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ABSTRACT Neural fate specification in Drosophila is pro-
moted by the products of the proneural genes, such as those of
the achaete–scute complex, and antagonized by the products of the
Enhancer of split [E(spl)] complex, hairy, and extramacrochaetae.
As all these proteins bear a helix-loop-helix (HLH) dimerization
domain, we investigated their potential pairwise interactions
using the yeast two-hybrid system. The fidelity of the system was
established by its ability to closely reproduce the already docu-
mented interactions among Da, Ac, Sc, and Extramacrochaetae.
We show that the seven E(spl) basic HLH proteins can form
homo- and heterodimers inter-se with distinct preferences. We
further show that a subset of E(spl) proteins can heterodimerize
with Da, another subset can heterodimerize with proneural
proteins, and yet another with both, indicating specialization
within the E(spl) family. Hairy displays no interactions with any
of the HLH proteins tested. It does interact with the non-HLH
protein Groucho, which itself interacts with all E(spl) basic HLH
proteins, but with none of the proneural proteins or Da. We
investigated the structural requirements for some of these in-
teractions by site-specific and deletion mutagenesis.

Cell fate acquisition during development reflects selective acti-
vation of transcriptional activators and repressors in different cell
types. The fine tuning of this process is achieved by the partici-
pation of such regulators in dynamic interaction networks. The
helix-loop-helix (HLH) domain, characteristic of a family of
transcription factors, mediates both homo- and heterodimeric
interactions (1–3), making proteins that contain this domain ideal
for participation in a number of complexes, whose formation can
be potentially regulated during development.

Both activators and repressors are encountered within the
HLH family of transcriptional regulators. Based on structural and
functional similarities, subclasses of HLH proteins can be dis-
cerned (Fig. 1). One class comprises cell-type specific transcrip-
tional activators, whose activity is intimately related with the
acquisition of a particular cell type, e.g., the myogenic proteins (4)
and the proneural proteins (5). The tissue-specific HLH factors
dimerize with ubiquitous HLH proteins, called E-proteins [e.g.,
E12, Daughterless (2, 6)]. As both of these subclasses contain a
basic region next to the HLH domain, they are termed bHLH.
The basic domains contact a DNA target site known as the E-box
(CANNTG), conferring transcriptional activation. As dimeriza-
tion is a prerequisite for DNA binding, proteins that prevent the
formation of these complexes act as negative regulators of
E-box-driven genes. One class of negative regulators contains an
HLH domain, but lacks a basic region [e.g., Id, Extramacrochae-
tae (Emc)], sequestering ubiquitous or activator bHLH proteins
into inactive complexes (7–10). A second class of negative HLH

regulators comprises Drosophila Hairy (11), Deadpan (12), and
the seven Enhancer of split [E(spl)] proteins (13, 14), as well as
identified homologues in other species (15, 16). These are dis-
tinguished from the EmcyId class by virtue of having a conserved
basic domain and being able to bind specific DNA target sites
(17–19). In addition to having structurally distinct bHLH do-
mains, the HairyyE(spl) proteins are also characterized by two
other conserved domains, the Orange domain and the C-terminal
conserved tetrapeptide WRPW, neither of which is found in
other members of the HLH family. Functional studies have shown
that both of these domains, as well as the bHLH domain, are
needed for the proper function of these proteins (20, 21).

