTEKATE 387

1561 TACGATGACGACGCGCACGATGAGAATGTTGAGGAT TTGACACT GGACGAGGAGGACAT GACAAT GGAGGAGCT GGACCAGACGGOCGGECACCAGCCAGSGT GGOGAAGGATCTAGTCAA 1680
3 Y DDDAHDETNVETDLTLTDETEDMTMETETLUDGO TAGTSGQGGTETGS SSQ 427

1681 ACATATGCAACATGGCAGCACGACAGAT CTCAGGATGAACT TGGACT AAT GGCACAGGAT GCACAGCAACGGGAT CCOCAAGGT GAGT GTTTGT TGOCTCTGAAATCGATATATGAGCTA 1800
428 T YA TWQHDRS S QDETLGLMAQDA QO QQRDGPO QGETCTLTLTZPLTIKSI YEL 467

1801 TGAACAAATGAAAAAGCAAAAAGTATAGCTTAGOCTAGAAGT ATTAGAT GAGAT GTTTTTTCGAAT CAGCGGGCACGACAAACAACAAGCTTAAATTCAAATGCAGATTAAAGATTGAAA 1920
K
1921 TCCAACTTTTCAAGGTCACAACTCCATTTTTTTCACACAAACATTTAAATATACAAATTTATTTTTGCCCATTTTAATGTACACTACAACAAAAGT CGTGCTCCGAAAAAAAGCTCTAAA 2040

2041 ACGTTGAAGAAGAAAAAAAAAAAAAAA 2067

C
AUG UGA
__Aue, . : .l TN uma Fig. 5. lola sequence and its relation to known proteins.
1

(A) Complete sequence of cDNA lola 8, representing the
3.8 kb mRNA, together with the predicted protein

1Kb ! sequence. (B) Complete sequence of cDNA lola 4,
lola Ttk domai n: representing thg 4.7 kb mRNA, together with the
PR 58 predicted protein sequence. The exon shared by lola 4
Lola .. NMDDDQQFC LRWNNHQSTL | SVFDTLLEN ETLVDCTLAA EGKFLKAHKV VLSACSPYFA and lola 8 extends from nt 180 to nt 1762 of the
D C LN Lo STTMLY LI LSEY sequences presented Adtrsksin A and B represen
Kup ... QH . NDTASH(SinVL LQQLNMOREF GFLCDCTVAI GDVYFKAHRA VLAAFSNYFK translation termination codons. (C) Sequence motifs
GAGA MBLPMNSLYS LTWEDYGTSL VSAl QLLRCH GDLVDCTLAA GGRSFPAHKI VLCAASPFLL predicted for Lola protein. The top of the figure places
Consensus -------- FoL-Wee--- L-SF-L-- --L-DTLA- -G - gKAHKp VL- A- SPYF- sequence motifs on the map of the two lola cDNAS; the
Lol a 5'EI)'LLQEQYDKH Pl FI LKDVKY QELRAMVDYM YRGEVN- - -1 SQDQLAALLK AAESLQ Jkgi bOttom of the ﬁgure dISplayS the muences of th%
Ttk TLFVSHPEKH PI VI LKDVPY SDVKSLLDFM YRGEVS- - -V DQERLTAFLR VAESLRI KGL protein motifs and aligns them with similar published
BrC ELLKSTPCKH PVI LLQDVNF MDLHALVEFI YHGEVN---V HQKSLQSFLK TAEVLRVSGL sequences. BLAST score for highest match to Ttk domain
Kup M FI HQTSEC | KI QPTDI QP DI FSYLLHI M YTGKGPKQ V DHSRLEEG R FLHADYLSHI is390 (p(N):ZS 6-48) for acomparig)n to Tramtrack.
OO”SS:SGSS DttKNTPCKK: EW@':LLADG}’NA N&EA&EE:; T,Rgs ::Y, DHAQ[PSLtQ fﬁ%’_\"l Qg’_ BLOCKS scores for zinc finger region are 1274 and 1332
for thefirst and second fingers, respectively; this
lola putative NLS: represents the 99.01 percentile of shuffled queries.
149 Nuclear localization signals do not fit a strict sequence
KRAR consensus; the indicated peptide isthe region of Lola
lola zinc fingers: most similar to known NLS elements. In alignments, @
y repr hydrophobic resi . Alignm f the Ttk
E nger 1 VYECRHOGKKYRVKSTLRRHENVECGGKEP (aa793- 822) d%pm?a??ln\}\?asygder?epra?gdcbye?hiuﬁogra?l P EnEtL(J) Ptofe thte
i nger 2 SHQCPYCPYKSKQRGNLGVHVRKHHTDLP  ( aa823- 851)

