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The role of the Enhancer of split complex during cell fate determination in

Drosophila
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SUMMARY

Molecular and genetic data predict that the Enhancer of
split locus functions at the end of a pathway dictating
appropriate cell fate determination in a number of devel
opmental contexts. We have sought to dissect the role
individual member genes of the complex play through a
molecular analysis. Of the two principle class of genes,
the first, members of the basic helix-loop-helix (bULU)
class of proteins are expressed in specific regions of the
embryo in subtle, overlapping pallerns in cells that will
differentiate as epidermis. The second, groucho, a
member of the WD40 class of proteins, is expressed more

INTRODUCTION

During development, cells rely upon extrinsic cues to adopt
fates suitable to their surroundings. A group of genes in
Drosophila appear to be called upon at many times and in
many places to facilitate such decisions (Artavanis
Tsakonas and Simpson, 1991; Campos-Ortega and Knust,
1991; Hartley, 1990). They are called the neurogenic genes,
since the primary defect in embryos lacking any of them is
an inability to distinguish epidermal from neural precursors
during neurogenesis (Lehmann et aI., 1983; Poulson, 1937).
Mutants of any of the neurogenic genes die as embryos, lack
large regions of the epidermis, and have a concomitant
enlarged nervous system. In addition to their role in neuro
genesis, these genes appear to function in an analogous
fashion in many other developing organs (Cagan and Ready,
1989; Hartenstein and Posakony, 1990; Ruohola et aI., 1991;
Corbin et al.. 1991; Xu et al.. 1992; Hartenstein et al.. 1992).
They are not a curiosity to Drosophila - for example, at least
some of the genes appear to have been conserved between
vertebrates and invertebrates (Coffman et aI., 1990; Ellisen
et aI., 1991; Weinmaster et aI., 1991; Del Amo et al., 1992;
Stifani et aI.. 1992). However, it is in Drosophila that their
function is best understood. From the ongoing molecular
and genetic analysis of their function, it seems that two of
the neurogenic genes, Notch and Delta, interact at the cell
surface to provide necessary cues for cell fate determination,
probably in the form of "lateral inhibition" of one cell type
by another (Artavanis-Tsakonas and Simpson, 1991).
Although it remains unproved, the data are consistent with
a model whereby the Delta gene product acts as a ligand for

generally. Immulloprecipitalion experiments do not
implicate groucho in G protein mediated signal trans
duction, a known function of many WD40 type proteins.
Instead, tbe nuclear localisation of the protein suggests
a relationship to tbe bOLO members of the complex. Dif
ferences in expression of the bULD genes between neu
rogenic mutants implies two pathways to their activation
during epidermal determination.
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a Notch gene product receptor (Heitz1er and Simpson, 1991;
Fehon et aI., 1990). From standard epistasis tests using
duplications and deficiencies, the Enhancer ofsplit complex
behaves as if it were downstream of Notch and Delta (de la
Concha et aI., 1988). The role of the remaining neurogenic
genes, mastermind, big brain and neuralized remains rela
tively obscure when compared to the others. However, it has
been proposed, at least in the case of determination of the
adult sensilla, that the pathway mediated by the neurogenic
genes serves to repress the expression of neural determinants
(provided by the Achaete-scute complex of genes) in all
cells of a "proneural cluster" with the exception of the single
sensory mother cell (Artavanis-Tsakonas and Simpson,
1991). This acts to restrict fate to a single cell from within
a field of equivalent pluripotentia1 cells, thus allowing the
remaining cells to adopt a different fate (Simpson, 1990).
The molecular analysis of members of this pathway should
test the merit of this model.

The Enhancer ofsplit (EIsl'l» locus consists of a number
of genes some or all of which may have a function in cell
fate determination. On the basis of mutant phenotype, two
classes of genes are definitely implicated (Delidakis et aI.,
1991; Schrons et aI., 1992). The first, and only gene that
mutates to give a neurogenic phenotype, is allelic to a pre
viously described gene groucho (Preiss et aI., 1988). The
groucho gene has been cloned and sequenced and the gene
product has homology to a class of proteins defined by the
presence of an approximately 40 amino acid repeat with
characteristically located tryptophan and aspartate residues
- the so called WD40 repeat (Hartley et aI., 1988). Closely
related genes in humans and mice have been identified
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Fig. I. The related mlllno acid ,,>equence, uf grolldw In flie .... humath. r~lt and mice. A
llluilipk alignment lI"'lng Clu,,>wlV \\;h m;l(.k of Ihe ten related ,equenct.: found in the
G.:nBank non-rcdundJllI dalaba ...c. -\mino and, art.: coloured u,ing Iht.: SeqApp program
\\here blue code, ror hJ'll" re,idue,. red for acidic. c~an for h)dro\~ I. grec:n for amidt'o
)ello\\ for ,ulphur conl'llning. blael.. for h)drophohic n,~ ... idue". orange for aromatic. purple
for proline and grc) for gl)cine. :\otc a, \\ell :'1' the flill-Icngih orthologm~... III human ..
ITLE l.::! and 3) mice (~'ou ..c ESGl ,1Ild rar.. (Rat e..p:!). Ihen~ arc prot.:in ... hlghl) related

