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The Drosophila neuralized gene encodes a C3HC4
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The neurogenic genes of Drosophila are required for
cell—cell communication that determines the choice
between neuronal and epidermal cell fate. Here we report
the molecular characterization of the neurogenic gene
neuralized (neu) and show that it encodes a protein
containing a C;HC, zinc finger DNA-binding motif.
This motif has been previously characterized in a variety
of regulatory proteins, including transcription factors,
locus-specific Drosophila chromosomal proteins, and
oncoproteins. These results suggest a nuclear function for
neu in the cell—cell signalling process responsible for
inhibiting neuronal determination.
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Introduction

During neurogenesis in Drosophila, interactions between
neighboring ectodermal cells are necessary to restrict the
number of neuronal progenitors. Neurogenic mutations
disrupt this process resulting in neuronal hypertrophy at the
expense of epidermis (Artavanis-Tsakonis and Simpson,
1991; Campos-Ortega and Jan, 1991). Genetic and molecular
analyses of the neurogenic loci have yielded clues to how
this process of cell —cell communication takes place. Three
neurogenic genes, Notch, Delta and bigbrain, encode
transmembrane cell surface proteins (Wharton et al., 1985;
Kidd et al., 1986; Vissin ef al., 1987; Kopczynski et al.,
1988; Rao et al., 1990). In mosaic analysis, the autonomous
neural development of Notch mutant cells (Hoppe and
Greenspan, 1986, 1990; Heitzler and Simpson, 1991)
suggests that Notch functions as a receptor for an inhibitory
signal. Conversely, the nonautonomous epidermal develop-
ment of Delta mutant cells along clone borders, and
an increased frequency of neuronal commitment among
neighboring wild-type cells, suggests that Delta functions
as a signal that inhibits neuronal determination (Heitzler and
Simpson, 1991). Cultured cells that express Notch adhere
to cells expressing Delta, evidence that the two proteins
interact directly (Fehon et al., 1990).

A number of other neurogenic genes encode nuclear
proteins. Seven genes of the E(sp!) complex encode related
helix —loop—helix proteins (Klimbt er al., 1989; Knust
et al., 1992) which presumably function as transcriptional
regulators (Murre et al., 1989). Antibody staining has shown
that the protein encoded by mastermind is nuclear; however,
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its only distinctive structural feature is the presence of
homopolymeric runs of amino acids (Smoller et al., 1990).
Based upon a similarity to portions of the homeodomain and
bacterial helix —turn —helix motifs, it has been proposed that
the protein encoded by the neurogenic gene, neuralized
(neu), is also a nuclear regulatory factor (Boulianne et al.,
1991). We have independently cloned and characterized neu
and found that it encodes an additional DNA-binding domain
found in a diverse group of regulatory proteins, suggesting
that neu may affect gene expression critical for the choice
of ectodermal cell fate.

Results

Cloning and mapping of the neu region

Molecular characterization of neu was initiated from a line,
new’®, in which a single P[lacW] enhancer trap transposon
(Bier et al., 1989), P[lacW](85C), disrupts neu. Nearly 2000
independent insertions of P[lacW] on the second and third
chromosomes were generated in our laboratory and screened
for (-galactosidase expression in imaginal discs. One
recessive lethal line, # 383, expressed the reporter construct
predominantly in sensory mother cells, the progenitors of
the adult peripheral nervous system. Plasmid rescue was used
to clone DNA flanking the P[lacW] insert. The recovered
genomic DNA mapped to 85C, the cytological position of
neu. Complementation analysis revealed that this insertional
mutation is allelic to the nex mutations nex®'"° and neu™.
A 32 kb genomic walk was initiated with the rescued DNA
(Figure 1). Southern analysis was used to generate and
confirm a restriction map of the region flanking the rescued
genomic DNA.

Identification of the neu transcript

Transcription units flanking P[lacW](85C) insertion were
characterized using DNA fragments from the region to
probe Northern blots (Figure 2). Using a 450 bp Asull—
EcoRV genomic fragment (Figure 1) that lies 100 bp
from P[lacW](85C) as a probe, three major transcripts of
4.1, 3.7 and 0.4 kb were detected on developmental
Northern blots (Figure 2A). The proximity of the probe to
P[lacW](85C) and its small size suggested that these were
neu transcripts. The 4.1 kb neu transcript was detected in
embryos, larvae, pupae and adults, with highest levels
detected in 3—12 h embryos. The 3.7 kb transcript was
detected in 0—12 h embryos and in adult females, with
highest levels in 0—3 h embryos. Northern analysis with
this probe, which represents a common exon, suggests that
the 4.1 kb transcript is more abundant than the 3.7 kb
transcript. Both transcripts are expressed during periods
when lateral inhibition restricts neuronal determination
(Brand and Campos-Ortega, 1988; Skeath and Carroll,
1992). A 4.5 kb genomic EcoRI fragment located 9 kb to
the right of P[lacW](85C) (Figure 1) also detected the same
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Fig. 1. Structure of the neu locus. The extent of the rescued genomic fragment p(383) and three genomic phage clones (¢19, ¢$30 and ¢41) are
shown as bars adjacent to a restriction map of the region surrounding P[lacW](85C). The positions of characterized transcription units are shown
below as open boxes with coding regions shaded. DNMDMC and neu are transcribed from left to right; the gene encoding the 2.2 kb transcript is
transcribed from right to left. The extent of characterized neu cDNAs of 0.7, 3.4 and 3.9 kb are indicated as bars adjacent to the neu transcription
unit. The approximate location of the prdlll gene and a transcription unit encoding 3.6, 3.2 and 2.8 kb transcripts are represented as open dashed
boxes (no cDNAs were obtained for these transcription units). Probes hybridized to the Northern blots in Figure 2 and Southern blots in Figure 6
are shown as numbered black boxes at the bottom. The abbreviations used for restriction sites are: B, BamHI; E, EcoRI; G, Bg!Il; and H, HindIIL.
A subset of the Asull (A) and EcoRV (V) sites is also shown. A101 (not to scale) and P[lacW](85C) denote enhancer trap insertions. Scale is in kb

from P[lacW](85C).