Consensus x2C  x12 Hxs H GCG sequence analysis package.
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lola encodes a putative transcription factor

AACACACGCAGT CGGEGAAGCAGAAGCAGCAGCAACT GTAACACAAAT COGT TAGCT CTCT CTTTACGOGAGAGCGT GAT TAGT GTAGGGAAAGAGCAAAGT TGAAAAAT TAACAAGAAGCA
GAAACTCOCTAGGAAAT TTAAAAAAAT AACT GCACT TCGCT GTTGAAAAT TTGCAT ACAACAT AACT GCT GACACACT AAACAAAACT GAAAAAAGAACCAAGGGCGAAAGCTGT TTATT
TTGTTTAGGCACCT AAGT T TGGOCAAAT TATAAT CAAAAAACGAGT GGCGAAAAAAACAGCAAGT CAGAGAGAGCGCT CGACGT TOGGCCCCAAGGT CGT GGEOCCAAACCCCCAGGATC

CATTTCCAACAACCCCAT CCAACCACCCGAGAAACCAGAAT GGAT GACGAT CAGCAGT TTTGT TTGOGGT GGAACAACCACCAGAGCACACT GATCAGOGT GT TCGACACGT TGCTGGAG
MDDDG QQF CLRWNNHGO QSTLI SVFDTLTLE

AAACGAGACT CTAGT CGAT T GCACGCT AGCOGOCGAGGGCAAAT TTCT CAAGGOCCACAAGGT GGTGCT GTCAGCAT GCAGT COCTACT TTGCTACCT TACT ACAAGAACAGTACGACAAA
NETLVDCTLAATETGEKTFLZKAHKVYVYVYVLSACSPYFATLLTG GETG YTDEK

CATCCCATCTTTATACT CAAGGAT GTCAAGT ACCAAGAGCT GOGOGCCAT GATGGACT ACAT GTACCGOGGCGAGGT CAAT ATCT CGCAGGAT CAGCT GBOCGCT CTGCT TAAGGCCGCC
HPIl FI LKDVEKY QETLTRAMMDYMYRGEVNI SQDOQLAALTLTEKAA

GAATCGCTTCAGAT CAAGGGCCT TTCGGACAAT CGCACT GECGGEOGGAGT AGCT CCCAAGCCAGAGT CCT CCGROCAT CAT CGCGEOGGT AAGCT GAGOGGT GOCTACACACT GGAGCAA
ESLQI KGLSDNRTGGGVYVAPEKTPET SSGHHRGGEKTLTSGAYTTLTEQ

ACTAAGCGGGCT CGACT GGOCACCGEOGGAGOGAT GGATACGT CTGEOGAT GTGT CCGGT TOBCGCGAGEGCT CCT CGAGT COGT CGOGT CGT CGCOGAAAAGT CCGACGT CGCAGCATG
TKRARLATGGAMDTT SGDVSGSRETGSSSPSRRRREKVYTRRR RTSM