10 ju,t the :\-tcrminal domain of groucho (\lolhe :\ES I and': : HUllum ..-\ES II \\ hll,t the
other ...:qllencc.. are hOl1lo!ogmh o\cr Ihe emire Icngth of groucho. The ..Ollff..'C rderence ..
aff..' for lIuman TLE, ISIICani 1.:1 ;JI.. 1(92). Rat .:..p::!. fSdunidl. CJ. and Siadel... T.E.
( \993), lInpubli..,hed I. ~lllU": grg (~Iallo. ~ t.. Franco dd ..-\1110. I~. and Gridlc~. T. ( 19931
1II1pubh.. hcdl.!-luman and mOll ..e AES ..,equcnce.. (~h~;l ...al..a. H.. Cholldhu~. B.K .. HUll.
E.\\'. and Li. S.S.L 119(3). lInpuhli,hedl.
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(Stifani et aI., 1992). Amongst the members of this class of
proteins are the ~ subunits of guanine nucleotide regulatory
proteins (0 proteins). A prominent function for G proteins
is in the transduction of cell surface receptor mediated
signals (Bourne et aI., 1991). It was therefore an attractive
possibility to postulate the role of the groucho gene in signal
transduction, particularly since point mutations of groucho
interact genetically with specific point mutations of Notch,
potentially the receptor in a lateral inhibition pathway (Xu
et aI., 1990). The second class of Enhancer of spUt genes
number seven homologous members (Knust et aI., 1992;
Delidakis et ai, J992), This family is related to basic helix
loop-helix proteins which are known in many instances to
be DNA sequence specific transcription factors (e.g. Pabo
and Sauer, 1992). The relationship between groucho and Ihe
bHLH members of the E(spl) complex is implied from
genetic interaction. Transfonned groucho genes are able to
improve the phenotype of deficiencies of the complex as
long as at least one bHLH gene is present in the genome
(Delidakis et aI., 1991, Schrons et aI., 1992). Thus, geneti
cally, grollcho acts as an activator of E(spl) bHLH function.
We have been investigaling the function of the genes of
E(spl) in Drosophila development with a view to revealing
the molecular mechanism of Iheir action. Our data do not
conform to a role for groucho in G protein mediated signal
transduction. Instead, the localisation of the gene product
points to a requirement in the nucleus. Thus, the interaction
between groucho and E(spl) bHLH members suggested
genetically, may be direct.

The expression of Enhuncer of split bHLH genes is tem
porally and spalially complex (Godl el aI., 1991; KnUSI el
aI., 1992). From various work, a part of this expression
appears to be immediately succeeding or coincident with the
separation of neural from epidermal precursor cells, specif
ically in the epidermal precursors. This expression is super
ficially normal in Notch mutants, but abnormal in neural
ized mutants. This hints at two requirements for normal
Enhancer of splil function in dictating cell fates during
embryogenesis.

MATERIALS AND METHODS

Antibody staining

Affinity purified-antibodies raised to pATH or pGEX fusions of
groucho or Notch eDNA have been previously described (Fehon
et al., 1990; Delidakis et aI., 1991). Third instal' larval discs and
brains were fixed in 4% formaldehyde in PBS and stained with
antibody overnight at 4°C in PBS/O.2% saponin/3% normal goat
serum. Anli-lgG secondaries labelled with fluorescein were used
to visualise staining. Preparations were imaged using the MRC 500
laser scanning confocal microscope.

Immunoprecipitatlon
Embryonic protein extracts were prepared from dechorionated
embryos by homogeaisiag ia 300 mM NaCl, 50 mM Tris-HCI,
0.5% NP-40, 0.5% deoxycholate in the presence of proteinase
inhibitors and immunopreciptiations performed as described in
Fehon el al. (1990).

G protein experiments
Embryonic or Drosophila Kc cell protein extracts were prepared
in 20 mM Tris-He!, pH 8.0. 100 mM NaCl. and either 1 mM
EDTA, 0.1 mM GD? or 10 mM MgCI" 0.3 mM GT? or 10 mM

MgCh. 0.3 mM GTPyS. Extracts were incubated for 40 minutes at
30°C with 2 ~g activated pertussis toxin in the presence of phos
phatidyl choline and [32p]NAD. The reactions were chased for 10
minutes with 14 mM NAD and immulloprecipitated as above with
anti-groucho antibodies. In a parallel sel of experiments, the same
types of protein extract were incubated with 32P-labelled 8-azido
GTP and irradiated with UV for 30 seconds. Then the different
extracts were imrnunoprecipitated with anti-groucho antibodies.

In situ hybridization
In situ hybridization to whole embryos was performed essentially
as described in Tautz and Pfeifle (1989). Anti-sense RNA probes
were labelled with digoxigcnin as described by the manufacturer
(Boehringer Mannheim). After staining. embryos were dehydrated
through an ethanol series and mounted in methacrylate.

RESULTS

The members of the Enhancer of split complex
Genetic and molecular genetic criteria have been used to
define members of the Enhancer ofspUr complex (Delidakis
et al., 1991; Schrons et aI., 1992; Knust el al., 1992). In
terms of sequence homology, two types of gene product
have been implicated with respect 10 cell fale determination.
Seven members of the complex (called m3, m5, m7. m8,
rna, m~ and my) are related to the basic hclix loop helix
class of trans regulators (Delidakis and Artavanis-Tsakonas,
1992; Knust et aI., 1992). Another member, variously called
m91l 0 or groucho, is a member of the WD40 class of
proteins, whose largest individual members are the ~

subunits of signal transducing guanine nucleotide binding
proteins. However, since the sequence of groucho was deter
mined, a number of eXlremely homologous vertebrale
sequences have been identified (Stifani et al .. 1992; Schmidt
and Sladek, unpublished; Mallo et aI., unpublished;
Miyasaka et aI., unpublished). Fig. 1 shows the current
members of this orthologous gene family, a subset of the
WD40 domain proteins, found in flies, mice, rats and
humans. The sequences are conserved essentially through
out the length of the proteins, bUI virlually identical in two
areas, firslly within Ihe N-terminal region and secondly the
C-terminaI halves of the proteins, which consist of the
WD40 domain. The striking degree of homology within this
family of related sequences implies functional conservation,
although of these members, only groucho has a known
function. The N-terminaI sequence domain has no signifi
cant homology to any other protein sequences in the
databases bUllhe WD40 domain has a number of relatives.
Fig. 2 shows some of these relatives with Ihe salient residues
of the primary sequence based on the BLOCKS v6.0lProsile
v I0.0 database definition of consensus sequence for the
WD40 repeat. These classes of proteins exhibit diverse
functions and intracellular locations (see van der Voom and
Ploegh, 1992; Duronio et aI., 1992 for reviews) ranging from
the membrane relaled signal transduction of G proteins to
the nuclear Iranscriplional apparatus of TUP I (Keleher et
aI., 1992) and the Drosophila TFIID subunit dTAFn80
(Dynlacht et al., 1993). In addition, since groucho has
obvious vertebrate orthologues (see Fig. I) the functional
significance of the relatedness of WD40 domain proteins is
not clear. It is supposed that this motif is involved in protein-