pattern of 4.1 and 3.7 kb transcripts (Figure 2B), indicating
the presence of one or more additional neu exons.
Flanking transcription units discovered in our analysis
serve to establish further the identity and outer molecular
limits of the neu gene (Figure 1). Restriction mapping and
DNA sequencing (data not shown) indicated that a gene
located near the 3’ end of neu is prdlll, a locus previously
identified at 85C on the basis of cross-hybridization to probes
containing a paired repeat (Frigerio et al., 1986). prdlll
encodes 2.7 and 3.1 kb transcripts which exhibit temporal
profiles of expression similar to that of neu (Figure 2B). A
gene transcribed divergently beginning ~6 kb from
P[lacW](85C) gives rise to a 2.2 kb transcript which is also
expressed in a temporal pattern similar to that of neu (Figure
2C). cDNAs representing this 2.2 kb transcript were cloned
and sequenced. Conceptual translation of this sequence
predicts a 538 amino acid protein with no similarity to
reported protein sequences (data not shown). 101 bp from
the 3’ end of the 2.2 kb transcript lies the 3’ end of a
gene encoding NAD-dependent 5,10-methylenetetrahydro-
folate dehydrogenase-5,10-methenyltetrahydrofolate cyclo-
hydrolase (DNMDMC) (Price and Laughon, 1993).
Using the 450 bp probe used in the Northern analysis,
several overlapping neu cDNAs were recovered from
imaginal disc and embryonic cDNA libraries. A composite
neu cDNA sequence was generated from three of these
cDNAs (Figure 3). The position of P[lacW](85C) was
determined by comparing the sequence of a portion of the
rescued plasmid with that of the neu cDNAs. This insertion
lies within the untranslated leader of the neu transcript,
suggesting that it may disrupt the synthesis or translation
of neu mRNA (further evidence for this is described below).
Two neu cDNAs contained poly(A)* tracts at sites
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Fig. 2. Transcription units characterized by Northern analysis.

0=3 = 0—3 h embryos, 3—12 = 3—12 h embryos, 12—24 =
12—24 h embryos, W = wandering third larval instar, P = pupae,
M = adult males and F = adult females. Size is indicated in kb.

(A) An autoradiograph of a Northern blot probed with a 450 bp
Asull—EcoRV genomic fragment (probe # 1, Figure 1), reveals three
major transcripts of 4.1, 3.7 and 0.4 kb. The 4.1 kb transcript is
expressed at all stages examined, with highest levels during hours
3—12 of embryogenesis. The 3.7 kb transcript is only expressed in
adult females and during the first 12 h of embryogenesis. The 0.4 kb
transcript is adult male-specific. Exposure of the Northern blot for

7 days. (B) An autoradiograph of a Northern blot probed with a

4.5 kb EcoRI genomic fragment (probe #2, Figure 1), reveals four
major transcripts of 4.1, 3.7, 3.1 and 2.7 kb. The temporal expression
of the 4.1 and 3.7 kb transcripts corresponds to the pattern of
expression of the 4.1 and 3.7 kb neu transcripts shown in panel A.
The 3.1 kb and 2.7 kb transcripts are derived from the prdlil locus.
The 3.1 kb transcript is expressed at all stages examined with highest
levels during hours 3—12 of embryogenesis. The 2.7 kb transcript is
expressed only during the first 12 h of embryogenesis and in adult
females. Exposure of the Northern blot was for 69 h. (C) An
autoradiograph of a Northern blot probed with a 2.2 kb cDNA which
maps from —6 kb to —9 kb (probe #3, Figure 1) and which detects a
single transcript of 2.2 kb. This transcript is expressed at all stages
except adult males, at highest levels during the first 12 h of
embryogenesis. Exposure of the Northern blot was for 8 h.
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neuralized encodes a C3HC, zinc finger

AAAAAAAACTCAGCGAAA*GGTTGTCTCGAAGTTGTCG
TCGTCGGTCTTTGYGTTTCGTATCGTTTCGYTTCGTTTGTTCCCGT TGCGCGCAGACAAACAACCAACCAAAT TCAAAATGTTTTAACGGAAAACAT TCAAAT TCGAAGAAGAACTCTAT
CGCTAAAT TTAATGCCAAATAAAATACGCAAGCAGCTTGTGCATTTTCATTAGCATTACGCGTGTTCGTTTAGTTCGTCTGTTTTAATTTAAATAACGAAATAAGAAATAATCCACTACC
ATGGGTCTATCGGATATACCAGCCAACTATATGCAGGGCAGCCATCCGCACCTAACTCTCCATCCGCAGCAGCAGCACCACCAGAATCAGCAGCACT TGCAGCATCTGCAACAGATGCAG
M G L $ DI P A NY MQGSHPHLT L HP QO GMHHQNI QO QH L QH L OQ@mHMEQOQ 40

CAGCTGCACAACGCCATGCCCACTCCCGCCCAGCAGGCCGCCCAGGTCCTGGCCATGGAGTCCAACGAGCTGCTCATGAGCACCAAGGACAAGCTCTCTAGCAAGAAGAAAATGCACTTG
Q L K N ANPTPAQQ@AAQVLAMESHNETLTLMMSTIKDT KT LSSKT KT EKMHL 8

*
CTCAAGAAGATCAAGAAGCGCT TTGGATTGGT TCGCCGCTCACCCTCTTCATGTCCTGGCCCCAACAACCTGCCTCCGCTGCAATTCCACTCCGTACATGGCGACAACATCCGAATTTCA
L K K| KKRF GLVRRSPSSCPGPNNLPPLAO GFWMHWSVHGDNIT RIS 12

AGGGACGGAACCCTGGCCCGTCGCT T TGAGAGCT TCTGCAGGGCCATCACCTTTTCAGCGCGTCCGGT TCGCATCAACGAGAGGATCTGCGTGAAGT TTGCTGAGATCTCGAACAACTGG
RDGT LARRTFETSTFT CRAITEFSARPVRINETRTITCVEKTFAETISNNWW 160