GAGAATGATGCOCACGACAACT CAAACT CGT COGT GTTACAAGCOGCCOGOCT CGAAT CAGT CAAT CCT CCAGCAGACAGGGEGOCGGT TTGGOCGT CTCOGCT TTGGT CACCACCCAGT TG
ENDAHDNGSNSSVL QAAASNGO QSI LQQTGAGLAVSALUVTITTO QL

TCCAGCGGACCGGECAGCOGGAACCAGCAGCCAAGOGT OGT CGACCCAACAACAGCAGCCAT T GACCAGCACCAACGT TACCAAAAAGACT GAAAGOGCT AAACTAACATCCTCGACAGCC
S SGPAAGTSSQASSTQQRQQPLTSTNVTIKIKTESAKILTSSTA

GCOCCAGOGAGOGGAGCAT CTGCGT CAGOGGCCGT ACAACAGGCCOCAT CTGCAT CAGCAGCAGGCGCAGACCACAAGOGAT GOCAT TAACACCGAGAAT GTACAAGCCCAGAGCCAAGGT
APASGASASAAVQQAHLHQQQAOQTTS SDAI NTENVYV QAT QSO QG

GGOGCCCAAGGOGT CCAAGGOGAT GACGAGGACAT TGAT GAGGGTAGT GCOGT T GGOGGACCAAACT CGGCCACCGGACCCAAT COCGCCT CCGCCT CTGCAT COGOCGT CCATGOCGGA
GAQGVQGDDETDI DEGSAVGGPNSATG GPNPASASASAVHASG

GTTGTGGTAAAGCAGCT GGOCAGT GTTGT GGACAAAT CGTCGT CGAAT CACAAACAT AAGAT CAAAGACAACAGOGT GT CATCAGT GBGCT CCGAAAT GGT TATTGAACCCAAAGCCGAA
VVVEKQLASVVDEKSSS SNHEKTHEKTI KDNGSVSSVGSEMVI EFPTEKATE

TACGAT GACGACGCGCACGAT GAGAAT GT TGAGGAT TTGACACT GGACGAGGAGGACAT GACAAT GGAGGAGCT GGACCAGACGGOCGECACCAGCCAGGGT GGOGAAGGATCTAGT CAA
Y DDDAHBDENVYVETDTVLTTLDTETEDMTMETELTDO QTAGTTSQGGETGSSOQ

ACATATGCAACAT GGCAGCACGACAGAT CTCAGGAT GAACT TGGACT AAT GGCACAGGAT GCACAGCAACGGGAT CCCCAAGAT TTGAGCAGGAAGGAGAACACCGCACCCGAT GTGROG
TYATWOQHDRSO QDETLGLMAO QDA QQRTDPO QDLT SRTEKTENTAPDVA

TCCACCGOOGAGAT TCAGCGCAGT TTCCAGOGCAGCAT TCT CAAT GGCAAGCAGOGGGAT GAGCAGAAGAT CCAGT TGCOCGGAT CTCGEOGCAAGOGCT TGT CCGT CACCGAGGTCTCC
S TAEI QRSFQRSI L NGK QRDEQKI QL PGSRRKRLSVTEVS

GACATGCTGTTCGAGT TCTACAAGACCAAAT CGGCCAAGGT GOCCAAGGCGGAGCAGCCGCACOGT CAGGT AT CGCOGACAT COGGT GAGAT CCTAGATCOCT CGACCAT TTCGGOGAT T
DML FEFYKTIKSAKVPKAEQPHRQQVSPTSGEI L DPSTI SA

GOCGTTTATGGTACGGOCT COGAGACGGOCT CAAAAAACT T GAAT GCT GAT GAAGT GAT GOGAGT TCAGAACGCCACAGCT ACGOGT GT GGT GGGT GCTGOCGCT GBCGCOGOCGOCT CA
A VY GTASETASKNLNADEVMRVQNATATRVV GAAAGAAAS