Drosophila groucho 553-594

Drosophila dTAFii80 564-605

Humall GfJ 172-213
HumallJ2.351-92

Humam coaJomer subullitl73-216

Xellopus 'SUH 423-462
Yeast CDC4 410-451

Yeast CDC20 372-414

Yeast PRP4 337-378

Yeast TUPJ 429-470

Yeast SOFJ 56-97

Yeast MAK1 1344-385
Yeast STE4 168-209
Slime mold corollill JJ8-159

Slime mold AAC3 176-218

Arabidopsis COP! 536-567

E (sp~ in cell fate determination 143

P06S--R

~5$~R;Fl3A 6R-

+AL!nPOTR-
S06Q-

SGGDKP

---OltK

Ll1<J'~AH661

U,LDT",SD6L-

1w'1ll1.l,ALISPlt6Y-

jY>lJ,'-l'1C'TPS6DK
.~u.."'1 AKtlYGSLltK-

n,u,uJ.'U I PTltR-- I
I OltAH--

I PUAOIt

I PKlttlD

~'YL.JI"I.!:.lLStlItE---·ibff~!tJjg~Tk

Lx6Hxxx I xx(~xli
F L

U

<J'<J,S66xOxx'J'x I UO Ii
TAA It LFtI

S UY

Fig. 2. Thl.: WD-H) ammo acid "'l.:qUI.:IlCl.' dOlllam. The "'Ingle be..., III 10 Ihe con"'l:n"'ll'" 'l.:qUl:IIl:l.' (..,11(1\\ nat lhl.: hOIlOlll) \\a'" found u,mg the
BLOCKS program ol ... ixtl:l:ll 'l.:qul.:ncl.'''' l:\hihiling hOll1olog) to Ihi, mOIlr. Noll.' lhal in 1.::lch of lla.''''l: l.''''''l.'''' thl.'rl: :m: II1ml.: than Olll..' 01
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ca...e of thc large Ilumlx:r of G prolein p...ubunil ...equcncl.'''' in Ihe ualaha ...e). or the) contain onl) :1 ... inglc repc:ll. AI ...n a numher of
~lIlon)mou, ) ~.N ORF... arc not ... ho\\ 11. RdCfCll(.'l.'''': groucho (llan!e) et al.. 19~~J. /)raW/phi/a TFII D ... ubUnit (D) nr:Kht ci .11 .. 191))).
Human G protl.:lIl p ...uhunil (hmg 1.:1 :11 .. 19S6).llumanlchicl..en 11.3 G prolein rd:lIed "'l.'qul.'ncc IGutlkmOl el al.. 19S9). Human
coalOlller ...llhullil (llarri"on-La\'oic e.:l al.. 1993 J. Xl'fIOPI/\ ·SUII. a ,uppn:"...or of) e:ht CDC 15 mutation ... (5pc\ a\.. el al.. 1993). YC;l ...1
CDC4. rcquin.:d carly in the cell tycle and a com]>ol1cl1\ of the llllClco:.kcleton (Yochelll and l3yer:.. 19S7). Yea... t CDC20 a protein
required for rnicrowhllk {kpl.'ndcnt pnx:e ... "c ... (Sl.'thi ~t al .. 1991). YC:I'l pRp-I a componellt of the U-I/U6 ,nRNP (Dalrympll.' ~t :11 .. 19X9).
Yea...1TUPI pan of a gCIll.'ral rcprC lllll lllcch:lI1i ...m (Zhang CI al.. 1991). Yea ... t S()I~ I a COlllponelll of the llJ ... nRNP (Jalhcll cl :11 ..
1993). YC:I\1 ~tAK II a memhrane a ocI.ttcd member orgcnl.' produc" n:qllired for ~t 1 {hR r\ fl.'pllcatloll (kho and Widlll.'r. 19H5).
Yea\1 STE-I. required for re pon"e to mating pheromone :lnd prc\lIl11cd to be a G13 "ubunit (Whilc\\ a) ct al .. 1989). Slimt: moltll.:oronln a
componenl of Ihe aclinhll)o in compkx (dc 1I0"to\ CI 31.. 1991). Sliml.' mold AAC3 one of ,c\cr.11 dC\l.:lupmcllwll) rq;ulatcd gene" in
Die(wJs/e!i11i1/ l.:ontaining AAC lluch':Olidl..' or opo rcpc:lh (Shaw cl :II.. 19SI)), AmIJidop,\i\ COP I. a putal ivr.: negative regul:11ol' of
pholOlllorphogl.:nc...i ... (D~ng ~l al.. 199:!).

prOlcin or proteilHllu.:lcic acid imcr'lclion" .mel ~ccol1dar)

~Irllc.:lure prcdiction~ impl) a ...eric ... of B~Iralld ... !o.cparatcd by
lurn~ (Duronio CI a!.. 1992).

A role for groucho in signal transduction
Two line ... of data 'lIggc~lcd a role for groucho in ... ignaltran,,
dlll.:tioll of cdl fale dCh.::rmin.uiol1. Fir'\. the ...cqucncc
homulogy or the gene product to the p ~ubunit 01" G prolcin~

(Hanley ct <II.. 1988) and ~ccol1d. the ~pccific illlcraciioll
between grOlu.:ho and Notch point Jllut;lIions (Xu ct al..
1990). Notch i~ 1..110\\ n to acl al the cell ...urfacc (Fchon CI al ..
1991) and in an :lUIOIlQIllOU'" fa:-.hion (Hoppe and GrCCl1~pall.