A developmental process in which all four subclasses of HLH
proteins appear to participate is the formation of neural precursors
in Drosophila. The proneural proteins of the achaete–scute complex
(ASC) (5) and Atonal (22) are activator bHLH proteins that
endow groups of cells in the embryonic ectoderm and the imaginal
disks with neural potential. Both expression and activity of these
proteins are strictly regulated to achieve the correct spatiotempo-
ral specification of neural elements. Their activity is aided by the
E-protein Da and antagonized by Emc (10, 23–26). Their expres-
sion is under complex regulation by a number of positive and
negative factors. Proneural genes are initially expressed in clusters
of ectodermal cells (27, 28) under the control of local activatorsy
repressors to yield the ‘‘prepattern’’ (29–31). One of the prepattern
repressors of the achaete gene in the adult peripheral nervous
system (PNS) is the bHLH protein Hairy (23, 27, 32). After the
initial expression in all cells of a cluster, proneural protein expres-
sion persists and increases only in the cell that will become the
neural precursor, whereas it declines in neighboring cells, which
remain ectodermal (27, 28, 33, 34). Different regulators seem to be
needed at this refinement step: activation probably involves the
proneural proteins themselves, whereas repression necessitates the
activity of the Notch signaling pathway (33–35) that acts by
inducing the accumulation of E(spl) proteins (36, 37). A likely
scenario is that E(spl) proteins repress proneural genes in an
analogous fashion to the earlier repression by Hairy. E(spl) bHLH
proteins are encoded by seven distinct genes located in a cluster,
the E(spl)-complex. Genetic data argue for partially redundant
functions of these seven genes, as it has not been possible to isolate
point mutations in the complex to date (38, 39). However, the
overall structure of the E(spl)-complex has been conserved in the
distantly related Drosophila hydei, arguing for the possibility of
distinct functions for each of the seven proteins (40).

Although genetic data have revealed the regulatory rela-
tionships among the various HLH proteins involved in neural
precursor specification, the level at which this regulation takes
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place has not been fully elucidated. Da, the proneural proteins,
and Emc can all form dimers with each other (2, 6, 10). Hairy
and E(spl) could also participate in this interacting network or
they could form a separate set of DNA-binding oligomers
among themselves and repress proneural gene expression,
without affecting proneural protein activity. The latter hypoth-
esis is supported by the fact that both Hairy and some of the
E(spl) proteins bind specific DNA sites and repress transcrip-
tion (17–19). Transcriptional silencing by Hairy has been
proposed to require the recruitment of a corepressor, the
non-HLH protein Groucho (41). Whether this is the only
mechanism of repression by Hairy and the E(spl) proteins,
which also bind Groucho (41), is an unresolved question. In
addition to their role in neurogenesis, some of these same HLH
factors appear to participate in other developmental processes,
such as the early XyA ratio counting for sex determination
(42–44). In this process Dawson et al. (20) have detected a
potentially Groucho-independent activity of Hairy.

To begin to address the possible functions of the Hairyy
E(spl) class of HLH proteins we have used the yeast two-hybrid
system (45, 46) to study interactions among a set of HLH
proteins spanning different classes. We detect a large number
of interactions that are distinctly preferential rather than
promiscuous. As interactions among HLH proteins provide a
mechanism for their specificity, we discuss the possible func-
tion of this interaction network in Drosophila. Additionally, we
describe distinct features of members of the E(spl) family that
were previously considered redundant.

MATERIALS AND METHODS
Constructs. Two different versions of the two-hybrid system

were used, the Brent system (46) and the Hollenberg system (47,
48), both of which test for interactions by tethering the interacting
complex to DNA via the DNA-binding domain of the bacterial
repressor LexA. Both versions use lacZ reporters driven by eight
tandem LexA operators: the Brent system reporter is on a high
copy plasmid, pSH18-34 (URA3), whereas the Hollenberg re-
porter is integrated into the URA3 gene of a special yeast strain
(see below). Fusions of coding regions of interest to the LexA
DNA-binding domain are referred to as the ‘‘LexA constructs,’’
e.g., LexA-m5. pEG202 (HIS3) and pBTM116 (TRP1) were used
as the LexA fusion vectors. Two different activation domains were
used, B42 on vector pJG4–5 (TRP1) or VP16 on vector pVP16
(LEU2) to generate fusion constructs, e.g., B42-m5, VP16-sc.

