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ABSTRACT 

Enhancer of split  [E(spl)] is one  of the  neurogenic loci  of Drosophila and, as such, is required  for 
normal  segregation of neural  and  epidermal  cell  progenitors.  Genetic  observations  indicate  that  the 
E(sp1) locus is in  fact a gene  complex  comprising a cluster of related  genes  and  that other genes  of the 
region are also required  for  normal  early  neurogenesis. Three of the  genes  of  the  complex  were 
known to  encode  helix-loop-helix  (HLH)  proteins  and  to  be  transcribed  in  nearly  identical  patterns. 
Here, we  show that  four other genes  in  the  vicinity  also  encode  HLH  proteins and, during  neuroblast 
segregation, three of  them are expressed  in  the  same pattern. We  show  by germ-line  transformation 
that  these three genes are also  necessary  to  allow  epidermal  development  of  the  neuroectodermal 
cells. 

E NHANCER of split [E(spl)] is one of the so-called 

neurogenic loci  of Drosophila melanogaster (LEH- 

MANN et al. 1983; KNUST et al. 1987a).  Whereas the 

other loci of this group  are single genes, the E(@) 

locus was found  to  be composed of a complex of 

several genes  clustered together, called E(sp1)-C, re- 

quired  to allow epidermal  development of neuroec- 

todermal cells (KNUST, TIETZE and CAMPOS-ORTEGA 

1987; ZIEMER et al. 1988; KLAMBT et al. 1989) [see 

CAMPOS-ORTEGA (1 99 1) for a review]. Molecular data 

suggested that  at least three transcription  units, m5, 
m7 and m8, are members of the  gene  complex, as they 

were found  to  encode highly conserved helix-loop- 

helix (HLH)  proteins (KLAMBT et al. 1989)  and  to be 

expressed in nearly identical patterns (KNUST, TIETZE 

and CAMPOS-ORTEGA 1987).  Transformation  experi- 

ments  were used to show that  transcription  unit m8 
corresponds to  the E($) gene (KLAMBT et al. 1989; 

TIETZE, OELLERS and KNUST 1992).  Another  tran- 

scription  unit in this region, m9/m10, which is also 

required  for this process (ZIEMER et al. 1988; PREISS, 

HARTLEY  and ARTAVANIS-TSAKONAS 1988),  corre- 

sponds  to  the  gene grouch0 ( g r o )  (PREISS, HARTLEY 
and ARTAVANIS-TSAKONAS  1988). gro encodes an 

ubiquitously expressed  protein with similarity to  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
/3 subunit of transducin  (HARTLEY, PREISS and ARTA- 

VANIS-TSAKONAS 1988; DELIDAKIS et al. 1991)  and, 

therefore, differs  structurally  from  those of the E(sp1)- 

C .  However, it was previously pointed  out (KNUST, 

TIETZE and CAMPOS-ORTEGA 1987)  that, beside these 

genes, others located further proximally are also re- 

quired  for early neurogenesis. 

Here we show that, in addition  to  the  three previ- 

ously described HLH protein-encoding  genes,  four 
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other genes in the  neighborhood belong to  the same 

family. Moreover, we show by germ-line transforma- 

tion that  three of them  participate in mediating the 

decision between the neural and epidermal pathways. 

Finally, the transcription  patterns of these three  are 

very similar to  that  described  for  the  RNA  products 

of the  other  three, whereas the  fourth (m3)  is ubiqui- 

tously transcribed as previously shown (KNUST, 
TIETZE and CAMPOS-ORTEGA 1987).  Transcription 

unit m8 is  E(@), but no visible phenotypes are known 

to  be related to  the  other six HLH protein-encoding 

genes (SCHRONS, KNUST and CAMPOS-ORTEGA  1992). 

Thus, we have provisionally designated  these genes 

HLH-m3,  HLH-m5,  HLH-m7, HLH-m/3, HLH-my and 

HLH-m6, based on the  deduced  structure of the en- 

coded  proteins, and proposed  that these six genes, 

together with the E(spl) gene,  form  a  gene complex 

which we have termed E(sp1)-C. 

MATERIALS AND METHODS 

Drosophila stocks: Flies  were  grown  on standard medium 
and crosses  were  performed either  at room temperature or 
at 25”. We  used the  alleles DfljR)E(~pl)R-~’.’ (deficient  for 
the  transcripts m l  to m9/mlO; KNUST et al. 1987a; KNUST, 
TIETZE and CAMPOS-ORTEGA 1987)  and Df l3R)g r0 ‘ J ’~~ -~~~  
(deficient for the  transcripts m&rn9/mlO; SCHRONS, KNUST 
and CAMPOS-ORTEGA 1992),  here  referred to as E(~p l )R-~~ . l  
and grob’Z.2, respectively.  Homozygous w ’ ” ~  embryos  were 
used  as  recipients  for  germ-line  transformation,  OregonR 
as  wild-type  stock. 

Isolation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof cDNA  and  genomic clones, subcloning and 
sequencing: The cDNA clones in Xgt 10 were  isolated  from 
cDNA libraries  made  from  embryonic RNA of different 
developmental  stages (0-3, 3-12  and  12-24 hr, respec- 
tively),  kindly  provided by L. KAUVAR (POOLE et al. 1985). 
The genomic  library,  derived  from  Oregon R and  cloned 
into  the EMBL-4 phage  vector (PIRROTTA, HADFIELD and 
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G. H. J PRETORIUS 1983), was  kindly provided by V. PIR- 
ROTTA. Screening of libraries,  radioactive  labeling of DNA 
probes,  hybridizations,  preparations of DNA and  Southern 
blot  analysis  were  essentially  as  described  in SAMBROOK, 
FRITSCH and MANIATIS (1989). Screening under reduced 
stringency  conditions was performed as described  in KNUST 
et al. (1987b). For  sequencing of subcloned  fragments, we 
applied the chain  termination  method (SANGER, NICKLEN 
and COUUON 1977).  Computer  analysis was carried out on 
an IBM PC/AT with the DNA/protein  sequence  analysis 
software of J. M. PUSTELL/InternatiOnal  Biotechnologies, 
Inc., New Haven,  Connecticut.  Computer  homology 
searches  were  carried out using the program of LIPMAN and 
PEARSON (1 985)  and  the NBRF protein  bank. 

Isolation of RNA,  Northern  blot  analysis  and in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsitu 
hybridization: Total RNA from  staged  embryos,  third  in- 
star  larvae,  late  pupae,  male  and  female  flies was isolated 
according zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the method  described by AUFFRAY and  Rou- 
GEON (1 980) and  enriched  for  poly(A+) RNA by oligo(dT)- 
cellulose  chromatography. The RNA was separated  on  aga- 
rose  gels,  blotted  to  nylon  membranes  and  hybridized  as 
described in VASSIN et al. (1987). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn situ hybridizations  to 
whole-mount  embryos  were  performed with digoxigenin- 
labeled  probes  essentially  as  described by TAUTZ and  PFEI- 
FLE (1989).  Antibody  staining  and  cuticle  preparations  fol- 
lowed conventional  protocols.  Staging of  embryos  follows 
CAMPOS-ORTEGA and HARTENSTEIN (1 985). 