1990: Heil/ler and Simp,on. 1991 ). '" would be expeeled for
a receptor. Thi~ :-.pccilk interaction bctwcen point mutation:..
of Ihc grollc//() gene and Nmcll point ll1utation~ insinuated
Ihat the.: 1\\0 ge.:m; prodlll:h might phy-.ically combine.
Prc\·iou~ immunochcmical approache, had ... hO\\ n thi~ to be
the ca~e for Nmcll .mel De/Ill. ",ince.; antibodic~ ~pecific to one
can co-prcl.:ipitate the.; other. and ~pcciljc cellular aggregatc~

form when the t\\O are o\cr-cxprev,>ed in mixed cell culture...
(Fdlon et a!.. 1990). We havc :ltlempted 10 c()·prcl:ipital~

No/cit and gm/lc/IO prolein from I)ro,\o/)/Iiltl embryo:. or K<:
ti ... ,uc culture cclb u~ing alltibodic~ 10 Notch or to groucho.
Under the cOlldition~ u<"ed. \\e were unable to detect each
protein in it~ complemental') imlllunoprecipitate (Fig. 3).
Thi~ re~uh doc ... not exclude Ihe potenlial intcral:lion of Not<:h
<lnd grouchu. but ~lIggc~b that if MICh interaction exi~b. it i~

non-stoich iOIllCI ric.
Malllmalian G protein ... have been pre.; \ iOll ... l) a~~aycd by

their ahilit) 10 bind gll:lno"ine nucleotide pho,phale
(OtTerman~ ci al.. 1991). and h) their 'l:n,iti\it) 10 ADP
ribo~ylation b) cholera toxin and pcrtu""i~ toxin (Gier~chik.

1992). BOlh of these arc feature, of the a ,uhul1it of G
protcin~. but w.,ing condition, which favour the.; het
el"Otrimcric.: aifly rorm (I{m Ig.:!+ and GDP). it i ... po...... ihlc
to imJ1ltllloprecipitatc all three ,ubunih \\ ith an antihod) to
one. We have reacted lowl Dro.wpltilll cell C\lract~ with
pertussi~ toxin :Jnd l):!PINAD and le~led the ahility or mon-
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Fig. 3. Immunoprecipitations of Notch and grouclw protein
from embryonic extracts. Immunoprecipitates or complete
protein extracts were subjected to SDS-PAGE and transferred
to nitrocellulose. Blors were stained with monoclonal
antibodies against Notch (lanes A-D) or rabbit polydonal anti
groucho (lanes E-H). Lanes A,E: lotal protein extract from 0
14 hour embryos. Lanes B,F: immunoprecipitate using
monoclonal anti-Notch. Lane.s e.G: immunoprecipitate using
monoclonal anti-groucho. Lanes D.H: immunoprecipit:.HC

using a second independently isolated monoclonal anti·groucho. These data demonstrate that Notch protein cannot be detected in anli
groucho immunoprccipitates (lane C,D) and similarly that groucho protein cannot be detected in anti-Notch immunoprecipitates.

oclonal anti-groucho antibodies to preCIpItate [32pJADP
protein under conditions which should favour the associa
tion (low Mg2+, GDP) or dissociation (high Mg2+, GTP or
GTPyS) of G proteins. We found no specific labelling of
proteins in the immunoprecipitate above background (data
not shown), suggesting that the anti-grouellO antibodies fail
to co-immunopreciptiate pertussis toxin-sensitive 0:

subunits. In a similar assay, we reacted total protein extracls
with 8-azido-[32pjGTP which binds covalently to protein on
photoactivalion, and immunoprecipitated the labelled
extract. Once again. no specifically labelled protein was co
precipitated by anti-groucho antibodies (data not shown).

groucho expression in the nucleus
The immunoprecipitation experiments designed to investi
gate a relationship between groucho and G proteins did not
provide any evidence for such a link. In addition, previous
immunohistochemical work argued that groucho protein
was almost exclusively in the nucleus, counter to what
would be expected for G protein mediated signal transduc
tion (Delidakis et al., 199/). Given the ubiquitous staining
patterns within the embryo, we have looked at other devel
opmental stages of the fly to ascertain whether it plays a
purely embryonic role. [n the imaginal discs of the third
instar larvae (eye/antenna, wing, leg, haltere), all the nuclei
appear to stain (for example, see Fig. 4). In addition, most,
if not all, cells of the larval eNS express this antigen. We
have also stained ovaries and the protein is found in the
somatic and germ cell components - in the follicle cell
nucleii and the polyploid giant nurse cell nucleii (Fig. 4).
The nurse cell nuclear staining reveals a curious subnuclear
organisation which does not seem to correspond to
chromatin (as adjudged by counter-staining with DAPI). In
addition, the oocyte nucleus stains quite strongly (Fig. 4).

One possibility remained that the nuclear localisation of
groucho might represent an active uptake in response to
Notch mediated cell surface signals. A corollary of this
hypothesis might be that in neurogenic mutants where the
cellular interaction mechanism is presumably blocked, the
protein would no longer be sent to the nucleus. We have
used our antibodies to stain mutants for the zygolic neuro
genic genes Notch, big brain, mastermind, neuralized, and
Delta. In none of these cases do we see absence of groucho
protein, or abnormal distribution within the embryo, or
within the cell (assayed by indirect immunofluorescence, see

Fig. 4. groucho expression in post-embryonic tissues. Monoclonal
anti-groucho was used to stain wing imaginal discs (A)l the third
instnr larval eNS (8) and ovaries (C) and detected by laser
scanning confocal microscopy. (A) Ubiquitous nuclear staining of
the wing imaginal disc - absence of staining in the folds of the
discs is due to the fact that some nucleii are out of the plane of
optical section. (B) Staining of the larval eNS is also widespread.
A larger staining cell, presumably a neuroblast. is shown by an
arrowhhead. (C) groucho expression in the ovary. The antibody
stains both the follicle cells (fc) and Ihe nurse cells (nc). The
nudenr sub-cellular localisation is most apparent in the large,
multi-nucleolate nurse cells and even in the smaller follicle cells
an absence of staining in the nucleolus is evident. The oocyte
nucleus (ooc) is also strongly stained in this stage 10 oocyte.