TTTCATCCAAGGCOCAAAT ACACT CTGAAGACAGOGGCAT CGT CCACGGAGCAACT GGGCGT TGTTAAGGCCATACCCACT TOGGT GCT GGT GGOCAAT AGT GOGGOGGCT CTGACTCOG
FHPRPKYTLI KTAASSTEQLGVVKAI PTSVLVANSAAALTP

AAAACCGCAGGCAGCOGT AATTGOCGAGGOCCT GAT GOGAAAT GGACT GCACAACT TCCAGCAGCAGT TGOGT GOCCAGGAAAT ACT GOGOCAACAGACACCCCAT CGTOGRCATCAAGGAA
KPQAAVI AEALMRNGLUHNTFO OQQLRAQEITLRQQQTPHRTR RI KE

GAAAACGAT GT CGAAAT CGCT GGGGGOGACATAACACCCACT AAAAT T CT GGAGAACCT CTTGOGAAAGCAGCAAGAGOGOGACCT COGOCACT CTGAGT GTGAGAACGAACCGGGCTAT
ENDVEI AGGDI TPTIKI L ENLILRKO QQQERDLRMHSETCENEPGY

TOGACCGAGGACGACGAAGAGGGT CGCT ACCAT GCCT TCGAT GACAT ACACCT GAT GGAGCAAAGCGGT GGCAAAT TOGGCAACAACT COGGCAT GGGCAT GT TCAAT GCCAATGOCCAT
S TEDDTETEGRTYHATFDODI HLMETG QST GG KTFT GNNSGMGMEFNATN A H

GGAGGATCGGCCAGCT CGATTCTAGAT GOCCAT CAGGOCT TCOGCAACCT TGAGT TTACACT CAGOGAT TAT GGOGGCAGCAGCAGCAAT GGCAGCACCACCAGT CCCAAT GGCATCGGC
GGSASSI LDAHOQAFRNLTETFTLGSDYGGSSSNGSTTSPNGI G

CTGGATGGCGAACCOGTATACGAGT GOCGT CACT GOGGCAAGAAGT ATCGCT GGAAGT CCACACT COGGCGCCACGAGAAT GTCGAGT GTGGCGGECAAGGAGCCAT CGCATCAGT GTCCC
L DGEPVYTETCRHTCGEKT KTYRWEKSTLRRHENVETCGGTEKTETPSHTO QT CEP

TACTGCOCCTACAAGT CGAAACAGOGOGGCAAT CTCGGT GTCCAT GT GAGGAAGCACCACACCGAT CTGOCCCAGCT GCOCAGCAAGAGGAGAT CGAAGTACT CGAT GAATCGCGAAAAC
Y CPYKSKQRGNLGVHVRKHHTIDLW®PQLUPSKRRSKYSMNRTEN

CK}BXTGACKX}}:TCCATGﬁ(XXSATGﬁ(ﬂ(}}:AG{IXJVK}ZTGATCATCI;M:TTCAATC{XSAACII¥K3¥3ZTTGﬁﬁﬁ(IJVVXDAAATTTCHYKI}}}SACIX;MSTGAT(X:TTCIJXFTTGATA
GMSGSMSDDSQGKTLI I DFNGKGETULETK

TACAATATATTTTACGTCTGGTGTCTTGT TTTGTCCAT TGGATTTGTGGAAATTTATTTCTTGTCATTCATGT GTCATCCCAAATATTTAATGT TTACT TGTAGTAATTTATGTAATGTA
AGCAAAT GCAAGCCAAT CTAATCAAGCATATAATCAAAT TAGTCTTAAAGCCT TTTTTCTAACGATGCATTTATGOGT TAAAGCATCAGT TAATATCTCTTAAATTGTATAAAAT GATCA
TTCACCAAATGTCAATTTTATACT TACGAT TAAGT GTGCAAAATATTAT CAAACAACACT CAAATATTTTCTAAGGT CTCTACTATTTAAGATATCACGAT GTTGTCCAGAAAAAAAGTA
TTTAGAAAGGGT TCGOCT CGCOGT GT GOGTATTTCCAAAACGT TCOCAGCAT CTTGCOCAGAAACCCT CTGOCAT CCAACGAT CTCTTGACT TGGCT TGAT TAAGCTACT AAGACCAAAA
CTTTTGGTAACTACT CGATAAGCT CAATCGAT GOCATTTACAAT GATATACATTATGACT GAAT TAGT TAAGAGAAT TGCAT TGAACT GACAACT GAACAAACCATTAATTAACCAATTG