Germ-line  transformation: A 13-kb SmaI-BamHI  ge- 
nomic fragment  containing  transcription  units m& my and 
m6 was isolated  from a phage  clone,  using the SmaI site 
within  the  phage  arm  and the BamHI site  at  map  position 
-20.4 (see  Figure 2B); another fragment  containing  only 
m6+ was obtained as the distalmost  6-kb  EcoRI fragment 
from  the same  phage  clone,  using the EcoRI cloning  site of 
the phage  and the genomic  EcoRI  site at map  position at 
-27.5.  These  fragments were  cloned  into the pCaSpeR 
transformation  vector (PIRROTTA 1988).  Finally, a Sal1 frag- 
ment  containing gro+ was obtained  from map  positions 
+12.5 to  21.7  and  cloned in the pW8  vector (KLEMENZ, 
WEBER and GEHRING 1987).  Germ-line  transformation  ex- 
periments  were  carried out essentially  as  described  in SPRA- 
DLING (1 986), transposase was supplied by coinjection of the 
A2-3 helper  plasmid (LASKI, RIO and RUBIN 1986). Trans- 
genic  stocks  were  established  over the appropriate  balancers 
or kept  as  homozygotes. 

RESULTS 

Embryos  homozygous for DJ~R)E(sPZ)R-~'.', thus 

lacking the genes m l  to gro, develop  a  strong  neuro- 

genic  phenotype  (Figures  1  and 2); however,  even 

more  extreme  phenotypes  are observed if genes fur- 

ther proximal are also deleted (KNUST et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaZ., 1987a; 

ZIEMER et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal., 1988;  Figure 1). Thus, we proposed 

that  the deficiency E(spl)RFA7.' does  not  remove all the 

genes of the locus required  for a  normal  separation 

of neural  and  epidermal cell lineages (KNUST, TIETZE 
and CAMPOS-ORTEGA 1987). Consequently, we 

screened  genomic  DNA  proximal  to  the  region  de- 

fined by E(sPZ)R'~'.', up  to  map position -47 (Figure 

2A) (KNUST, TIETZE and CAMPOS-ORTEGA 1987), with 

the  coding  region of HLH-m5 under low stringency 

conditions and  found  three cross-hybridizing  frag- 

ments  (Figure 2B). Using several  fragments  from  the 

region  between  map  units -33.5 and  -19.0, which 

included the cross-hybridizing fragments, to  probe 

northern blots, we detected  three  transcripts, with 

sizes of 1.1, 1 .O and 1.1  kb,  named mB, m y  and m6, 
respectively, from distal to proximal  (Figure 2C). 

Whereas mp is expressed at all developmental stages, 

transcripts from m y  and m6 can only be  detected in 

poIy(A+) RNA  from 0-1 0-hr embryos, but  not  at  later 

stages. In  addition  to these three, a fourth  transcript 

of  0.8 kb, called ma,  is located  between mp and m l  
and can  be  detected in RNA  prepared  from 0-10-hr 

embryos, but  not in later stages. 

We  sequenced  cDNA and genomic clones corre- 

sponding to mP, my and m6; we also sequenced  cDNA 

and genomic clones corresponding  to m3, which also 

seems to participate in the  control of the  neural/ 

epidermal  dichotomy (SCHRONS, KNUST and CAMPOS- 

ORTEGA 1992),  the sequence of which had  not yet 

been  determined.  Conceptual  translation of these four 

genes fails to uncover  any  intronic  sequence and 

points to small protein  products of 21.4,  23.2,  20.2 

and 24.9 kD, respectively. A basic region is found  at 

the  amino  terminus of all four proteins, immediately 

followed by two  clusters of mainly hydrophobic  amino 

acids (Figure 3), reminiscent  of the basic domain  and 

amphipathic helices of the so-called bHLH protein 

family. This family includes, among  other  members, 

the  products of m y  oncogenes (see  LUSCHER and 

EISENMANN 1990),  proteins involved in myogenesis 

(see OLSON 1990),  and several Drosophila proteins, 

some of them also involved in the  neural  development, 

such as daughterless (CAUDY et aZ., 1988)  and  the  four 

proteins  encoded by the genes of the achaete-scute 
complex AS-C (VILLARES and  CABRERA  1987; AL- 

SONSO and CABRERA  1988; GONZ~LEZ et al. 1989). 

The four  proteins  presented  here  exhibit  a  high  de- 

gree of sequence similarity to  each other  and  to  the 

proteins  encoded by the genes HLH-m5,  HLH-m7 and 

E(spZ) (KLAMBT et aZ. 1989)  (Figure 4A). Therefore, 

we propose to call these four genes HLH-m3,  HLH- 
mp,  HLH-my and HLH-m6. The homology includes, 

besides the  bHLH motif, two further domains (helix 

I11 and helix IV), and a  sequence of four  amino acids, 

tryptophan-arginine-proline-tryptophan (W-R-P-W) 

which occurs at  the carboxy  terminus  of all these 

proteins  (Figure 4). 

HLH-ma,  HLH-my and HLH-ma contribute to  the 
neural/epidermal decision: The striking similarity 

between the  proteins  encoded by HLH-mP,  HLH-my, 
HLH-m6 and HLH-m3 and HLH-m5,  HLH-m7 and 

E(spl) suggests that these seven genes have  common 

functions. We mentioned  above  that homozygosity 

for deficiencies extending  further proximal to m l  
causes a  more  severe  neurogenic  phenotype  than  that 

of E(spE)R"'.' (Figure 1). T o  test whether this is due  to 

the lack of the genes HLH-mP,  HLH-my and HLH-m6 
and,  thus,  whether these  genes  contribute to  the 
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FIGURE 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.-A and B are lateral and medial focal planes of the same wild-type embryo, C shows an  embryo homozygous for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgro’”.’, and D 
an  embryo homozygous for grob”~’ and a copy of the transgenic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHLH-[m/3-my-m6]+ fragment; all embryos are  at late stage 15 and stained with 
the neural specific antibody 44cl1 (kindly provided by Y. N. JAN). Notice the reduction in the severity of the neural hyperplasia of g+ob3’~’ 

embryos caused by the HLH-[m/3-my-md]+ fragment. E-I show cuticle preparations of fully developed embryos, wild-type (E), homozygous 
for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgr~’~~.’ (F), homozygous for grob3’2.’ and a copy of the transgenic HLH-[m/3-my-md]+ fragment (G), homozygous for E(spl)R-A7.’ (H), and 
homozygous for E(splFA7.’ with two copies of the HLH-[m/3-ny-mb]+ fragment (I). 

neural-epidermal  lineage  dichotomy,  a  genomic  frag- 
ment of 13 kb  including the coding  regions  of  these 
three genes,  henceforth  referred to as the HLH-[m& 
my-m6]+ fragment,  and  another  fragment of 5 kb, 
comprising the coding  region  of HLH-m6+ alone (see 
Figure 2), were subcloned into a  transformation vec- 
tor.  Two transgenic lines were generated  carrying  the 
HLH-mP fragment  and  one  carrying  the HLH-[mP- 
my-m6]+ fragment  inserted on  the  third chromosome. 
These  third chromosomal  insertions were recombined 
into chromosomes  carrying either  the deficiency 
E ( s p l y 7 . ’ ,  which  lacks the region extending  from m1 
to gro (KNUST, TIETZE and CAMPOS-ORTECA 1987), 
or the deficiency grob32.2, which is deficient  for the 

region between a  transcription  unit proximal to HLH- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m6 up to E(@) (Figure 2A) and has a partially affected 
gro gene (SCHRONS, KNUST and CAMPOS-ORTEGA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1992). In  addition, we also tested another second 
chromosomal  insertion of the HLH-[m@-my-m6]+ frag- 
ment with the deficiency grob32.2. Embryos homozy- 
gous for a  recombinant  chromosome  bearing grob32.2 
and  the HLH-[m@-my-m6]+ fragment, i.e., carrying two 
copies of the transgenic  fragment, show a significantly 
reduced  neurogenic  phenotype  (Figure 1, C, D and 
G). One copy of the transgenic  fragment results in 
slightly less attenuation of the grob32.2 phenotype  (not 
shown). The phenotype of these  latter  embryos is 
indistinguishable from that of E(~pl)~-* ’ . ’  embryos in 



D- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb32.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"""""""" -a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E [ s p p  '* """"_ "c7 

B 
d Q 0. o t  t t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ?t 

-30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-20 

C 

~b ,. -c "" .. -< 
E l  E 2 E 3  L P M F ~. 