AACGGTGGAATTCGCTTTGGAT TCACCAGCAACGATCCTGTAACGCTGGAGGGAACGCTGCCCAAGTACGCCTGTCCGGATCTGACCAACAGGCCTGGCTTCTGGGCCAAGGCTCTGCAC
N GGIRFGFTSWNDPVTITLEGTLPKYACPDTLTNRTPGTFWMWATKALH 200

GAGCAGTACTGCGAGAAGGACAACATACTTTACTACTATGTCAATGGAGCTGGCGATGTGATCTATGGTATAAACAACGAGGAGAAGGGTGTGATACTGACCGGCATCGATACGAGAAGC
E QY CEKDWNILYYYVNGAGDVIYGINNETESKSGVTILTIGI!DTRS 20

CTGCTGTGGACGGTGATCGATATCTATGGCAACTGCACGGGCAT TGAGT TTCTCGATTCTCGCATTTACATGTACCAGCAGCAGCCAGCGGCTATACCAATGGCCACTGTGCCCGCCCAG
L LW TV I DIYGNCTGTIETFLDSR RIYMYQQQQPAATILPMATVEPAOQ 280

CAACAGCAAATGCCCCAGCCAGCTGCCAATGCCTCCTCCGCCCTGAATTCCCATCACCCGCATCAGCAGTCGAGGAGATCCCTGCCAGGACACACTGCGGCCATCGAGCACGATCTGGAG
9 9 9 M P QP A AMNASS ALNSHNEPHNOOGSRRS L PGHTAALIEMNDLE 30

CGCCATGTGATGCCGTCCCTGCAATCCCTGCACT TGGCAGGAAACGGT GGAAGCGTGGCTAGCGTAGAACAGGCGGCCATTGCTCATGAT TTGGCCAATGGACTGCCTCCTCTGCGCTAC
B4 v wrP s L g § L W L AGMNGGSVASVYVEQAATIAHKDLANGLPPLRY 360

AATGCCAACGGACGACTGAT TCCAGTGCCCT TCCACAACACCAAGGGCCGGAATGTGCGGCTCTCGCAGGATCGCTTTGTGGCTTCTCGTACGGAATCTGACTTCTGCCAGGGATATGTG
N ANGRLTIPVPFNNTIKGRNVRLSOQDRTFVASRTES SDTFTCSOQQGYV 400

TTCACTGCCCGTCCEAT TCGCATTGGTGAGAAGC TGAT TGTGCAAGTCCTGAAAACGGAACAGATGTACGTGGGTGCCTTGGCT TTGGGTCTGACCTCCTGCAATCCGGCCATGTTGCAG
FTARPIRI GEKLTIVAE@VLKTEA QGMYVGALALGLTSTCNPAMLOG 4

CCCAATGATTTGCCCAATGATTCGGATTTCCTGCTCGATCGCCCCGAGTACTGGGTGGTGAGCAAGGATATTGCAGCTGCTCCTCAGCGCGGCGATGAGATTGCCTTCTTCGTGGCGCCC
P NDLPWNDSDTFLLDRPETYWVVSKDTIAAAPOQRGDETIATFTFVAP 48

MCGGTGMGTGAGCATWmmﬁc'l’GTGGYMYGVGCATGYWTCCCYCCAGCTGYGGGCCTTCCYGGATGTCTACGGCTCGACGCAGTCTQ_GAGGATG
N GEV ST SKNNGPAVYVHHVDOSLOQLWATFLDUVYGSTO QS R M 520

TTCCGCCAGCAGT TACCCAACATGGT TGCGTATCCATCGCAGCCGCAGGTCAATGTGAATGCCAGCAGCTCGTCCGCCTGCAACGCTGCCTCCACGTCCCGCATGCTGCCCATGACCGAG
FRQQAQLP NNV AYPSQPQAQVNVNASSSSACNAASTSRMLPMTE 560

TCGATGAGCAGTCTGAATGCCGGAGCCACTGCCAAGCTGTTGCATCATCCCTCGCAGCTGAGCGTAGCCCAGAGTACGAGCACTTTGGCCTCAGCTGGCGGAGTCAATGGCAGCCGCATG
S M S S L NAGATAKLLMNMHNPSQLSVYAQSTSTLASAGSGVNGSRM 600

ATCAGCATGCCCTCCAACGGAGATATTCTCCAGATCCAGCCGAATGGTGGTGGCACCGTTCTGGTGGTCAACCTGCCACCTGCTAGCAGCTCGCACGATATAAACGGCCAACTCGCGGCC
I §$ M P S NGDILAQI QPNGGGET VLV VNLPPASSSHDINGA QL AA 60

+
AGGCCAACGGCCACGGTAACCTCCAGCGGTGT TCTGGCCGGAGCCTGC TCCAGCGGCACCCT TATCAGCACCACCAGCAGCCAGTACATCGAGCAGCCCATTGCCAATAGCACAAATAAT
R PTATVTSSGVLAGACSSGTLISTTSSOQYTTEQPTI ANSTNN 68

GCGGCCAACAAGTGGAAGGACAGCCTGAGCGACCAGCAGAGCACCGAT TCGAGTGCCGAATGCACCATCTGCTACGAGAATCCCATCGACTCGGTGCTGTACATGTGCGGACACATGTGC
A AN KWWKDSL SDOGQOQSTDSSAECT I CVYEWNP I DSV LYMCGHNMNC 72

ATGTGCTACGACTGCGCCATCGAGCAGTGGLGCGGAGTGGGTGGTGGCCAGTGCCCACTGTGCCGGGCGGTGATCCGGGACGTCATCCGCACCTACACCACGTAGAAAGGTCGCGGGCGT
ne vy b C AL E QW RGY G GG OQCPLCRAVIRDVYVIRTYTT., 754