AAAACCAACTATTCCTCGCOCT GAAGACATTOGT TTCATATAT TTATGGACT TTAAGACT GAGT TATTGTATCT TAAAAAT TATTAACCCATGACCAAAAAAAAAAAAA 3829
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Fig. 6. Spatial distribution of lola RNAs during embryonic development. Embryos were hybridized with digoxigenin-labelled probes and
visualized with akaline phosphatase cytochemistry. A-E show the expression patterns observed with a probe that recognizes al lola RNA species;
F-J show the pattern observed with a probe specific for lola 4.7 and lola 4.9. For detailed descriptions of expression pattern, see text. Staging and
labelling of embryosisasfollows: (A and lower right embryo in F) stage 5; (upper left embryo in F) stage 8, dorsal view; (B,G,H) stage 10/11;
PMG, invaginating posterior midgut; E, ectoderm; M, mesoderm; ME, mesectodermal cells, H isadorsal view; (C) stage 13; (D) stage 14; dand |,
the dorsal and lateral clusters of sensory neurons, respectively; (1) stage 15; hb, histoblasts; id, imaginal disc precursors; (J) stage 16/17; b, brain
lobe; (E) stage 17; ¢, CNS; ventral view. If not otherwise specified, embryos are oriented with anterior to the left and dorsal at the top.



reflecting primarily the distribution of the short RNA. Thus, at
stage 12 and 13 expression is most evident in cells of the PNS
and CNS. RNA ceases to be detectable in the PNS by stage 14,
though it remains homogeneous in the CNS. At stage 17, the
most evident RNA expression revealed by a common probe
resolvesinto adiscrete subset of CNScells (Fig. 6E). However,
concommitant with the reappearance of the 4.9 kb form in
northern blots, RNA detectable with the long probe appears
transiently in clusters of peripheral cellsthat are probably pre-
cursors of imaginal tissues (imaginal discs and abdominal and
tracheal histoblasts, Fig. 61), and in asmall sector of the brain,
possibly the optic lobe anlagen (Fig. 6J).

Localization of Lola protein

The distribution of Lola protein was determined using an
antibody rai sed against the common portion of the protein. The
localization of the protein is consistent with the RNA distrib-
ution, but reveal's aspects of the expression pattern not evident
from the pattern of RNA accumulation. During gastrulation,
Lola protein appears to turn over at mitosis (Fig. 7B; Foe,
1989). Moreover, while the protein, like the RNA, is present
at highest concentration in neurons at stage 13 (Fig. 7D), the
presence of substantial protein product in epithelial cells and
in sensory organ support cells is more readily apparent than
might be predicted from the RNA analysis. Finaly, while
mesodermal expression of the RNA is no longer detectable by
stage 15, the protein is rather abundant in mesodermal nuclei
as late as stage 17. This can be seen in somatic muscles (Fig.
7G) and in the mesodermally-derived peritracheal cells
(Hartenstein and Jan, 1992) that lie alongside the transverse
branch of the trachea (Fig. 7H). These peritracheal cellsarethe
tracheal cell type on which the ISN actually extends ((Giniger
et al., 1993); EG unpublished observations).