7 5  

4 4  

El  E2 E3 L P M F 

2 4  

1 35 

El  E2 E3 L P M F 
" p"". .. - 

El E2 E3 L P M F 

a b C d 
FIGURE 2.-A  is a schematic representation of the genomic organization of the region of the E(spl)-C. Map units are given in kb (numbering 

according to KNUST, TIETZE and CAMPOS-ORTEGA 1987), EcoRl sites are indicated as arrowheads. Arrows represent the different transcripts 
and  the direction of transcription, insofar as it is known. The position of transcripts C and B is from HART et al. (1990). The centromere is 
to the left. The broken lines indicate genomic regions missing  in E(splp7. '  and gro"'.', stippled bars the fragments to which the breakpoints 
of the deficiencies were mapped (KNUST, TIETZE and CAMPOS-ORTEGA 1987; SCHRONS, KNUST and CAMPOS-ORTEGA 1992). B shows a 
detailed map of the proximal genomic region of the E(spl)-C described in this paper. Arrowheads indicate EcoRI sites (the one in brackets is 
the site of the phage vector adjacent to the cloning site), open circles Hind111  sites. The stippled boxes indicate the fragments  that cross- 
hybridized, under low stringency conditions, with a probe containing the m5 transcription unit. The cross-hatched bars below represent the 
fragments, which were used for germ line transformations. The upper bar (map unit -20.4 to -33.5). which includes a small fragment of 
the phage vector (black box), contains the transcription units mo, my and ~ 6 ,  the lower one (map units -27.7 to -33.5)  only that of m6. The 
black bars (a, b, c, d) indicate the genomic EcoRl fragments used to probe  northern blots (see C). C Transcriptional activity of the genomic 
region shown in B. y2P-Labeled genomic &oRI fragments a, b,  c and d were hybridized to poly(A+) RNA isolated from different developmental 
stages. El: 0-10-hr embryos; E2: 10-14-hr embryos; E3: 14-20-hr embryos; L: third instar larvae; P: pupae; M: adult males; F: adult females. 
In a-d. the same Northern blot was used. 



1 
9 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA A A G T A G G G A C T G G G A A C T A G T T T G C C A C T C A T T T C G T A A C G C A C G C  

CTGGGAGCGTGTGTGAGTGATCATGCGGGAGCTTTGTGGCCCGGGAGAGCCTGATCCCCGTTTGCCCGGGAGAGCGTGGGCTGTCATATA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
181 GCAACAAACTCGTCAAARAGTAACCAATCTATGAAACCAACC~TCAGTAGTGATAATGTGCAGTTGAGAGACTRAATAC~GAAC 
2 7 1  AATCCTTAAAATACACAACATAAAACAACCCAATCGATCATGGTCATGGAGATGTCCAAGACGTATCAGTACCGCAAGGTGATGAAGCCG 

3 6 1  CTGCTGGAGCGCRAACGGCGAGCCAGGATCAACAAGTGTCTGGACGATCTCAAGGATCTGATGGTGGAGTGCCTGCAGCAGGAGGGCGAG 

451 .  CATGTCACCCGGCTGGAGAAGGCGGATATCCTGGAGTTGACCGTGGATCACATGAGG~CTCAAGCAGCGGGGTGGTCTTTCGCTGCAG 

5 4 1  GGAGTAGTGGCTGGTGTTGGCAGCCCACCCACCTCAACCAGTACCGCCCACGTGGAGTCCTTTCGCTCCGGCTATGTGCA~GCTGCCGAT 

6 3 1  CAGATTACCCAGGTCCTGCTGCAGACACAGCRAACCGATGAGATTGGGCGCAAGATAATGRAATTCCTATCGACGCGACTAATTGAGCTG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
M V M E M S K T Y Q Y R K V M K P  

L L E R K R R A R I N K C L D D L K D L M V E C L Q Q E G E  

H V T R L E K A D I L E L T V D H M R K L K Q R G G L S L Q  

G V V A G V G S P P T S T S T A H V E S F R S G Y V H A A D  

Q I T Q V L L Q T Q Q T D E I G R K I H K F L S T R L I E L  
7 2 1  CAGACGCAGTTGCTCCAGCAGCAGCAACAGC~CAACACCAGCAGCAGCAAATACCGCAATCATCGGGCCGCTTAGCCTTCC~GCTGCTG 

811 GGAGGATATGGACCGAGCCGCCGTGCCGCCATTAGTTACAGCTCCTTCCTGACCAGCAAGGACGAACTGATCGATGTGACATCCGTCGAT 

901 GGCAACGCGTTATCCGAGACGGCGTCGGTTAGCTCGCAGGAGTCCGGCGCCTCTGAGCCCGTCTGGAGGCCCTGGTAATTGGGCGTGCCC 

991 AATATGGATCTTATCCCTAATATTATAATCGCAACCC~RAATGGCTATTGACCCTTCTGCAACAAGATCCGTTGTCTTCCAAAGTAA 
1 0 8 1  ATCATATCAACCTAAGTTAATTGAGGTCTAATCGATTTCTGAATGTTTTGRAATACTTTTAGTTTTAGTTCCGATAATGGTAATTTGTAA 
1 1 7 1  ATTAATTGTTTAATTTCAACTGTGATATAACTAAAGTACGTTGATCAATCAATCAGTGAATATATATTCGAGTGCGCTATTTTCCTACTC 

Q T Q L L Q Q Q Q Q Q Q H Q Q Q Q I P Q S S G R L A F P L L  

G G Y G P S R R A A I S Y S S F L T S K D E L I D V T S V D  

G N A L S E T A S V S S Q E S G A S E P V W R P W  

Q T O L L O O O O O O O H O O O O I P O S S G R L A F P L L  
811 GGAGGAT~TGGACCGAGCCGCCGTGCCGCCA~TAGTTACA~CT~CT~CC~GACCAGC~GGACGAACTGATCGATGTGACATCCGTCGAT 

G G Y G P S R R A A I S Y S S F L T S K D E L I D V T S V D  

G N A L S E T A S V S S Q E S G A S E P V W R P W  
901 GGCAACGCGTTATCCGAGACGGCGTCGGTTAGCTCGCAGGAGTCCGGCGCCTCTGAGCCCGTCTGGAGGCCCTGGTAATTGGGCGTGCCC 