TTCCTAGCCAAGCAACATTTACTCGCAATCAAACCTACTAAAGCTACACAT TATACCATACACACAAGTTGTTGCAT TTTAAACGCAAT TGAGCGCAAAGAATATTATATTGGAGAGATA
GGCATTATTTTTGCAGACTAAAGATTAGATAGT T TACGCAGCTAGAT TAGTGTATGAAACTATCAACTAATTTATCACACGTATGTTTAATTTTTTTGTGATGTTATAAGTAAGTGCGCC
CCAGAGCCAAAACTATGTATTGTTCAATCCAACAAAGATATCTTCGTTTTTTCAATTTTTTTCAAACCTTGAATCGCCCATTTGTGCGTTGTATACTGAAAAACCAAAGTATTGTATAGG
AGTTTATAGTATTTTGAATTTAAATTGGAATTAAT TGAAAGT TGTTGCAAATTTACTTAGTTTTTCTCTATGTCTAAATTCCAAACGATGTGCAAAAT TAACAAACACAAAGTACAAGGA
TTCTTTATTTGGCGATTAATCATTTTGGTGCTAAATGTTTTGAAAGGCAAAATAAAAT TGT TAACGGATTTGAAAAGT TATGT TTAAGCT TGCAGCAACTACGAATGACCTTAATTTGAT
ATGAAATCACAAGAAGCAAATATTGACTACT TTCCAGCAAGGAAATGGATATCGACGCAACTCAAATAAGT TTGCAGCACAAAT TAATGAACAAAGAT TGATCAGAAAACACT TATGCAC
GTAAACCAAAATAGAAAACTGCAAGAGCGTGTTTGTTTAAAGT TAATATTAGTCTAGCCCTAAGTACTTAAGT TAATTTCTAGTCAACGAATTATGCTGAAGT TAAATCTAAACCGGACT
TCATCCAACAAAGACACCACAAAAAAGACGTATTAAGCACGCTAAGCTATTTTAATGAAGCCGCATTTTAAAT TACACTTAAGTAGTGCACGTATTTTAATGGAGACTTAAATATATTTA
ACTATAAACATAGAACAAAAGACTTGTATGTTGTACCAACAGCTTGAATGAAATATGGAAAATGGAATGCCCATCTAAATAAACCATGCAGT TAGAAAAT TGCCAATAATTAATTAACAA
TACCAAGCAGATTTAACATGAAGGACAAGCAAAGCGGATAAAACT TTACCTAAGAT TGTATTAAAACTGAAAAAATGTAATAAGCAAAGAACACAAAGAAATATGCGAAATGGAATAAAG
CGCAAGCTTACTATTTTGTTATAAGAATGCATCCGGATAGGAGTAAATGAAGACATGT TATTGCCACTAATAATAAACT TTTAATTTTTTAAACAATCATAGT TCGTAAAATTACGATAC
TGCGCCYAGTTATGACTMACATYTAMTGYATI’TATM"ATATTTMTAYA!GIMWMCGCM'IGCI’G‘MI’ACCM’T&TACTGACMCMTATCAGAAASMMMMM
AA

Fig. 3. Sequence analysis of neu. Both strands of 3999 bp of sequence were obtained from three overlapping neu cDNAs (Figure 1). A single strand
of sequence from p(383) reveals that P[lacW](85C), indicated with an asterisk, falls within this cDNA sequence. Nucleotide position is indicated at
the left; the P[lacW] insertion site is 0. The location of the new’®? insert suggests that these cDNAs correspond to neu transcripts. Sequence analysis
also reveals that a 3.9 kb imaginal disc cDNA and a 3.4 kb embryonic cDNA, which probably represent the 4.1 kb and 3.7 kb neu transcripts,
contain poly(A)* tracts following nucleotides 3510 and 3969 (double underlined) respectively. Potential poly(A)* addition signals are found at
nucleotides 3490 and 3942 (underlined). Indicated by +, the splice donors follow nucleotides 530 and 2272. Both the 4.1 kb and 3.7 kb transcripts
encode the same putative protein. The first ATG in the single long ORF is at nucleotide 260. Conceptual translation of the following ORF predicts a
754 amino acid protein of 82 kDa. Amino acid position is indicated at the right. The predicted protein contains short opa repeats at positions 21 —43
and 256—303 (underlined), a putative nuclear localization signal at positions 82—89 (underlined), homology to helix —turn—helix domains at
positions 304 —347 (Boulianne et al., 1991) (double underlined) and homology to the C;HC, motif at positions 701 —742 (double underlined).
Nucleotides within the neu ORF at 1474, 1811, 1812, 1920 and 2383 (underlined) are not present in the sequence reported by Boulianne er al.
(1991), which also contains the sequence TCCACGTCCCT in place of the G at nucleotide 1920.

separated by 458 bp, suggesting that the 4.1 and 3.7 kb neu and acceptor of each of these introns: both sets of splice
transcripts arise via alternative polyadenylation. However, junctions follow the GT/AG rule (Breathnach and Chambon,
neither putative poly(A)™* signal sequence is a perfect match 1981). The 4.1 and 3.7 kb neu transcripts contain a single
to the consensus, AATAAA (Proudfoot and Brownlee, long open reading frame (ORF) encoding an 82 kDa protein
1976). Comparison of genomic and neu cDNA restriction of 754 amino acids. The first half of this ORF is virtually
maps and Southern analysis indicated the presence of two identical to the 411 codon neu ORF reported by Boulianne
introns. Genomic sequence was obtained for the splice donor et al. (1991) but has an additional 343 codons at the 3’ end.
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c'r:cvp 8 E]---z-clucucvoanlxo vElcco ----- neu [D. mel.)
c v Lrp MVA---lc|-|lcB|N - Plc|R s|le]zt DK A|W|BE|lG|INSSPA----- xn£? [X. laevis)
c LQYFAEPMMLD- - -|c|-|G XN - I|c|c A|lc[LARC|W[GTAETNVS - - - - rtp [human]
c| LDPFVEP sxn---c-cls-reoscxsovcl@csv ------ 88-A/Ro (human)
c LELLR!P SAD-~---|c|-N|E|S8 - FIC|[RA|[C/]ITLNYESNRNTDGKGN - rpt-1 (mouse)
c QAEAKCPK|LILP - - ~-|c|-LiE|T - L|lc|sGlc|]LEASGMQ~-==-=-====-=-- PML (human)
c Anx@vnx:r---c-ElL-Ecrscnrsuosst]o ------ cBL2 {human]
c FSVAEIKNYPFPL X1 |c|-K|E|a-L|lc|SM[C/IRKIRKRKKVP-=-=--- €G30 [A. cal.)
c CSVGEIKNYFL X2 [c|-R|Elq-L|c/lVM|ClVREKIAQRGRDKRVE-- - cG30 [0. pseu.]
c L[HTvsoosno'rn c-olc-rerxchnnosNAnuxrus'rvc PE-38 [A. cal.]
c GGYF ATTIIE--|c|-L|B|S -Ple[KT|[C[IVRYLETSKY ===« -- bmi-1 (mouse]
c GGYTF ATTIVE--[Cc|-L|E|S ~P|IC|KTIC|]IVRYLETNKY ==~ mel-18 [mouse]
c QGYL uA'r'r:vx--c-Lxs-rcnscLElllLEll!Rr ------- Psc [D. mel.]
c RGYNM PTTVDY - -|c|- Y|R[T - Y[c|RS[C[ILKHLLRAVY-=-- ==« Su(z)2 [D. mel.)
c TDEIAPHLRCDTPFEP|c/l-MER-PCIIPICIMKTWNMQLRNT «=-«---- IE110 [HSV-1]
cr:cuswstchx'rEp--c-Llo-rcrvcxnav-rs-rsvo ------- Gene 61 vzv)