Some general properties of the protein may be inferred from
these expression patterns. In many cell types the protein
persistswell after the RNA decays. Also, the proteinis nuclear,
as predicted based on the sequence analysis. Findly, staining
of homozygous mutant embryos with the affinity-purified
antibody indicates, first, that the maternally-provided Lola
product disappears rapidly at about stage 10 (germ-band
extended), second that the lola locusis required for expression
of Lolaimmunoreactivity, thereby suggesting that the
antiserum is specific for Lola protein, and third, that the 5D2,
2B13, and 4D4 aleles are strong or null, as they are devoid of
detectable Lolaimmunoresctive material (Fig. 7F).

DISCUSSION

We have shown that the lola gene, which is required in the
Drosophila embryo for axon growth and guidance, encodes a
protein that is related to the Tramtrack family of transcription
factors. Mutations of lola lead to axonal defects in those axon
tracts that have previoudy been shown to be sensitive to
mutations in Notch, Delta and logo, raising the possiblity that
lola acts somewhere in the same pathway as do these other
genes. One Lola isoform has two zinc fingers, as do other
members of the Tramtrack gene family, while the other
(neuronal) Lolaisoform is unusual in that it lacks any recog-
nizable DNA-binding motif.

lola encodes a putative transcription factor 1395

Four lines of evidence argue that the gene we have cloned
is responsible for lola function. First, lethal P-element inser-
tions that map near lola and give rise to a lola-like mutant
phenotype fail to complement an EM S-induced lola alele, and
excision of such transposons co-reverts both the lethality and
the mutant neuronal phenotypes. Second, the lethal insertions
cluster around the two 5'ends of the differentially spliced lola
messages. Third, we have detected only one other transcript in
the region, and this RNA is associated with a different cluster
of viable P-element insertions that do not interact genetically
with lola alleles; moreover, that RNA does not appear to
encode a protein. Fourth, embryos homozygous for any of
three lola alleles that we tested lack Lola protein. Attempts to
rescue the lola mutant phenotype by heat-shock expression of
the short cDNA have been unsuccessful, perhaps reflecting
differing requirements for the various protein isoforms (data
not shown). The large size of the lola locus (>35 kb) has so far
prevented us from rescuing the mutation by transformation
with a complete genomic clone.

In order to interpret the lola phenotype, we must know in
which cells the gene is required. Fusion of commissures like
that seen in lola mutants can be caused by mutations that
disrupt development of the midline glia (Klambt et al., 1991).
The observation that lola 4.7 is expressed in mesectodermal
cells that give rise to midline glia makes it attractive to
speculate that the fusion of commissuresin lola mutantsis also
due to defects in these cells, though this has not been tested
directly. For the other axona aberrations in lola, the require-
ment for the gene could in principle be either in the affected
neuronsor in their substrata, as expression of |ola encompasses
both of these tissues. It is striking, however, that the shortest
form of Lolais found preferentially in neurons, while the sub-
stratum (at least for the ISN) primarily expresses alonger Lola
isoform. Perhaps the various Lola proteins differentially
regulate guiding molecules in the substratum and responding
molecules in the axon, respectively. Resolution of this issue
will require either mosaic analysis or tissue-specific expression
of the various lola isoforms.