991 AATATGGATCTTATCCCTAATATTATAATCGCAACCC~RAATGGCTATTGACCCTTCTGCAACAAGATCCGTTGTCTTCCAAAGTAA 
1 0 8 1  ATCATATCAACCTAAGTTAATTGAGGTCTAATCGATTTCTGAATGTTTTGRAATACTTTTAGTTTTAGTTCCGATAATGGTAATTTGTAA 
1 1 7 1  ATTAATTGTTTAATTTCAACTGTGATATAACTAAAGTACGTTGATCAATCAATCAGTGAATATATATTCGAGTGCGCTATTTTCCTACTC 
1 2 6 1  CAAAAGTTCCCTAAGTTTAATATCTCGTTGCGCTCTCTTTATTGTTTAGCCTATATT~GCTTTAAATAATTTAT~TGTTAATTTATG 
1351 ATTAGTTGAGAAAGAATAATCRAAAATACACTACACTACCC~T~ATRAATGATTTAAATTG~AAAAAAAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
HLH-mP 
1 AAAAAAACAAAACCAMCTACAACMAATGGTTCTGGAAATGGAGATGTCCAA~ACCTATCAGTACCGCAAGGTGATGAAGCCCATGCTG 

M V L E M E M S K T Y Q Y R K V M K P M L  

E R K R R A R I N K C L D E L K D I M V E C L T Q E G E H I  

T R L E K A D I L E L T V E H M K K L R A Q K Q L R L S S V  

T G G V S P S A D P K L S I A E S F R A G Y V H A A N E V S  

K T L A A V P G V S V D L G T Q L M S H L G H R L N Y L Q V  

V V P S L P I G V P L Q A P V E D Q A M V T P P P S E C G S  
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9 1  GAGCGTAAGCGCCGTGCCAGGATTAAC~GTGCCTGGACGAGCTCAAGGACATCATGGTGGAGTGCCTGACCCAGGAGGGCGAGCACATC 

181 ACCCGGCTGGAGAAGGCCGACATCCTGGAGCTGACCGTGGAGCACATGAAGAAGCTGCGTGCCCAGAAGCAGCTGCGTCTGTCCAGCGTC 

2 7 1  ACCGGTGGAGTGTCTCCGAGTGCCGATCCCAAGCTTAGCATCGCTGAGAGTTTCCGTGCGGGCTACGTTCATGCTGCCAATGAAGTGTCC 

3 6 1  AAAACCTTGGCCGCTGTACCCGGAGTGAGTGTGGATCTCGGCACCCAGCTGATGAGTCACCTTGGCCATCGTCTCAACTACCTGCAAGTG 

4 5 1  GTGGTTCCCTCGCTGCCCATCGGAGTGCCTCTTCAAGCTCCAGTAGAGGATCAAGCTATGGTCACTCCACCACCCTCTGAATGCGGCAGC 

5 4 1  TTGGAGAGCGGAGCCTGCAGCCCGGCGCCCAGCGAGGCCAGCTCCACCTCTGGCCCCATGTGGCGTCCCTGGTGATCAACTGGACTCCGG 

6 3 1  ATGATATTCACCTGAATTCGCCTTCAAGCGGAAGGCTTATA 

HLH-my 
1 AAGAAACACACRAAATGTCGTCGCTACAAATGTCCGAGATGTCCAAGACCTATCAGTACCGCAAGGTGATGAAGCCCATGCTGGAGAGG 

90 AAGCGTCGTGCCAGAATCAACAAGTGCCTGGACGAGCTAAAGGATCTTATGGTTGCCACCTTGGAGTCCGAGGGCGAGCACGTCACCCGT 
M S S L Q M S E M S K T Y Q Y R K V M K P M L E R  

K R R A R I N K C L D E L K D L M V A T L E S E G E H V T R  
1 8 0  TTGGAGAAAGCCGATATCCTGGAACT'rACCGTCACCCATTTGCAA~GATGAAGCAGCAGCGTCAGCACAAGCGGGCTTCCGGCGATGAG 

2 7 0  AGCTTGACTCCGGCGGAGGGCTTCCGTTCCGGCTACATCCATGCCGTCAATGAGGTCTCCCGTTCACTCTCCCAGCTGCCCGGCATGAAT 
L E K A D I L E L T V T H L Q K M K Q Q R Q H K R A S G D E  

360 GTCAGCCTAGGCACTCAGCTAATGACCCACCTGGGACAGCGCCTCAATCAGATCCAGCCAGCAGAAAAGG~GTCTTGCCGGTGACCGCT 

4 5 0  CCACTCTCCGTGCACATCGCCAATCGGGATGCCTACTCCGTGCCCATTTCGCCAATCTCAACGTACGCCGGCAGTCCCAACTCCAATACC 

5 4 0  AGTTCGACCAGCCATTCCCTGTTGACCACCATCGATGTGACCAAGATGGAGGACGACAGCGAGGACGAGGAGAACGTCTGGCGTCCCTGG 

630 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATAGATAGGATTACTTCACACCACAACTGAAAAAA~CGAAGGAGAGATCATAGAAAGTAAAAGTCTTCCGAGTCACTGGATTTCCACCAG 
720  TCGACTCCCACCCTAGTTATAAGTAAACACCATAAACACACAAAGCTTATCTACTCCTGCGGCGTCAAG'~ACACTATTGCCTTAAG 
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GTATGTTTTAAAGTGACTACCGTGCAGTGCGGACGGGCACGAGCGACATCGCAAACATCGCAACTTTATTTAC~ACAATCACCACACCA 
AATCAAAACCCATTATACACAATGGCCGTTCAGGGTCAGAGATTTATGACCAAGACTCAGCATTACCGCAAGGTGACCAAACCCCTCCTG 

1 8 1  GAGCGCAAAAGACGCGCCCGGATGAACCTGTATCTGGACGAACTCAAGGATCTCATCGTGGACACCATGGATGCGCAGGGCGAACAGGTC 

2 7 1  AGCAAGCTGGAGAAAGCTGACATCTTAGAGCTCACCGTCAACTATCTGAAAGCGCAACAGCAGCAGCGAGTGGCCAATCCTCAATGGCCA 

3 6 1  CCACCCGACCAAGTTAACCTGGACRAATTTCGGGCCGGATACACCCAGGCTGCCTACGAGGTCTCGCACATATTCTCTACGGTTCCCGGC 

M A V Q G Q R F M T K T Q H Y R K V T K P L L  
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9 0 1  
9 9 1  

TTGGATCTCAAATTCGGCACCCACCTGATGAAGCAATTGGGTCACC~GCTCAAGGACATGAAACAGGAAGAAGAAATCATCGATATGGCC 
. - . .. . . . . . . - 

GAAGAACCAGTTAATCTAGCCGACCAAAAACGTTCAAAGTCTCCGCGAG~GAGGATATTCATCATGGCGAAGAAGTCTGGCGCCCCTGG 
L D L K F G T H L M K Q L G H Q L K D M K Q E E E I I D M A  

TGAAGGGCATTCATATATAACGCAACCAATTAACATTAACATTGATAGCTTTACATCTCAGTTTCATTAAGAAACAATCCAAGTTTTCCAAGGTCT 
E E P V N L A D Q K R S K S P R E E D I H H G E E V W R P W  