c LDVAA'I'SAQTLP--c-ull-rcLEcIQR'TL‘I‘STA ------- EPO {PRV)
c PHAEGAV!LLP-C-RIV-l'c‘rAchQR ----------- L-repeat  [trypan.]
c KDFLKVP -rp---c-Elr-rcsnexnrnLunoru ------- RAD 18 (8. cer.]
c :n:na ETN---lc|-K|g|[v-Plc|RV|[C]ILRCLEKVN|G[S8Y -~~~ == RAG-1 [human]
c !HILA ETS ---|c|-K[E|L - P[C/|RI|CIILRCLEKVN|G|SY = = = =« « RAG-1 [mouse]
c LDMLKNTMTTKE--|C|-L|E[R-F|c|S|IDC/IVTALRSGNKE -~~~ - - RING1 (human)
] woxrosLEn ----- ¢|u D[n]Y - L|c[RH[C|LNLLLSVSDR=-----~-- Gene 2 [LCHV]
c X9-27 C-XHX { cXxx c{ Xs5-16 CONSENSUS

Fig. 4. Alignment of 23 proteins containing the C;HC, motif (Blake et al.,
1991; and references therein). Residues with identity to neu are boxed. The consensus can be represented as

et al., 1991; Reddy er al.,

1991; Brunk er al.,

1991; Cheung, 1991; Haupt et al., 1991; Kakizuka

CX[ILVICXy_,7CXHX[FL]CXXCI[IL]Xs_;sCPLCR. Both Xg_»; and X5_,¢ are variable in terms of amino acid content and size, therefore no
optimal alignment of these regions was attempted. X1, X2 and X3 represent amino acids omitted for brevity. X1 = QPIDRLTIIPVLELDT,

= QPVDAITILPIVELHT, X3 = CPFLIPTT.

The predicted neu protein contains a C3HC,; motif
Several features of the predicted neu protein indicate
that it may be a DNA-binding regulatory protein (Figure 3),
the most important of which is a C;HC, zinc finger
located near the carboxy-terminal end. The C;HC, motif
(Freemont et al., 1991a) is found in more than 20 proteins
(Figure 4) and its consensus sequence can be represented
as CX[ILV]CX,_,,CXHX[FL]CXXC[IL]X;_;CPLCR
(where X represents any amino acid). Only the histidine and
cysteine residues are invariant. The neu C;HC, sequence
differs slightly from the motif consensus; the spacing between
the histidine and the fourth cysteine is increased by one
cysteine and there is an alanine at the [IL] position. Unlike
other characterized C;HC, proteins, the nex C;HC, motif
is found near the carboxy terminus of the protein. In other
proteins, the C;HC, motif has been shown to bind zinc
(Salvato and Shimomaye, 1989) and to be necessary (Tagawa
et al., 1990) and sufficient (P.Freemont, R.Lovering and
J.Trowsdale, unpublished, cited in Reddy and Etkin, 1991)
for DNA binding. Although the best characterized C;HC,
protein, the herpes simplex virus type 1 immediate early
protein 110 (Perry ez al., 1986), has been shown to function
as a transcription factor (Everett, 1984; Gelman and
Silverstein, 1985; O’Hare and Hayward, 1985a,b; Quinlan
and Knipe, 1985), some C;HC, proteins may have other
functions that involve DNA contact. Other features of the
predicted neu protein include homology to basic nuclear
localization signals (Dang and Lee, 1989) and short runs of
glutamine (Figure 3).

Expression pattern of neu transcripts
In situ hybridization was used to investigate the expression
of neu transcripts during embryogenesis; our results are
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generally consistent with those reported by Boulianne et al.
(1991). Before cellularization, low levels of neu transcripts
are detected throughout the embryo (data not shown). After
cellularization, neu expression is first detected along the
ventral surface of the embryo. At first patchy (Figure 5A),
this expression is soon uniform across the entire presumptive
mesoderm (Figure 5B). Prior to and just after ventral furrow
formation, transcripts are also weakly detected in transverse
stripes (data not shown). As the ventral furrow seals, all cells
expressing high levels of neu transcripts are internalized
(Figure 5C). Transcript levels in the mesectoderm, the cells
that lie along the ventral midline after gastrulation, are not
detectably higher than in adjacent neurectodermal cells (data
not shown). During germ band extension, the level of
mesodermal expression rapidly decreased (data not shown).

At stage 9, neu expression is relatively uniform throughout
the neurogenic ectoderm (data not shown). By stage 10,
neuroblasts appear to express neu transcripts at slightly
higher levels than surrounding cells (Figure 5SD). Clusters
of cells in the presumptive lateral epidermis express elevated
levels of neu transcripts (Figure SE). During stage 11,
neu transcripts begin to decline in the ventral and lateral
epidermis (data not shown). At late stages, expression
appears to be maintained in at least some neural lineages
(Figure 5F).