Fig. 5). We have not, however, performed the control of
eliminating the maternal contribution provided by many of
these genes. Since zygotic mutants result in abnormal cell
fate determination, we expected the zygotic condition to be
sufficient to see abnormal groucho [ocalisation if this were
relevant. Thus, nuclear localisation of groucho does not
appear to require neurogenic function. An alternative
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Fig. 3. IllllllllllOprcl:ipilatilllh of Nou:h ;\Ill! gnmdltJ pn)lein
frol1l embryonic extr:ll..'I', llllllllllloprccipilalc' or complclc
prolcin CXIr.:lCh \\'crc 'uhjcclcd In 50S-PAGE and lr;m,fcrrcd
III nilrocclllllo'c. BIoI, wcrc 'I:lincd \\ ilh monoclonal
anlihodjc~ ag:lin~t NOldl (Janc, A-D) or rabhil polycJoll:t1 :lIlli
groucho (lane' E-II). Latl~' i\.E: lllial prolein ~Xlr:ICI froll1 0
14 hour cll1bryo~. L;llle~ 1.3.1': il1llllllnopr~cipilal~ lI~illg

IllolHldon;11 alllj·Noll.:h. Lilles e.G: illlllHlliopreeipil:lle using
llllllHlclonal allli-gn1tll.:IHI, I.anc~ D.II: inlll1lllllJprcl:ipilale

ll~illg:t second ilHlcpclldcrllJy i~ol:l1ed IIHllloclonal anli-groucho. The:-c d;lIa dCIl1011~lr;He Ihal Noll'h protcin cannol hc deleclcd ill ;uui·
groudlO iflllllunl)pn.:cipitate~ (lane e.O) and ~illlilarly thall;;rtJl/cllO protein cannot bc (kleCled in allti-Noldl i1l1I1llmoprel:ipilale~.

oclonaJ anli-groudlO antibodic~ to precipitatc I ;2PIADP_
pnJlcin under conditiuns which ~h()uld favour thc associa
tion (low M g2+. GDP) or dissocialion (high M g2+. GTP or
GTPyS) of G proh,;il1~. \Vc foul1d no :-.peciflc labelling of
proleins in the iIlHllunopn,:cipil:llt: abovc background (dala
not shown). suggesling Ihat Ihc anti-}:raffcllo antibodies fail
to co-ill1lllullopreciptiate pertussis toxin·sensilive CJ.

~lIbunits. In ~I similar assay. we reacted IOtal prolcin extracts
with 8-azido-I J2 PIGTP which binds covalelltly 10 protein Oil
phtlh):ll..:tiv:ltion. :llll! irlllllunoprt:cipitaled lht: labdled
extract. OI1(':c again. 1\0 specilically labelled prutt:in was cu
precipitated by :Illti·groucho antibodies (datil not shown).

groucho expression in the nucleus
The immulHlprccipitation cxperilllt:IlIS dt:sigllt:d to investi·
g.'lte <I relationship between grouchu :tnd G proteins did 110t
provide any evidence ror such a link. In ~tddition. prcvious
ill1ll1unohistochclllical work argucd Ihat graue/1() protein
was :lIll1o~t t:xdusivdy in thc nudcu:-. l:ounicr 10 whal
would be cxpeclcd for G protein mcdiated ~igllal transduc
tion (Delidakis ct <II.. 1991). Givcn thc ubiquitous sl:lining
patlerns within the cmbryo. we have lookcd at other devel
opmcnlal stages til' Ihc Ily 10 asccrtain whethcr il play~ ;1

purely cmbryonic rok. In Ihe imaginal disc:-. of the Ihird
instal' 1~lrvac (cye/antenna. wing. leg. haltcrc). :tIl the nuclei
appear to stain (fur eX~ll11plc. see Fig. ..f). III additioll. 1110sl.
if not all. cells or the larv:lI eNS express this ;llltigcn. Wc
h:IVt: also stained oV:lrit:s :tlll! the protein is fl)uml in tile
somatic and germ cell components - ill the follicle cell
nuclcii and the polyploid giant nurse cell l1uc.:leii (Fig. 4).
The nurse cell Illlclc~lr staining rcvl..::lIs a curious subnuclcar
organisalion which dot:s not sct:rn 10 corre:-.pond 10
chromatin (as adjudged by cuuntcr·staining with DAPI). In
addition. thc oocyte nucleus swins quite strongly (Fig. ..J.).

Onc possibilily relllaincd that thc nuclcar localisation or
groucho might rcprc~ellt an activc uptake in responsc 10

otch mcdiatcd cell surfacc signab. A corollary of this
hypothcsis might bc thai in neurogenic mutants where the
cellular intcraction mcchanism is prcsumably blockcd. the
protein would no longcr be sent 10 the nuclcus. Wc have
used our antibodics to slain mulants for the zygotic ncuro
genic gcncs Notch. big brain. mastcrmind. nClIralizcd. and
Delta. In none or thcse cases do we sec abscnce of grollcho
protein. or abnormal distribution within thc cmbryo. or
within IhI..: cell (assayl..:d hy indirect immullollllmcsccncc. sce