AGTGTAAACATTGCCTCAGATCGTATTAGTTGGTAGTTGATTTGTATAGATGTGATGTTCCTGTGATAGTTCTTAAGTTCGTATTTTGT 
ATTTGATCTCCCATAGGCTTACTGATTCATGTATTTAATTCATTGTAATTTATTTCATCMCTTTGCAAGAGCTTCCCCACCGAGCTTCC 
ACTTAGCCTCATTAAGAACAAATTTTTGTGTATGT'PTTAAAAT1'ATATTTTTCGCTTTACACCATTAAGTATAAGCCATGAACATTTGAA 
TAATAUATGAACGTAAACTGAAAAAAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE 3.-The  nucleotide  sequence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHLH-m3,  HLH-ma,  HLH-my and HLH-m6 and the  deduced amino acid  sequences  of  the 
corresponding  proteins. The sequence  of HLH-m3 was  deduced  from  genomic DNA and  one c D N A  (cE36.3), extending from nucleotide 
498 to 141 1 and including a poly(A)-stretch. The conceptual  translation of the  longest open reading frame of 666 nucleotides  indicates a 
protein  of 222 amino acids  with a calculated  molecular  mass  of 24.9 kd.  Although  there  are  several  in frame ATG codons at  the  start of the 
putative  protein,  the first fits the  translation  start  consensus  sequence  best. Two canonical  polyadenylation  signals (AATAAA) (Birnstiel, 
Busslinger and STRUB 1985) are  underlined. HLH-ma: This is the  sequence of the genomic DNA, for no c D N A  could  be  isolated  for HLH- 
ma. Therefore, no information on the  putative  transcriptional  start and termination  sites is available. There is one  open reading  frame of 
585 nucleotides,  which is potentially  coding (STADEN 1984) and encodes a protein  of 195 amino acids  with a calculated  molecular  mass of 
2 1.4 kD. The conceptual  translation  starts  at an ATG that fits the  consensus  sequence  for  Drosophila  start  sites (C/AAAA/CATG) (CAVENER 
1987). HLH-my: The genomic DNA and three cDNAs were  used  for  sequence  analysis,  the  longest one ( cX4) ,  which  consists of 805 
nucleotides,  does  not  cover  the  entire  transcribed  region,  as  the  size  of  the  transcript  was shown to be 1.0 kb in  length  by  northern  blot 
analysis  (see  Figure 2C). c D N A  cE521 stretches from nucleotide 77 to 685 and the  third, cE132 extends  from  nucleotide 1 to 685. There 
is an  open reading  frame  of 6 15 nucleotides  with a high  probability  of  being  coding. The first ATC is likely to be  used  as  translational start 
codon, as it fits the  consensus  sequence. The putative  protein  consists  of 205 amino acids and has a calculated  molecular  mass  of 23.2 kD. 
HLH-ma: Three cDNAs and a genomic  fragment  of HLH-m6 were  sequenced. These cDNAs consist  of 1083 (cE2; 29-1 1 1  1).  938 (cA2; 1- 
938) and 260 (cE3; 416-674) nucleotides,  respectively, and thus seem to represent  the  entire  transcript ( 1 . 1  kb according to Northern blot 
analysis;  Figure 1C). There is a long open reading  frame  of 519 nucleotides,  which is probably  coding. The deduced  protein  of 173 amino 
acids  has a calculated  molecular  mass  of 20.2 kD.  The translational  start site nearly fits the  consensus  sequence. A canonical  polyadenylation 
signal (AATAAA) is underlined. The EMBL Data Bank accession numbers for the four proteins  are: X67046,  X67047,  X67048 and ' 

X67049, respectively. 
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heterozygosity with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgrob3’.’. These results  demonstrate 
that  the  three genes  contribute to  the neural-epider- 
mal lineage decision during early neurogenesis, and 

that  their absence is responsible for  the  stronger neu- 

rogenic  phenotype of grob3’.’ as compared with that 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE(s~Z)R-~’.‘ (Figure  1). 

Homozygous grob3’.’ or E(spZ)R-”.’ recombinants 
carrying only the HLH-mG+ fragment do not show any 
modification of their  neurogenic  phenotypes. How- 

ever,  the HLH-mG+ fragment  together with two copies 
of a gro+ transgene (SCHRONS, KNUST and CAMPOS- 
ORTEGA  1992) achieves a  detectable  reduction of the 

E(sPZ)R-~’.’ phenotype  (to  the same extent as the phe- 
notype shown in Figure  lG).  It is remarkable  that, 
when present  separately, two copies of a gro+ or two 
copies of the HLH-mG+ transgene do not seem to 
modify the E(sPZ)R-~’.’ phenotype  (not shown). Finally, 
homozygous E(sP~)R-~’.’ recombinants  bearing the 

HLH-[m/3-my-mG]+ fragment show a  reduction in their 
neurogenic  phenotypes  (Figure 1, H and  I). The de- 

ficiency E(sP~)R-~’.’ itself does  not affect HLH-mP, 
HLH-my or HLH-ma, that is to say, these  latter  em- 
bryos  have  a  total of four copies of the wild-type alleles 
of the  three genes. 

With  respect to  the participation of HLH-m3 in early 
neurogenesis, the  reader is referred to SCHRONS, 

KNUST and CAMPOS-ORTEGA (1  992). 
Transcripts  from m4,  HLH-m5,  HLH-m7, E(spI), 

HLH-ma,  HLH-my and HLH-ms are  restricted to 
epidermoblasts: Digoxigenin-labeled probes have 

been used to study the distribution of RNAs of HLH- 
mp,  HLH-my and HLH-ma in embryonic whole 
mounts. HLH-m3 transcripts  have previously been 

shown to  be  distributed ubiquitously during embryo- 
genesis (KNUST, TIETZE and CAMPOS-ORTEGA 1987); 
this has been  confirmed by digoxigenin-labeled probes 
(not  shown).  For the purposes of comparison with the 
observations on HLH-mP,  HLH-my and HLH-ma, we 

also studied using digoxigenin-labeled probes the dis- 

tribution of transcription  unit m4, and of HLH-m5, 
HLH-m7 and E(@) RNA, previously described on  the 
basis of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin situ hybridization of radioactively labeled 

probes to tissue sections (KNUST, TIETZE and CAMPOS- 
ORTEGA  1987). 

Whereas  transcripts of m4,  HLH-m5,  HLH-m7 and 
E(sp1) exhibit virtually identical spatial distributions 
during early embryonic stages up to stage  9 (KNUST, 
TIETZE and CAMPOS-ORTEGA 1987)  (Figure 5, A-D) 
(staging follows CAMPOS-ORTEGA and HARTENSTEIN 

1985),  transcripts of HLH-ma,  HLH-my and HLH-mG 
are  not  detected until stage 7. Transcription of these 
latter  genes  at  stage 7 follows the same spatial pattern 
as m4,  HLH-m5,  HLH-m7 and E(sp1). When the tip of 

the elongating  germ  band has reached  about 20% egg 
length,  the  domain of distribution of RNA  from each 
of the seven genes  expands  from the midline laterally 
to invade the  neuroectoderm  (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5D), in such a 

way that, as germ  band  elongation  proceeds, most of 
the cells of the  neuroectoderm begin transcription of 
all  six genes of the E(sp1)-C and of m4 (Figure 5, D 
and E). It is remarkable  that  during  these initial stages 
of germ  band  elongation,  RNA  from  the six  E(sp1)-C 
genes and m4 is found exclusively within the neuroec- 

toderm,  both in the  territory of the  trunk  and in 
cephalic regions  (Figures 6 and 7). The distribution 
of these seven RNAs within the  neuroectoderm 

changes rapidly during  the period of fast germ  band 
elongation  (Figure 5, D and E). Immediately preced- 

ing and following SI neuroblast  segregation,  RNA is 
present in two longitudinal  stripes on each side of the 
ventral midline, one paramedial and  the  other lateral, 

each about  three to four cells wide, and connected to 
each other by single RNA  containing cells (Figures 
5D,  6A  and  7, A-F). The region between the two 

stripes which is almost devoid of transcripts during 
this stage, coincides with the zone of mitotic activity 