To test the assumption that neu is the gene encoding the
4.1 and 3.7 kb transcripts disrupted by P[lacW](85C), rather
than the adjacent gene encoding the 2.2 kb transcript, we
examined how P[lacW](85C) affects the expression of the
two genes. In situ hybridization reveals that P[lacW](85C)
dramatically reduces the level of the 4.1 and 3.7 kb
transcripts (Figure 5G) but has no detectable effect on the
fairly ubiquitous embryonic expression of the neighboring
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Fig. 5. Distribution of neu transcripts. Whole embryos hybridized with a digoxigenin-labelled riboprobe to the 5’ end of the third neu exon. All
embryos are at the same magnification, scale bars in A and G = 63 um, and are oriented with anterior to the left. (A) neu transcripts are first
detected in a patchy pattern along the ventral surface of blastoderm embryos at about the time of cellularization. (B) Prior to ventral furrow
formation, neu transcripts become evenly distributed throughout the presumptive mesoderm with sharply defined lateral boundaries. (C) At stage 6.
the neu-expressing mesoderm invaginates during gastrulation. (D) At stage 10, neu is expressed in both neural and epidermal precursors along the
ventral surface; however, the patchy pattern indicates that some cells express neu at higher levels. (E) Laterally, neu is also expressed in both the
neural and epidermal precursors of the developing peripheral nervous system at stage 10. Again, patches of cells (arrows) exhibit high levels of neu
expression. (F) At late stage 12, lateral ectodermal expression decreased with strong neu expression remaining in segmentally reiterated clusters of
cells (arrows) which correspond in position to the developing peripheral nervous system. (G) Hybridization of the neu riboprobe to embryos collected
from a neu?3/TM3 stock. Three classes of embryos were identified in a 1:2:1 Mendelian ratio. new’®*/new’®® (top; 49/192 total); neu’®3/TM3
(middle) and TM3/TM3 (bottom) embryos were identified on the basis of neu expression levels. Older neu’3/neu’s? embryos can be identified on the
basis of their neurogenic phenotype: they fail to form segments ventrally. All of these embryos showed dramatically reduced levels of neu transcripts
(data not shown). (H and I) Hybridization of a riboprobe detecting the flanking 2.2 kb transcript to embryos collected from a new’®/TM3 stock. A
new$3/neu®? mutant stage 14 embryo (I) shows no difference in the fairly ubiquitous pattern of 2.2 kb transcript expression compared with stage 14
new’®3/TM3 or TM3/TM3 embryo (H). Similarly. no differences were observed at other embryonic stages (data not shown).
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2.2 kb transcript (Figure SH and I). These results confirm
the identity of neu.

Discussion

While this work was in progress, another group reported
the cloning and molecular characterization of neu (Boulianne
et al., 1991). That report predicted a neu protein of 411
amino acids, while our results predict a 754 amino acid neu
protein. Comparison of DNA sequences from the two studies
reveals a total of 27 differences. Four of these shift the
reading frame resulting in the difference in predicted protein
length. We sequenced these four regions in a corresponding
genomic clone and found no differences compared with our
cDNA sequence. We also note that our genomic restriction
map differs somewhat from the previous report in the region
surrounding the 5’ end of neu. We have confirmed the map
by extensive restriction and Southern analysis of over-
lapping clones and of wild-type genomic DNA (see Materials
and methods for details). Our mapping places the A101
enhancer trap insertion, a strong neu allele, within the same
2.7 kb HindIII fragment as P[lacW](85C) (data not shown)
while in the previous report it was located further 5’ of neu
in the adjacent HindIIl fragment. Finally, Boulianne et al.
(1991) reported a 2.5 kb transcript derived from the first
neu intron. We have been unable to detect this transcript
on Northern blots.

The most significant new information in this report is the
identification of a potential DNA-binding domain, the
C;HC, motif, located near the carboxy terminus of the neu
protein. Together with the potential helix —turn—helix DNA-
binding motif described in the previous study (Boulianne
et al., 1991), this feature suggests a nuclear, potentially
regulatory, function for the neu protein. The herpes simplex
virus type 1, C;HC,-containing immediate early protein
110 (Perry et al., 1986) has been shown to function as a
transcriptional activator in co-transfection experiments
(Everett, 1984; Gelman and Silverstein, 1985; O’Hare and
Hayward, 1985a,b; Quinlan and Knipe, 1985). In other
instances, the C;HC, motif has been shown to be necessary
(Tagawa et al., 1990) or sufficient (Freemont ef al., 1991b)
for DNA binding. Two related Drosophila C;HC, proteins,
Posterior sex combs (Psc) and Suppressor two of zeste
[Su(z)2] (Brunk et al., 1991; van Lohuizen et al., 1991a),
have been classified as Polycomb group genes, based upon
the effect of Psc mutations on expression of the two major
homeotic gene complexes (Jiirgens, 1985; Rastelli ez al.,
1993). These and other Polycomb group proteins bind to
specific loci in the polytene chromosomes (Zink and Paro,
1989; Martin and Adler, 1993; Rastelli et al., 1993) and
are thought to play a role in the long range organization of
chromatin (Paro, 1990). Psc and Su(z)2 have also been
implicated in chromosome pairing through their effects on
the phenotype of zeste mutants (Wu et al., 1988). These
observations suggest that neu may affect ectodermal cell
fate at the level of gene expression, either directly
or as a transcription factor, or indirectly by affecting
chromatin structure.

In addition to restricting neuronal determination,
neurogenic genes have also been shown to function in
muscle cell determination (Corbin et al., 1991) and in
controlling what appear to be cell fate choices in follicle
cell lineages during oogenesis (Ruohola ef al., 1991; Xu
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et al., 1992). Two proteins related in structure to Notch
function in signalling that determines cell fate in the nematode
Caenorhabditis elegans (Greenwald, 1985; Austin and
Kimble, 1989; Yochem and Greenwald, 1989). Notch and
E(spl) homologues have also been identified in vertebrates
(Coffman et al., 1990, Ellisen et al., 1991; Weinmaster
et al., 1991; Sasai et al., 1992). These results suggest that
at least some neurogenic genes perform conserved functions
in cell —cell interactions that determine cell fate among a
wide variety of animals. Among the vertebrate genes
containing the C;HC, motif, mel-18 (Tagawa et al., 1990),
bmi-1 (Haupt et al., 1991; van Lohuizen et al., 1991b), CBL2
(Blake et al., 1991, ret (Takahashi ez al., 1988) and PML-1
(de Thé et al., 1991; Kakizuka et al., 1991) are oncogenes
or are associated with oncogenesis and therefore may be
involved in regulating cell determination, while the xnf7
gene is expressed predominantly in the Xenopus neural
tube during embryogenesis (Reddy ez al., 1991). However,
none of these genes exhibit extensive homology to neu and
it therefore remains to be determined whether a true homolog
exists in vertebrates.