Fusions of the E(spl) genes and ato were produced by
ligating PCR amplification products (verified by sequencing)
into pJG4-5 as 59 EcoRI-39 XhoI fragments containing the
entire ORF. LexA fusion constructs were produced by trans-
ferring the coding EcoRI–XhoI cassette from the B42 fusion

construct to the pEG202 vector. gro was cloned into pEG202
using a cDNA fragment that lacks the 14 N-terminal codons.

The VP16 fusions were constructed as in-frame insertions of
PCR-amplified BamHI fragments containing the entire ORF,
whereas the LexA (pBTM116) fusions were constructed using
appropriate PCR primers as EcoRIyBamHI or EcoRIyBglII
insertions where the EcoRI site abuts the ATG start site. Deletion
constructs LexA–m3 bHLH and LexA–m3 bHLH-O contain
amino acids 1–77 and 1–143 of m3 respectively. VP16-Sc bHLH
contains amino acids and 1–178 of Sc. VP16-ScS.D was made
using the following 39 PCR primer, which bears a point mutation:
59-cgtcggatccgtcactgctcctgccatagatcgatgtagt-39. The mutant pro-
tein ends in DYIDLWQEQ instead of DYISLWQEQ.

Sequences of other PCR primers and construction details
are available upon request.

Yeast Strains and Interaction Assays. The yeast strains used
with the Brent system are as follows: EGY 48 (Mata, trp1, his3,
ura3, and (lexAop)6-Leu 2) (49) and FT4 (Mata, trp1, his3, ura3,
and leu2). LexA fusions and reporter plasmid were transformed
into EGY48, and B42 fusions were transformed into FT4. In the
Hollenberg system the strains were: AMR70 [Mata his3D200
lys2-801am trp1-901 leu2-3, 112 URA3::(lexAop)8-lacZ] and L40
[Mata his3D200 trp1–901 leu2–3, 112 ade2 lys2–801am
URA3::(lexAop)8-lacZ LYS2::(lexAop)4-HIS3] (48). The mating
protocol and b-galactosidase liquid assays are described in ref. 50.
Diploids bearing all three constructs were first tested on 5-bromo-
4-chloro-3-indolylb-D-galactoside (X-Gal) indicator plates.

Western Blot Analysis. Extracts of yeast strains were analyzed
on SDS polyacrylamide gels and blotted onto nitrocellulose.
Rabbit anti-LexA antibody was a gift from Roger Brent (Harvard
Medical School, Boston). Mouse anti-HA epitope tag (anti-
influenza virus hemagglutinin epitope tag) mAb was from Boehr-
inger Mannheim. Horseradish peroxidase-conjugated anti-rabbit
and anti-mouse antibodies were from Jackson ImmunoResearch.
Diaminobenzidine (Sigma) was used to develop the filters.

RESULTS
Criteria for Two-Hybrid System Interactions. The proteins

tested in this study were as follows: (i) three proneural bHLH
proteins, Ac, Sc and Ato, as well as the structurally related neural
precursoryproneural protein Ase; (ii) the ubiquitous bHLH E-
protein Da; (iii) the negative HLH regulator Emc; (iv) a number
of bHLH repressors, namely the seven members of the E(spl)-
complex (M8, M7, M5, M3, Mb, Mg and Md), along with the
structurally related Hairy; (v) the ubiquitous WD40 nuclear
protein Gro; and (vi) Runt, a non-HLH nuclear factor involved
in later steps of neural fate specification, as well as in early
embryonic segmentation along with Hairy, and bearing the
variant C-terminal tetrapeptide WRPY instead of the WRPW
found in the members of the HairyyE(spl) class (51, 52). These
proteins were fused to the LexA DNA-binding domain andyor to
an acidic activator domain (see Materials and Methods). Western
blot analysis confirmed the ability of a number of our fusion
constructs to direct the synthesis of proteins of the expected
lengths (Fig. 2). Because known interactions between proteins
tested were reproduced in the two-hybrid system (see below), it
appears that our fusion proteins are properly modified and folded
in yeast so as to retain dimerization activity. We did encounter a
small number of cases where the fusion protein had no activity,
made evident by its inability to interact with any of the reciprocal
constructs tested. These fusions (LexA-runt, VP16-l9sc, B42-m7,
and B42-m3) were not examined further.