FIGURE 4.-A, Schematic representation of the bHLH proteins of the E(spl)-C, aligning, from top  to bottom,  HLH-m3 (this work), HLH- 

m5,  HLH-m7, E(spl) (taken from KLAMBT et al. 1989),  HLH-ma,  HLH-my,  HLH-ms (this work),  using the program CLUSTAL (HIGGINS 

and  SHARP 1988). Identical amino acids are represented as black  ovals, conserved amino acids as grey ovals and divergent amino acids as 

open ovals. Putative protein domains are indicated below. Note the high degree of conservation in the basic and HLH domains and in two 

additional regions (helix 111 and IV). All seven proteins terminate with the same tetrapeptide, W-R-P-W. B and C show amino acid sequence 

similarities of different domains of HLH-m3, HLHm5, HLH-m7, E(spl), HLH-ma,  HLH-my, HLH-ma and hairy [taken from KLAMBT et 
al. (1989), RUSHLOW et al. (1989), and this work]. Identical amino acids (asterisks) and conserved amino acids  (colons) are indicated as such 

whenever six or seven amino acids at  a given position are identical or conserved, respectively. The consensus sequences are derived from  the 

seven proteins of the E(spl)-C. B, Amino acid sequence similarities in the basic and  the  HLH domains. The degree of conservation is highest 

in the basic region and in the two amphipathic helices. Note particularly the proline residue in the basic domains of all seven proteins, which 

is unique among the members of the bHLH-protein familiy, but also present in the hairy protein. C ,  Helix III/IV. The alignment shows a 

region of 41 amino acids present in  all seven bHLH proteins of the E(spl)-C. The consensus sequence derived from the seven proteins is 

indicated. Within the first 25 amino acids, hydrophobic amino acids are  arranged in a  three-four  repeat, which  is reminiscent of cu-helical 

segments, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe.g., those described for lamins or in the amphipatic helices of the bHLH proteins [see MURRE, SCHONLEBER MCCAW and BALTIMORE 

(1 989)  for discussion]. Within the region shown, two putative amphipathic helices, each of  14 amino acids, can be formed, with hydrophobic 

amino acids on one side and charged residues on the  other side. This becomes evident when the amino acids are  arranged on a helical  wheel, 

aligning the amino acids of HLH-m3,  HLH-m5,  HLH-m7, E(SPL), HLH-ma, HLH-my and HLH-ma, from distal to central (D). Despite the 

sequence similarity between the  HLH proteins of the E(spl)-C and part of hairy (amino acids 107-143), including conservation ofthe positions 

of some of the hydrophobic residues, the putative a-helix 111 is not as obvious in the hairy protein, whereas the putative helix I v  Seems to 

be conserved. 
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FIGURE 5.-A-D show zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin situ hybridizations with a digoxigenin-labeled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHLH-m5 probe  to embryonic whole-mounts. A and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB show ventral 
and dorsal focal planes, respectively, of the same stage 5 embryo, C and D are ventral focus planes of two different, stage 7 and 8 embryos 
(CAMPOS-ORTEGA and HARTENSTEIN 1985). From stage 5 to 7, transcripts  from m4,  HLH-m5,  HLH-m7 and E(SpI) exhibit a virtually identical 
spatial distributions. All accumulate in rows one cell  wide on either side of the mesodermal anlage. In addition to these rows, transcripts 
from HLH-m5,  HLH-m7 and E(+) are expressed during stages 5 and 6 in a dorsomedial band two to  three cells  in width (B) which  precisely 
coincides with the anlage of the amnioserosa (HARTENSTEIN, TECHNAU and CAMPOS-ORTEGA 1985); RNA from m4 is also present in these 
same cells, but  at  a much lower concentration (not shown). During closure of the ventral furrow, the two ventrolateral rows meet at  the 
midline and expression persists for some time (C and D). HLH-m&  HLH-my and HLH-m6 are  not expressed in any detectable  pattern during 
these early developmental stages. During elongation of the germ  band, RNA from all seven genes accumulates exclusively in cells of the 
neuroectoderm in similar, if not identical, patterns. E and F show, for example, expression of E(sp1) in part of the germ band in three stage 
8 embryos. The distribution is irregular during stage 7 and early stage 8, but in late stage 8 (E) two clusters of labeled cells per hemisegment 
are detected. This arrangement develops further (F) and within a few minutes evolves into  a distinct striped pattern at  the transition between 
stages 8 and 9, when RNA from all seven genes accumulates in a ladder-like arrangement, in two continuous cell  rows on either side of the 
midline (arrowhead), one paramedial and  the  other lateral, with a few labeled cells  in between (G). 

that has been found in the  intermediate subdivision (Figure 7, B, D and F), whereas orally, at  the level  of 
of the  neuroectoderm immediately before  neuroblast parasegment 1 ,  the medial stripe  extends two-cell 
segregation (HARTENSTEIN and CAMPOS-ORTEGA diameters  further  into  the cephalic furrow  than  the 
1984; FOE 1989). The anteroposterior  extents of the lateral  stripe.  Whereas  epidermoblasts  exhibit  high 
lateral and medial stripes  differ.  Caudally, at  the level levels of RNA derived  from  these genes, the subjacent 
of parasegment 14, the lateral  stripe  extends two- to SI neuroblasts are clearly devoid of these molecules 
three-cell diameters  further  than  the medial stripe (Figure 6, E and F), with the exception of E(sp1): a 
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FIGURE 6.-A and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC show zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsitu hybridizations with an HLH-m5 probe  to stage 9 and stage 10 embryos, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB and D [taken from HARTENSTEIN 
and CAMPOS-ORTEGA (1 984) with permission of the editor] are schematic drawings of the arrangement of SI and SI1 neuroblasts in embryos 

of the same ages.  In stage 9 embryos, transcripts from HLH-m&  HLH-my,  HLH-ma,  HLH-m5,  HLH-m7 and E(#), as well  as m#, are arranged 

i n  a ladder-like manner, in two rows of cells on  either side connected by stripes of labeled cells (the arrows point to  the two rows, the 

arrowhead to  the midline). SI neuroblasts are located immediately subjacent to these rows and  the connecting stripes, suggesting that they 
have segregated from the region in  which labeled cells occur.  Compare to  the  pattern of SI neuroblasts shown  in B. During stages 9 and 10, 

RNA from the seven genes becomes diffusely distributed in  all  cells of the neuroectoderm (C), as well as in some cells of the dorsal epidermal 
primordium. At the beginning of stage 10,  transcripts  from the seven genes are particularly abundant in a row about three cells  wide located 
on either side  in an  intermediate position with respect to  the ladder-like arrangement of the previous stage (arrows, the arrowhead points to 
the midline). SI1 neuroblasts segregate  from this region during stage 10 to complete the intermediate row of neuroblasts (HARTENSTEIN and 
CAMPOS-ORTEGA 1984) (compare the neuroblast pattern at this stage, shown  in D). Transcripts from the seven genes become restricted to 

epidermoblasts. E and F show  two planes of focus through part of the germ band of a stage 9  embryo hybridized with HLH-m5, to show 
labeling in the epidermoblasts but  not in SI neuroblasts (several are indicated by small arrows). The arrowhead points to  the midline. 