Materials and methods

Enhancer trap screen and plasmid rescue

Approximately 2000 independent insertions of the enhancer trap construct
P[lacW] were obtained on second and third chromosomes by mobilization
of an X-linked copy of P[lacW] (kindly provided by E.Bier) as previously
described (Bier et al., 1989). Initial chromosomal assignment was based
on segregation of the P[lacW] mini-white gene from dominantly marked
balancer chromosomes. Homozygous viable insertions were maintained as
homozygous lines and recessive lethal insertions were maintained as
heterozygous lines balanced by CyO or TM3. To identify lines bearing
insertions that expressed lacZ in imaginal disc complexes, five to ten
wandering third instar larvae were dissected from each line and stained with
X-gal following standard protocols (Ashburner, 1989).

To recover genomic DNA flanking the new’® insert, total genomic DNA
was isolated (Ashburner, 1989) and 0.2 ug digested with EcoRI. The DNA
was precipitated, resuspended and ligated following standard protocols
(Sambrook er al., 1989). Circular DNA bearing the bacterial origin of
replication and the ampicillin resistance gene of P[lacW] and flanking
genomic DNA were selected by transformation of Epicurian Coli AG1
competent cells (Stratagene). The recovered new’®> DNA, p(383),
contains pUC and P element sequences derived from P[lacW] and 3.5 kb
of genomic DNA.

Mapping and isolation of genomic clones

To determine the cytological position of the neu?®> P[lacW] insertion,
P(383) was labelled with biotin and used for in sifu hybridization to wild-type
polytene chromosomes following standard protocols (Ashburner, 1989). To
recover genomic clones of the neu locus, the 1.7 kb HindIII fragment of
p(383) was used to probe a Canton S wild-type genomic library in Charon
4A (Maniatis et al., 1978) following standard protocols (Sambrook et al.,
1989). A single genomic clone was obtained and characterized. Two flanking
genomic clones were obtained by using the ends of the insert to re-screen
the genomic library. An EcoRI, BamHI, Bgl/Il and HindIIl restriction
map (Figure 1) was generated from analysis of ethidium bromide stained
gels and Southern analysis of genomic clones recovered from the
Canton S—Charon 4A phage library following standard protocols
(Sambrook er al., 1989).

This restriction map and the location of P[lacW](85C) were confirmed
by Southern analysis of Oregon R and 383/7M3, Ser DNA (Figure 6).
Genomic DNAs were isolated following standard protocols (Ashburner,
1989), digested, electrophoresed, transferred to nitrocellulose (Schleicher
and Schuell) and probed at 65°C in aqueous solution following standard
protocols (Sambrook et al., 1989). In this analysis, two HindIIl fragments
from the rescued plasmid (probe #4, Figure 1), reveal that P[lacW](85C)
resides on 6.9 kb EcoRI, > 18 kb BamHI, 10.4 kb Bg/1l and 2.8 kb HindIIl
fragments (Figure 6A). A full-length cDNA representing the flanking 2.2 kb
transcription unit (probe # 3, Figure 1) detects EcoRI, BamHI, Bgl1I and
HindIII fragments which do not overlap those detected by probing with the
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Fig. 6. Verification of restriction map by genomic Southern analysis.
E = EcoRl, B = BamHI, G = Bglll, H = Hindlll, D = EcoRI and
HindIll double digest. OR = Oregon R genomic DNA,

383 = neu’®3/TM3 Ser genomic DNA. All sizes are indicated in kb.
(A) An autoradiograph of genomic Southern blot probed with two
HindIll fragments from p(383) (probe #4, Figure 1), reveals novel
383 fragments. These fragments, 5.8 kb EcoRI. 6.9 kb Bg/II and

1.7 kb HindlII, are consistent with the restriction map in Figure 1.
Note that the new’®? genomic DNA was incompletely digested by
HindIIl. (B) An autoradiograph of the same genomic blot as shown in
(A), stripped and reprobed with a cDNA derived from the 2.2 kb
flanking transcription unit (probe #3. Figure 1). All bands are
different from those in (A) and are consistent with the restriction map
shown in Figure 1. (C) An autoradiograph of a genomic Southern blot
probed with a 450 bp Asull—EcoRV fragment containing the 5'-most
neu exon (probe # 1, Figure 1), reveals that this exon lies within an
EcoRl-insensitive 2.8 kb HindIll fragment. The relatively lower
intensity of the band in the EcoRI—HindIlI lane appears to have
resulted from uneven transfer of DNA to the membrane.

rescued plasmid (Figure 6B). Both results are consistent with our phage
insert-derived map.

This map differs from that reported by Boulianne er al. (1991) in the
region flanking the 5'-most neu exon. We therefore used genomic Southern
analysis to examine a critical difference between the two maps. The
previously reported map predicts that the 5’-most neu exon resides on a
2.0 kb HindIlI—EcoRI fragment. Our map predicts that this exon lies on
a 2.8 kb HindIlI fragment which does not contain an EcoRI site. When
used to probe a Southern blot of EcoRI— HindIII digested Oregon R DNA,
the 450 bp Asull — EcoRV fragment containing the 5'-most neu exon (probe
#1, Figure 1) reveals that this exon lies on a 2.8 kb HindlIII fragment which
does not contain an EcoRI site (Figure 6C). This result is consistent with
our map. In addition, extrapolation from the previously reported map predicts
that plasmid rescue of P [lacW](85C) using EcoRI should have resulted in
the recovery of 500 bp of genomic DNA. rather than the observed 2.8 kb.