Fi~.·t ~rtJ/I(""/I expre~:,-iun in po~t-elllhryonic li'SlIC'. Monoclonal
:lIl1i·groliCho was u:-ed 10 'lain wing imaginal di~c, (1\). th~ lhird
in~tar Iarv:tl eNS (13) and Iwaries (C) and detccted hy l."cr
seal1nin~ cOJ1f1Jcall1licn)~Cllpy.(/\) Uhiquilou~ IllH.:lC:lr ~lainil1g of
Ihe wing imaginal di:-.<.: - :lh:-.ence Ill' :-.taining ill lile ftllds or Ihe
disl.:s is due 10 the I""cl 111;11 SOllIe lllKk:ii ;Ire olll Ilf tlte plalle of
uptical section. (13) Staining ol"llle larval eNS is also widc~pre:ld,

A larger slaining 1.:c11. pre~ulll:lhly a nt:urohla~1. i~ ~hOWll hy an
arrowhhead. (C) grolwlw expre~:-.it)ll ill lhe ovary. Thc :ulIihildy
'lain, holh the follicle cel" (fc) :lnd lhe Illlr~c cdb (nc). The
l\lICk~lr ~llb·('ellllf~lr luc:lli,alion i~ 11l0~t apparent ill Ihe large.
llllllti·nucleolatc nur~c cell, and evcn in (hc 'mallcr follicle cell,
an ab:-.encc of :'-laining in the nlldc()llI~ i~ evident. The IXX:YIC
Iludell' (OI.X:) i, al,o 'trungly 't:lincd in Ihi, ,Iagc 10 (KK:)'IC.

Fig. 5). Wc have IlOI. howcver. performcu thc cOlltrol of
eliminating thc milternal cOl1lribution providcd by many of
thesc gencs. Sincc /.ygotic rnulant~ rcsult in abnormal ccll
falc determination. we expectcd the zygotic condition to be
suflkicllt to scc abnormal groucho localisation if this wcre
relevant. Thus. !luclear localisation or groucho dul..:s not
appl..:ilr lu requir~ l1l..:urogenic I"unction, An ahernalive



Fig. 5. gl'Ol/('/io slillloc;t1iscs 10 the nucleus in neurogcnic
1l1utallts. 1\ stage 8 (ClIllpos-Ortcg:1 ilnd Harlcnstein. I?S5)
cmbryu hlllnol_ygous for the 1Il'l/m/i:t'd mutation 11(;1/"'65. Even
with this pn::.paratioll viewed with tile light microscope amI Die
optics. it is clear that gl'Oildw i~ still very much in the llucleii of
all the cells ofthc embryo. Mutants were identified by the absence
of expressioll of a p-galaclnsidasc gcne from the balanccr
chrollHIsoll1c.

hypothesis suggests that removal of the llucle~lr targets 1'01'
the cell surfilce machinery would be necessary (0 see
abnormal localisation of grollcho protein. We and others
have suggested that sUl:h largets could bc represented by twO
scls of helix-Iuop-helix (bJ-lLJ-I) proleins: onc sci encuded
by the Achaete-sclltl: complex (AS-C) representing neural
detenninators ;lnd the other. thc E(sfJl) bHLI-1 gelles. reprc
sellting epicknn;t1 detcrrnin:tlors (Hartley. 1990. Campos
Ortega aile! Kilust. 1991). Howevl:!". s!<lining embryos
ddicient ror either cluster or bj-ILH genes shows an appar
ently normal intracellular loc<llis~ltioll or groucho protein
(not shown). Tllus. groucho nuclear localisation docs not
require AS-C gene; rUllctiun.

Enhancer of split bHLH gene expression
Thc examination of EII/UIII('(.!!" {~r split bHLI-I gene;
expression has becn illumin;lling as regards its function in
cell fatc c!l;tcrminatioll al neurogencsis (Godt c( al. 1991.
Knust et a1.. 1992). Each of the seven gencs has a similar.
but llOt idelltical pattern of expression. \Ve have examined
EII/ul/lt:a (~l split m5. m? <lnd illS exprcssion by whole
mount in situ hybridisation (sec 1'01' example. Fig. 6). In
agreement with previous studies, we nne! an initial row of
expression in cells of the cellular blastoderm that have been
called mesectoderm sincc thl:Y ahut both mesoderm and
ectoderm. ·fhe.<;e cell:-. also scem to express another bHLI-!
genc product from the single minded gene. which appears
to regulate cell fatcs or mesectodermal cells (Nambu ct al..
1991). Sincc bl-lLH proteins can form heterodimcrs. it is
possible that this coincidence is informative. In addition to
lllesec(oderm..11 expre;ssion. there is a dorsal wedge of
exprcssion ill cells that may be the precursors or the
amnioserosa. After gastrulation. thc three genes arc
expressed ill clusters of cells in lhe neurogenic ectoderm
initially in medial and later:lI rows and later in more intcr
mediatc cells. This expression pall ern is extremely dynamic
and superHcially resembles topographical lllaps correspond
ing to neuroblast segrcgation from this region (Hartenstcin
and Campos-Onega. IlJ84: Doc. 1992). or the three gCllcs.
illS is cxpress~d in the largl:st number or cells tlndmg in the
smallest number. The m8 expression patlcrn appcars not to
be a subset or the mS pallcrn however. since hybrid ising
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with probes to both gencs labels more cells than one Sl:CS
with a probe to 1115 alonc. Since the cxpression pattern is
very dynamic. we cannot be surc whether thc gen~s arc
cxpressed inl:ctoderl1l immcdiatcly before. during or imlllc
diatcly after neuroblast segrcgation. How~ver. we havc
never seen labelling in the neuroblast cell layer. implying
that the expression is specilic to the epidermal prl:cursors,
which make up the bulk 01" lhe neurogenic cctodcrm
(Hartenstcin and Ci.llnpus-Ort~ga, 1984). In addition to
expression in th~ ectoclerrll, we also sec e,xpression in the
I1lcsocknn ccll layer. in a discrete number or in single cclls
analogous to that reported for other Dmsop/li/a bHLH
gelles. likc the lllyoD hOlnologuc. I/OIlli/IlS (Michelson l:t :11 .•
1990). This exprcssion p~lllcrn is consistcnt with the rcquirc
mcnt for neurogenic gene function during myogcncsis
(Corbin OJ 'II.. 1991).