small amount of RNA  from  this  gene can occasionally, relates  remarkably well  with the zone from which the 

i .e.,  in some  embryos, be  detected in the neuroblasts. SI neuroblasts  segregate and  that,  after segregation, 

We wish to emphasize that,  prior to the lineage the transcripts become restricted to epidermoblasts 

segregation, the  array of RNA-containing cells cor- (compare the distribution of transcripts in the neu- 
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FIGURE 7.-Ventral zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A, C and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE) and dorsal (B, D and F) planes of focusing through stage 9 embryos which have been hybridized in situ 
with probes of HLH-ma (A-B), HLH-my (CD) and HLH-m6 (E-F). Notice that  the  three genes are transcribed  in the procephalic (pne) and 
the ventral neuroectoderm, and  that  the distribution of RNA is very similar, or even identical, for all three. The arrowheads (two in A, C 
and E, and  one in B, D and E) point to groups  of cells  which contain RNA from  the  three genes; the two arrows point to  the longitudinal 
rows of ventral neuroectodermal cells from which SI neuroblasts have segregated (see Figure 5) .  

roectoderm with the map  of SI neuroblasts, Figure 6, of transcripts does not allow us to distinguish on 
A-B) (see HARTENSTEIN and CAMPOS-ORTEGA 1984). whether the cells that become committed as neurob- 
This  arrangement suggests a causal relationship be- lasts  lack transcripts prior to segregation, or whether 
tween the presence of transcripts from these  genes  in they first stop transcribing these  genes after having 
a given  cell  within these regions and its development segregated. 
as a epidermoblast. Unfortunately, the high density During stage 9, the distribution pattern of RNA 
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from all seven genes  changes  considerably.  Labeling 
within the procephalic  lobe  becomes diffusely distrib- 
uted  and nearly  reaches the cephalic furrow  (not 
shown). The  stripe  pattern  found previously in the 
trunk is no longer visible and RNA is found in  all  cells 
of the  neuroectoderm, as well as in some cells of the 
dorsal  epidermal  primordium.  A  further striking fea- 
ture of the  pattern  of  RNA  distribution is detectable 
at  the beginning of stage 10,  at  the time of segregation 
of the SI1 neuroblasts  (Figure 6C). At this stage, 
although  the  entire  neuroectodermal region  contains 
RNA  derived  from  these  genes,  transcripts are partic- 
ularly abundant in segmentally arranged cell patches 
that  are located  along the  entire  germ  band in an 
intermediate position with respect to the  banded  ar- 
rangement seen in the previous  stage. SI1 neuroblasts 
segregate  during stage 10  from this intermediate re- 

gion to complete the  intermediate row of neuroblasts; 
after  segregation, SI1 neuroblasts are devoid of RNA 
from  any of the genes,  whereas the epidermoblasts 
that  remain in the  intermediate region  contain  high 
levels of these  transcripts  (Figure 6C). 

We should  mention that differences in the distri- 
bution of the seven transcripts  become apparent  dur- 
ing  stage  1  1 and persist until  stage 15, when transcrip- 
tion vanishes. These differences  have not  been  char- 
acterized in detail. 

DISCUSSION 

In this report, we describe three new genes, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHLH- 
mp,  HLH-my and HLH-ma, which are involved in 
mediating  the  neuroepidermal  lineage  dichotomy. 
This claim is supported by the observation that a 
genomic  fragment  containing  the  coding sequences of 
the  three genes  reduces  the  neurogenic  phenotype of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
grob3’.’ embryos to a level comparable  to  that of E(sp1)R- 

heterozygous for grob32.2 with E(SPZ)R-~~.’. Hence,  the 
more severe  neurogenic  phenotype  found normally 
in embryos homozygous for  the  former deletion is 
due  to  the lack of HLH-mp,  HLH-my and HLH-m& 
This observation also indicates that  the transgenic 
HLH-[mp-my-m8]+ fragment  contains  indeed three 
functional  genes which are capable of providing  a 
comparable level of genetic activity to  that of the 
endogenous HLH-mb,  HLH-my and HLH-ma genes. 
T w o  copies of the transgenic HLH-[mp-rny-mS]+ frag- 
ment cause an even stronger  reduction of the  neuro- 
genic  phenotype of g r ~ ~ ” ~ . ’  embryos. This  phenotype 
is weaker than  that  produced by homozygosity for 

E ( S ~ L ) R - ~ ~ . ’ ,  which is due  to  the fact that gro is not 
completely  impaired in whereas it is absent in 
E(SPZ)R-~’.‘ (SCHRONS, KNUST and  CAMPOS-~RTEGA, 
1992).  In  addition,  either two copies of the HLH-mG+ 
fragment in the presence of two transgenic copies of 
gro+, or two copies of the HLH-[mp-my-ms]+ fragment 

A7.1 embryos and virtually identical to  that of embryos 

alone, cause a similar attenuation of the phenotype of 
E ( s ~ ~ ) R - ~ ~ . ’  in both cases. Since E ( ~ p l ) R - ~ ~ , l  is itself HLH- 
mp+,  HLH-my+ and HLH-mP (KNUST, TIETZE and 
CAMPOS-ORTEGA 1987),  the transgenic animals in fact 
have four copies of either HLH-m@, in the first case, 
or of HLH-mp+,  HLH-my+ and HLH-ma+, in the sec- 
ond.  Therefore, these observations suggest that  the 
number of genes  encoding  HLH proteins, and  there- 

fore  the  amount of these  protein molecules, is impor- 
tant.  This  points  to  functional  redundancy of these 
genes. 

The main conclusion of our work is that  the E(sp1)- 

C comprises at least seven genes  encoding bHLH 
proteins. The proteins  encoded by HLH-m3,  HLH- 
mp,  HLH-my and HLH-m6, described in this paper, 
exhibit  a  high degree of amino acid sequence similar- 
ity to each other as well as to  the proteins  encoded by 
HLH-m5,  HLH-m7 and E(sp1) (KLAMBT et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1989). 
The amino acid sequences of the seven putative  pro- 

teins are particularly conserved within the basic do- 
main and  the two amphipathic helices, a motif which 
has been  described to be necessary for DNA binding 
and  protein  dimerization  (MURRE, SCHONLEBER 
MCCAW and BALTIMORE 1989; MURRE et al. 1989; 

DAVIS et al. 1990). The seven proteins of the E(sp1)-C 
are unusual, in that  they  contain  a  proline  residue in 
the basic domain, which is thought  to  interfere with 
DNA binding. The MyoD protein of the mouse, for 
example, acts as dominant negative regulator  after 
introduction of a  proline  residue  into its basic domain 