To map the A101 enhancer trap insertion (Huang er al.. 1991). a 2.7 kb
HindIIl fragment containing the 5’-most exon of neu was used to probe
Southern blots of digested Oregon R wild-type and heterozygous A101
genomic DNASs following standard protocols (Sambrook er al.. 1989). Com-
parison of the A101 and wild-type lanes revealed that the A101 insertion
disrupts the 2.8 kb Hindlll fragment (data not shown).

Northern analysis

Total RNA was isolated from staged 0—3 h., 3—12h and 12-24 h
Drosophila embryos, wandering third instar larvae. pupae and adult males
and females using a guanidinium thiocyanate method (Chomczynski and
Sacchi, 1987). Poly(A)” mRNA was selected on an oligo(dT) cellulose
column using a batch binding protocol (Sambrook et al., 1989). A total
of 10 ug poly(A)™ mRNA was loaded per lane on a 0.7% agarose, 6.7%
formaldehyde gel (Sambrook er al.. 1989). A 1 pg aliquot of RNA standards
(Gibco BRL) was loaded for calibration of the gels. Nucleic acid was
transferred to a Zeta Probe membrane (Bio-Rad) following the manufacturer’s
alkaline blotting protocol.

neuralized encodes a C3HC, zinc finger

The autoradiographs shown in Figure 2 are from blots probed with a
450 bp Asull — EcoRV genomic fragment, a 4.5 kb EcoRI genomic fragment
and a 2.2 kb cDNA (see text). In addition, a 5.5 kb genomic EcoRI fragment
completely within the first neu intron was used to probe Northern blots.
The molecular map reported by Boulianne er al. (1991) shows the 3" half
of the 2.5 kb transcription unit on a similar fragment. In two separate
experiments we could not detect transcripts with this 5.5 kb genomic EcoRI
fragment. All DNAs were labelled with [a-32P]JdATP (DuPont) by
extension of random hexanucleotides (Boehringer Mannheim) with the
Klenow fragment of Escherichia coli DNA polymerase I (Ausubel
et al., 1987) to a specific activity of 10° c.p.m./ug. Pre-hybridization,
hybridization of the blots with > 10° c.p.m./ml probe at 65°C for >12 h,
and washes at 65°C were performed following the manufacturer’s dextran
sulfate protocol. Blots were exposed to film for 8—168 h (Figure 2) at
—70°C with intensification screen. Hybridized DNA probes were removed
from the blots following the manufacturer’s protocol. The blots were
reprobed with the ribosomal protein 49 gene (O'Connell and Rosbash, 1984)
to control for lane-to-lane variation in loading of RNA (data not shown).

Isolation of cDNAs
To isolate neu cDNAs, a 450 bp Asull — EcoRV genomic fragment containing
the 3’ end of the first neu exon, probe # 1 (Figure 1), was used to screen
2 x 10° plaques of a Drosophila imaginal disc cDNA library in Agt10
(kindly provided by G.Rubin) and a 3—12 h Oregon R embryonic cDNA
library in Agt10 (Poole er al., 1985) following standard protocols (Sambrook
et al., 1989). Four independent larval and five independent embryonic pure
phage stocks were recovered. Restriction and Southern analyses suggest
that, except for their termini, these cDNAs are contiguous.

cDNAs representing the 2.2 kb transcript were identified using a 2.1 kb
genomic EcoRI fragment (one artificial EcoRI site from the end of a genomic
phage clone) to screen 2 X 107 plaques of the imaginal disc library. Four
independent phage stocks representing the 2.2 kb transcript were recovered.

Sequence analysis

All sequence analysis was from DNA subcloned into Bluescript KS+
(Stratagene). The majority of neu sequence was obtained from a 0.7 kb
cDNA fragment representing the 5’ end of neu, a 2.8 kb EcoRI fragment
of a 3.9 kb cDNA representing the 3’ end of the 4.1 kb neu transcript (Figure
1). and a 1.2 kb EcoRI—HindIIl genomic fragment containing the 3’ end
of the second neu exon and the splice donor for the second neu intron. Nested
deletions of the cDNA fragments in both directions and of the genomic
fragment in one direction were generated with an Erase-a-Base kit (Promega)
following the manufacturer’s protocol. Additional neu sequence was obtained
from a 2.4 kb EcoRI fragment of a cDNA representing the 3’ end of the
3.7 kb transcript (Figure 1), a 400 bp genomic EcoRI fragment represent-
ing the center of the neu transcript, a 1 kb genomic EcoRI fragment
containing the first neu intron acceptor, a 1 kb genomic HindIIl fragment
containing the second neu intron acceptor, and a 450 bp Asull —EcoRV
genomic fragment containing the first neu intron donor. In addition, part
of a 1.7 kb HindIll fragment of p(383) was sequenced to determine the
point of insertion of P[lacW](85C).

Dideoxy DNA sequencing was done using Sequenase (USB) according
to the manufacturer’s protocol. The sequencing reactions were run on 60 cm
long 6% polyacrylamide, 50% urea, 0.5 x TBE gels following standard
protocols (Sambrook er al.. 1989). Dried gels were exposed to film at room
temperature. usually for 24 h.

In situ hybridization

A digoxigenin-labelled riboprobe specific to the 4.1 and 3.7 kb neu transcripts
was generated from a 1 kb genomic HindIIl fragment and a riboprobe specific
to the 2.2 kb transcript was generated from a cDNA representing this gene
using the Genius labelling kit (Boehringer Mannheim). The riboprobes were
synthesized with T3 RNA polymerase (Boehringer Mannheim) and par-
tially hydrolyzed for 40 min at 60°C in 100 pl of 100 mM NaCO; accord-
ing to the manufacturer’s protocol. The labelled RNA was precipitated with
100 pg of glycogen (Boehringer Mannheim), and resuspended in 100 ul
of hybridization buffer (50% formamide, 5 X SSC, 0.1% Tween, 100 pug/ml
herring sperm DNA, 50 ug/ml heparin). In situ hybridization was performed
according to Tautz and Pfeifle (1989) as modified by Jiang er al. (1991).
Prior to mounting for microscopy, tissues were washed with PBS plus 0.1%
Tween and equilibrated in 60% glycerol.
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Data Library under the accession number L12218.