Mutations of lola presumably cause their effects by disrupt-
ing the expression of other genes. Ttk, the original member of
this family, is believed to be a repressor of transcription,
specifically arepressor of the transcription of the segmentation
genesftz (Brown et a., 1991), eve, h, odd, run (Brown and Wu,
1993) and en (Xiong and Montell, 1993). It is thus conceiv-
able that the Ttk domain is a transcription repressing region.
Other models could equally well be proposed: GAGA tran-
scription factor is an activator of transcription (Biggin and
Tjian, 1988) and, genetically, the BR-C both activates and
represses different aspects of the ecdysone response (Karim et
a., 1993). The observation that other Ttk family proteins are
direct regulators of transcription makes it particularly surpris-
ing that one form of Lola, the major neuronal form, has no rec-
ognizable DNA-binding motif. It is possible that the product
of lola 3.8 acts as a negative regulatory element, titrating some
other factor, though heat-shock expression of just thisisoform
is not obviously deleterious to flies (data not shown). Alterna-
tively, the short protein may associate with a separate DNA-
binding unit, thereby providing it with an effector domain
(Gerster and Roeder, 1988; Keleher et al., 1992; Kristie and
Sharp, 1990; Stern and Herr, 1991). In contrast with the nuclear
Ttk-like proteins such as Lola, it has recently been shown that
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Fig. 7. Distribution of Lola protein through embryogenesis. Embryos were stained with a-Lola antibodies and visualized with HRP
cytochemistry. Affinity-purified antiserum from two different rabbits gave identical results. Embryos homozygous for lola®P2 did not stain with
either antiserum (F). For detailed description of expression pattern, see text. Staging and labelling of panelsisasfollows: (A) stage 5; (B) stage
7; arrow indicates dividing cells; (C) stage 11; (D) stage 13; d, | and v denote, respectively, the dorsal, lateral and ventral clusters of developing
peripheral sense organs; (E) stage 14, ventral view; c indicates CNS; (F) stage 14; (G) stage 17; lower brackets enclose ventral longitudinal
muscle group, upper brackets enclose lateral transverse muscles; (H) stage 17; T indicates epithelial cells of the transverse tracheal branch, pt
denotes mesodermally derived peritracheal cells. Unless otherwise specified, embryos are oriented with anterior to the left and dorsal at the top.



an actin-associated cytoplasmic protein, Kelch, includes a Ttk
domain (Xue and Cooley, 1993). Perhaps the Ttk homology
provides a protein-protein interaction surface and is not itself
atranscriptional effector domain.

There are two basic ways in which a nuclear regulatory
protein can affect axon guidance. The protein may be required
to specify theidentity of the neuron or its substratum, or it may
be required more directly for expression of moleculesinvolved
in cell recognition and process extension. Examples of both of
these have previously been described. In the first category,
mutation of the homeobox genes ftz or eve transform the
identity of motoneuron RP2 leading to incorrect pathway
choices(Doeet al., 1988a,b), while mutation of the bHLH gene
sim (Nambu et a., 1991) disrupts the differentiation of the
midline glia (Crews et a., 1988) confusing those axons that
normally cross the midline (Klambt et al., 1991). In the second
category, it has been argued that prospero mutations block
expression of the pathway of axonogenesis without affecting
the identities of most neurons (Vaessin et al., 1991) (though
see also Doe et a., 1991).

What is the place of lola in the genetic circuit that controls
axon pathfinding? By the assays described above, it appears
that the substrata for the disrupted nerves are present in lola
mutants, and neither we nor Seeger et a. (1993) have found
evidence for alterations in the identities or overall differen-
tiation of neurons contributing to these nerves. (It should be
noted, however, that these analyses are not exhaustive: there
could be additional, as yet unidentified cells that serve a sub-
stratum function and require lola, or lola could cause subtle
modifications of neuronal identity that are not revealed by the
assays employed by usand by Seeger et al., 1993.) In principle,
Lola could be a transcription factor required for expression of
logo, Delta or Notch, since these molecules are necessary for
the extension of those axons that also require lola. While not
enough is known about logo to make any prediction regarding
the regulation of logo expression, transcriptional control of
Delta or Notch by lola seems unlikely, since lola mutants do
not display any of the multitude of other phenotypes associ-
ated with mutations of Delta or Notch (Corbin et al., 1991;
Hartenstein and Posakony, 1990); Figs 1 and 2 and data not
shown). It is thus conceivable that lola controls the expression
of effector molecules that transduce the signals by which
Delta, Notch and logo regulate axon extension. Alternatively,
if there are other cell-surface molecules that collaborate with
Delta and Notch proteins in specifying the axon-substratum
interaction, their expression could also be affected by lesions
in lola. Isolation of genes that are regulated by lola may
identify other elements of the control system that lays down
the nerve scaffold in the fly embryo.
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