(DAVIS et al. 1990). In  the case  of the E(sp1) protein, 
however, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin vitro as well as in vivo experiments have 
demonstrated  that, in spite of the  presence of the 

proline  residue, the basic domain is required  for DNA 
binding and  for  enhancement of the split phenotype 
(TIETZE, OELLERS  and KNUST 1992). In addition, all 
seven proteins  terminate with the  tetrapeptide W-R- 
P-W. Finally, we found  that  a  region of 41  amino 
acids within the C-terminal halves of the proteins 

exhibits  a  high degree of sequence conservation 
among all seven (Figures 3 and 4B). The regular 
spacing of hydrophobic residues in a  four-three  repeat 

suggests the  presence of a coiled-coil structure, similar 
to  the  structure proposed for lamins (MCKEON, 
KIRSCHNER and CAPUT  1986) or leucine zippers 
(LANDSCHULZ, JOHNSON and MCKNIGHT 1988). Heli- 
cal  wheel  analysis of this region  predicts  an cy-helical 
structure, which can be  organized as two amphipathic 

helices (see Figure 4D). One side of these hypothetical 
helices is composed predominantly of hydrophobic 
amino acids, while the  other side consists mainly of 
charged  amino acids or residues with uncharged  polar 
chains. Other members of the  bHLH family contain, 
in addition  to  the  bHLH motif, one  or two leucine 
zippers (e.g., myc and AP-4) [see LUSCHER and EISEN- 
MANN (1990)  and HU et al. (1990)  for reviews]. In the 
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AP-4 protein, only one of the leucine zipper motifs 

has the  three-four  repeat of hydrophobic  amino acids 

characteristic  for  a coiled-coil structure. The two leu- 

cine zippers are necessary for  homodimerization of 

the  protein  and  their elimination allows the  formation 

of heterodimers with other  HLH  proteins, which oth- 

erwise does  not  take place, but which does  not  inter- 

fere with DNA binding to  the specific target site (Hu 

et al. 1990).  Although the motif found in the  bHLH 

proteins of the E(sp1)-C does  not fulfill the criteria  for 

a leucine zipper (LANDSCHULZ, JOHNSON and MC- 

KNIGHT 1988), its conservation in  all seven proteins 

and its putative coil-coiled structure is suggestive of 

involvement in selective protein-protein  interactions; 

these  interactions would be  different  from those me- 

diated by the  HLH motif, and could involve either 

the same partner, thus stabilizing homodimers, as 

described  for  AP-4, or a variety of other proteins, and 

thus increasing the potential  regulatory complexity of 

these  gene  products. 

Among the  bHLH proteins  described so far,  the 

seven proteins of the E(sp1)-C are most similar to  the 

hairy protein of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD. melanogaster (RUSHLOW et al. 
1989). Besides the  great similarity in the basic domain, 

including the proline  residue  mentioned  above, other 

domains are also conserved, such as the  HLH domain 

and  the C-terminal  tetrapeptide W-R-P-W (Figure 

4B). Although there is some amino acid sequence 

conservation in the region of the hypothetical helix 

III/IV (Figure 4C), the ability to  form  an  a-helix is 

only apparent in helix IV of the hairy protein,  and 

less obvious in helix 111. hairy is involved in the  regu- 

lation of segmentation during embryogenesis and  the 

establishment of bristle pattern formation during lar- 

val and pupal development  (INGHAM et al. 1985). 

Whether  the  structural similarity between its product 

and  the seven proteins  described here has any func- 

tional implications, awaits further experiments. 

Among the seven proteins of the E(sp1)-C, HLH-m3 

slightly differs  from the  others.  With  respect  to  the 

sequence, it carries several nonconserved  amino acids 

at positions, where  the  others  are perfectly matched. 

Furthermore, it contains  a  polyglutamine  stretch dis- 

tally to helix IV, comparable to  the hairy protein, 

which might  be involved in transcriptional activation. 

The most dramatic  difference,  however,  concerns its 

expression pattern.  In contrast to  the  other six, HLH- 
m3 RNA is supplied maternally, and  later  on, it is 

expressed ubiquitously during all stages of embryonic 
development,  whereas  the  other six, as well as m4, 
exhibit  a distinct and very similar expression pattern, 

at  the time when separation of neural  and epidermal 

precursor cells occurs.  Although some minor  differ- 
ences  exist, as for  example in the mesectodermal cell 

stripes, which express only HLH-m5,  HLH-m7 and 

E(@) RNAs (as well as m4) ,  but  not HLH-mP,  HLH- 

m y  or HLH-mG, the  patterns of HLH-mP,  HLH-my, 
HLH-mG, HLH-m5,  HLH-m7, E(sp1) and m4, but  not 

that of HLH-m3, are indistinguishable from each other 

during  the stages of SI and SI1 neuroblast  segregation 
(Figures 6 and 7). All seven transcripts  accumulate 

within the  regions  from which the SI and SI1 neurob- 

lasts segregate and  correlate with epidermoblast  fate. 

We assume that  the same correlation holds true  for 

the SI11 neuroblasts; however, the SI11 segregation 

pattern is not as obvious as that of the  other two 
subpopulations and, consequently, the correlation 

cannot  be established as easily. The presence of these 

transcripts in  cells  which have chosen the epidermal 

pathway and  their absence from  the neuroblasts, sup- 

ports  a  function in the commitment of epidermal cells, 

as had  been  deduced  from the analysis  of the pheno- 

type of loss-of-function mutations  (LEHMANN et al. 
1983; KNUST et al. 1987a). We have mentioned  above 

that,  apart  from  their  presence in epidermoblasts, 

E(@) transcripts have occasionally been detected in 
the neuroblasts  after  separation of the lineages. This 

could be due  either  to higher stability of the E(@) 
transcripts, as compared with the  other transcripts of 

the complex, which would allow them to be  detected 

in the neuroblasts  for some time  after  segregation, or 

to  other unknown reasons. 

In D. melanogaster, a few gene complexes compris- 

ing several structurally and functionally related genes 

are known. The best known are two gene complexes 

comprising multiple homeobox-containing  genes, the 

Antennapedia complex (Antp-C) and  the Bithorax com- 

plex (BX-C) [see PEIFER, KARCH and BENDER (1987) 

and SCOTT and CARROLL  (1  987)  for reviews]. Genes 

within these two complexes control  the segmental 

identity during embryogenesis and  later  development. 

Since mutations in individual genes result in homeotic 

transformation of part of the body into  another  part, 

each of the genes has a specific function. The E(sp1)- 

C  differs  from the BX-C and Antp-C in that  at least 

two of the genes encoding HLH proteins [E(spl) itself 

and HLH-m7] are dispensable for  the viability of the 

fly and  the loss of their  function  does  not cause any 

obvious phenotype (SCHRONS, KNUST and CAMPOS- 

ORTEGA  1992). 

Another well known gene  complex, the AS-C, con- 

tains at least four genes, which are involved in the 
development of both CNS and PNS ( J I M ~ N E Z  and 

CAMPOS-ORTEGA 1979,  1987; DAMBLY-CHAUDIERE 

and GHYSEN 1987;  GHYSEN and  DAMBLY-CHAUDI~RE 
1988)  and also encode  HLH proteins, each of which 

has a  characteristic expression pattern (VILLARES and 

CABRERA  1987; ALONSO and  CABRERA  1988; GONZA- 

LEZ et al. 1989). The AS-C exhibits  a similar genetic 

organization and its constituent  genes are to some 
extent functionally redundant U I M ~ N E Z  and CAMPOS- 

ORTEGA  1979).  It has been shown that  the AS-C 
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products are necessary for  the development of neu- 
roectodermal cells  as neuroblasts (JIMENEZ and CAM- 
POS-ORTEGA 1990). Reciprocal regulation of the ac- 
tivity  of the genes of the E(spl)-C and  the AS-C, either 
at  the transcriptional or  at post-transcriptional level, 
is an attractive possibility (CAMPOS-ORTECA 199 1). 
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