Enhancer of split bHLJ-I expression in neurogenic
mutants
Since the cxprcssion or EI/hallcer (~rsfJli/ bHLJ-I gencs in the
ncurogenic cctoderm app~:lrs restricted to the epicknnal pre
cursors. we expccll:d abnormal expression in ncurogcnic
mUlants which do not dilTerentiatc epidermis rrom this
region. \Ve examined 1115 expression in l:ll1bryos laid by
Nmch hctcrozygous mothers. Since we wcre unable to
unambiguously idcnlify hOl11o- or helllizygous lllut.HIl
cmbryos in our stainings, we looked over a numbcr or
cmbryos for obvious defects but round nonc. \Ve therefore
conclude that mS expression is superficially normal in No/th
lllulallts. III contrast, somc embryos (approxim;ltcly 1/4 as
wOlild be expecled ir they wcrc lhe hOl1lozygous mutants)
derived rrom heterozygous lIel/rali:ed parents did show
dcrects in mS expression. In these cmbryos. whilst the early
mesectodermal expression appe~lred superticially 110rm:ll.
the neurogenic ectoderm and Iilter Inesodenn expressiun was
undetectablc (Sl:l: Fig. 7). From this. wc deduce that neum/
i:.ed is required for normal Enhallcer (4sfJli/1ll5 cxpression.
In ,I more detailed analysis, Godt et a1. (1091) have shown
Ihal Efl/lfllwer (~l.\'p/itm4. m5. m7 andm8 cxpression starts
otl nurmal in Norch l'!'lulant cmbryus. hut is less llormal in
lIel/rali:.ed mutants.

DISCUSSION

The Enhal/cer (~r split complex is pivotal in directing cells
to adopt a fate suitable to their environl11ent. From DNA
sequencc hOlllology to the ~ subunits or G protcins. it
seemed allractivc tu speculatc that OllC Incll'1her 01" the gene
complex. grOl/cho. might playa rolc ill signal transduction
of signals mediated by the transmcmbrane Notch protein
(Hartley et ;11 .. 1988). We have been unable to demonstratc
such a rolc using iml11l1lloprecipilation to look for G protein
activity eithl:r as a substratc for pertussis toxin catalysed
ADP ribosylalion or in GTP binding using a photoactivat
able analogue. Furthermore. we werc unable to co-inHnuno~

precipitatc groucho and Notch, indicating that these proteins
arc not stably associated with cach other. as might be
cxpected if groucho werc involved in directly mediating
Notch action in the cytoplasm. It is important to nOIC that
thcse data clo not eliminatc the possibility of grollcho



146 F. Tala and D. A. Hartley

A B~-========..:........,

c
Fil!.. fI, I:Xprr.: ..... IOIl of 1~·1I"(1I1('('1"(~r,,,lil illS III the l.:mhr)'o. (A) An emhryo jU\1 artcr ga\lndatioll al ,'age 6-7 \ It.:,vr.:d fmm helow. Thi ....
\\holt.:-llHJUnl ill ,illl h)hridi/:llion .... 110\\' J:.:(lpl)1ll5 l.:,"pl\:"IOll in two row, orccll~ abulling the \enlrallllllllll1c.lhc ...o-calkd
me\ct,;lodcrm. which give... ri"c 10 midline ,,[futlllrc, in bUlh the eNS and Ihe cpidcrrni ..... In addition. out of thc plane of foell', there i... a
\\edge of exprc, .... ion on the don,a! I,llrf:u.:c urlhe embryo. (13) A lalcr. !>tagc 9 embryo \\here ncurogcllc\i, i ... commencing. yic\\cd from
tile vclllral \llrfacc. E("I'l)rn5 cxprc:-.,ion b throughout the gcrrn bane!. predominantly in three row.... Tili ... pallcrn corrc,pond" [0 Ihe ,iles
from ,\ hich nClirohla ...", an.: ...cgrr.:g:l\ing into the embryonic inlcrior. A .... "1Ich it j" vay dynalllil.: and laler. inter.... tiliall:l:II" :-Iarl to
hybridi/l:. :1I lhl: I i1llc whl:1I llellfobla .... h W'l: born from thi .... dirrerl:lll part or the germ b,1I1d l:l:todl:J'rn. eel A :-imi hid) .... laged embryo
viewed from the dor.... al .... urfacc showing the three m\\l:d p,lltl:nJ in lhe abdominal ~egml:nt!'> of the gl:nn hano and. in addition.l:xpre:-:-ioll
in the procephalic neurogeni<.: region (arrowed) which giw:- ri:-l: to the brain. (0) An oldl:r.....tagl: 11 l:ll1hryo qill .... howing re... idual 1115
cxpre!'>:-ion in the epi<.lr.:nnal prccur:-(Jr.... on the ventral ... ide, and 1l111l:h cxprcs:-ioll in the procl:phalic region. Note the complete ab!'>l:llcc of
Iabclling of thl: ncuroepilheliu1I1 in Ihe gcrrn hand whil.:h i.... organi ....ed imlllcdiately belm\ Ihe Olllcr cell layer. In 'lddition. con .... pil:uou....
.... laining i........cell in lhc mc ....odenn (arrowed) ill di ....crcle celj..., rcpcalcd in each ....cgmcill.

directly tran!'>dm:ing information from the cell ~urracc. Nev·
erthck.....". t:tken with the ob"crvation lhal the protein i ...
almo~t ~xclu~ivcly nuclcar when judged by illllllllllohi"-lo
chcllliMry and la:-.er ~canning confocal micro\copy. "uch a
model 'ecm .... unlikely. Similarly. ")clective nucle~lr imporl
('-lII.:h a" the oor... :11 nuclear uptake gradient \\ hich detcrminc...
dor~~lllvcntral polarit): 51. John\ton and NU",lcin-Vol hard.
1(92) doc, not ~ecm to be a likely pO'l'libility for groUcllO
mcdiated ,ignal tran'lduction. ~ince nonc of Ihc ncurogenic
mutan affect ib nuclear loc~lIi ...ation. On the other hand.
...omc ort of intimacy betwcen NOfch and grOlwho ~cem~

Ii~cly. gi\cn the naturc of gcnetic intcraction:-. bct\\cen Ihcm
(Xu ct :II.. 1990). Nuclear function i, not a prccedent for
prOlcin ... that ... Il<lre the \VD-tQ motif. In yca~1. a numher of
WD~O protein ... ha\ c becn dc~cribcd who...c function i~ in the
nuclcu~ - CDC~. PRP~ and TUPI \\ hich appear to be
il1\olvcd in the nucleo~keleton (Choi Cl 1.11.. 1(90). prc
mRNA ~plicing (Ro~enbcrgel a!.. 1991) and trall!-.criptiollal
repre\~ion (Keleher ct al.. 1992). rc~pcctivcly. T PI i ... pm
tieularly intcre,ling a~ a model for groucllO fUllction. It
appe'lr:-. to act a~ a gencraltran~eriptional reprc~"or. requircd
by a varicty of DNA ~cqllence specific '''{//I,,·-reglilatOr~. to
reprc~~ cxprc~~ion from prol1lOler~adjacent to their binding
~ite (Kelchcr ct al.. 1992). One can imagine that ;:r<mcllO
might :-.imilarly co-ordinate the tran~reglilatory runclion~ of
E,II,l11lc('I" oj".'plir bl-! LI-I protcins. given the nature of genet ic
interaction bctween thcm. pcrhap:-; to inhibit neural potcntial
indirectly. or !\cllllele-SC/fle directly. Consistent with Ihi~

Fi~. 7. EnJwl/c£'rof\pJi/lll) r.:xprc........ iol1 j" ah.... l:l1t in thl: germ band
of IIcuraJi:ed emhryo.... (A) f\ \\ ild-t)j>c r.:rnbryo al :-tage 9
hybridi:-ed to £(.\pI)1115. The arrow indicate.... thc r.:xj>....~ ........ ion
throllgholltlhc germ hand.....pccilil.:ally in Ihe outr.:r cell layer
which givr.:~ ri!'>r.: 10 the epdcnni .... (B) An embryo deri\cd from a
cro$:- bet\Vcclllleumli=:'l'll- hl:lr.:ro/ygotc .... [II a ,lightly carlier part
of :-Iagl: 9. No :-I,lining i:- ob l:rved. :-ugge:-ting thail/{'Ilraked i~

required ror 1:.:(sfJl)m5 exprc ion.



model is the observed derepression of Achaete-scute
expression in Enhancer of split deficient embryos (Cabrera,
1990, Skeath and Carroll, 1992) and the observation that
E(sp/)m8 is capable of binding oligonucleotides corre
sponding to the "E box" found upstream of Achaete-scute
and other bHLH genes (cited in Tietze et aI., 1992).

The function of the Enhancer of split bHLH genes in cell
fate determination is strongly suggested by their complex
expression patterns. Initially expressed in ventral domains
and dorsal domains probably corresponding to mesectoderm
and amnioserosa respectively, they are later activated in
clusters of cells in the neurogenic ectoderm, apparenlly
specifically in the epidermal precursors. This expression is
virtually coincident with or immediately succeeds neuro
blast segregation. Thus it is exactly what one would expect
if these genes are expressed in response to induction by the
nascent neuroblasts, as the means of inhibiting the neural
potential of these cells (lateral inhibition) and/or promoting
their epidermal potential. However, in some of the neuro
genic mutants, this expression is at least initially normal,
despite the fact that no epidermal precursors arise in such
mutants. Thus, the initial presence of E(spl) bHLH transcript
per se is insufficient to allow epidermal determination. Yet
these genes appear to act at the end of a pathway leading to
epidermal determination (de la Concha et aI., 1988).
Therefore, it seems likely that the function of No/ch, Delta
and mastermind is to post-transcriptionally activate these
bHLH genes, either through translation, or post-translational
modification. In contrast, E(spl)bHLH expression in the
neurogenic ectoderm of neuralized mUl3nlS appears 10 be
undetectable. Hence, the function of neuralized appears to
be to activale directly the expression of these genes, and the
neurogenic phenotype of neuralized mutams would result
from an inability to activate them. This model is consistent
with the observation that the neuralized gene product has
homology to known transcription factors (Price et aI., 1993),
and the known genetic interactions between lIeuralized and
E(spl)o, and allele of the m8 bHLH gene (Knust et ai.,
1987). Since neuralized is expressed in a wider territory than
any individual E(spl)bHLH gene (Boulianne et aI., 1991;
Price et ai., 1993), it would have to activate transcription of
these genes in co-operation with other, as yet unknown,
factors. Given this scenario there are two levels to neuro
genic gene function - firstly, activation of transcription of
Enhancer ofsplit bHLH genes in the cells that must respond
to them (in this case the epidermal precursors) and a second
post-transcriptional activation step necessary for their ability
to function in dictating epidermal fate. This second step
requires Notch, Delta and mastermind and presumably the
ability of the cells to interacl. One mystery following from
this idea is why cells need to bother with cellular interac
tions mediated by Notch and Delta if they already express
epidermal determinants (in the form of E(spl)bHLH
proteins) without requiring either Notch or Delta. Presum
ably this reflects an error checking necessity of cells to test
they are doing the right thing in delermining their own
and/or surrounding cells' fate by "reading their environ
ment" prior to activating gene expression programs appro
priale to their position.
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