As a consequence of vector incompatibility between the Brent
and Hollenberg two-hybrid systems (see Materials and Methods),
some LexA fusions could only be tested against the VP16 fusions,
whereas the remaining could be tested against all acidic domain
fusions. The interactions determined using the Hollenberg system
(in AMR70 3 L40 diploids) are shown in Table 1; those detected
with the Brent system (in EGY48 3 FT4 diploids) are shown in
Tables 2 and 3. Interactions were assayed as the level of b-

FIG. 1. Examples of Drosophila HLH proteins. Schematic depic-
tion of Drosophila HLH proteins belonging to different classes. Da is
an E-protein and Sc is an activator, encoded by a gene in the ASC. Emc
is a negative regulator that lacks a basic domain. Hairy and E(spl)Mg
are two members of the HairyyE(spl) class of negative regulators.
Structural motifs are marked: b, basic domain; HLH, helix-loop-helix
domain; LZ, putative leucine zipper; AD, conserved acidic domain
among the ASC proteins; Or, Orange domain; and W, terminal
WRPW tetrapeptide conserved among HairyyE(spl) class members.
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galactosidase activity obtained from a yeast strain bearing all
three constructs: LexAop-lacZ reporter and the two fusion
constructs, LexA and B42yVP16. As expected with a quantitative
enzyme assay, a continuous range of activities was obtained. The
actual values are displayed in Tables 1, 2, and 3, however, for the
convenience of discussing the results, we set a threshold for what
we consider a significant interaction. The two different systems
gave differing ranges of b-galactosidase activities, which are partly
due to the fact that the Brent system places the reporter gene on
a high copy plasmid, whereas the Hollenberg version uses a
chromosomally integrated reporter. In what follows, we set 1.5
units as the minimum level for interaction in Table 1. In Tables
2 and 3 the corresponding threshold is set to 100 units for B42
fusions and 200 units for fusions of the stronger VP16 activation
domain. The lowest of these thresholds was determined by
comparing behavior of yeast patches on X-Gal plates with liquid
assay levels—only patches that would turn light blue by 12 h after
plating were considered positive.

Two additional conditions were imposed in identifying poten-
tially significant interactions: (i) the LexA construct must not
activate transcription in the absence of an activation domain
construct and (ii) each construct must be able to activate tran-
scription with at least one reciprocal construct, but not with all
reciprocal constructs. As is evident from Tables 1, 2, and 3, each
row and column contain at least one instance of interaction. A few
LexA and B42 fusions display interactions with the entire panel
of reciprocal constructs; however, we have documented instances

of noninteraction for each of these fusions with reciprocal con-
structs not presented here.

Proneural Proteins and Da Interact with Emc. Combinations
between LexA-Emc and VP16 fusions of ASC proteins and Da
were tested to confirm that the assay reproduced known protein–
protein interactions within the HLH family (Table 1). Indeed,
Emc gave strong interactions with both Sc and Da and an
interaction above background with Ac. No interaction between
Emc and Ase was observed, despite the structural similarity
between Ase and AcySc (53). Unlike Ac and Sc, which in the adult
PNS compete with Emc to define the precise pattern of macro-
chaetae precursors, Ase is only expressed in the neural precursor
cell once this cell has been determined as a consequence of high
AcySc activity (54–56). The inability of Ase to be inactivated by
Emc would help to stably maintain the neural precursor fate
despite the continuing presence of Emc protein (26).

Proneural Proteins and Da Interact with a Subset of E(spl)
Proteins. We next tested the potential involvement of E(spl)
bHLH proteins and Hairy in the well-established interacting
network of Da-Ac-Sc-Emc. LexA fusions of all seven E(spl)
proteins were tested against the VP16 fusions of Ac, Sc, Ase, and
Da, as well as B42-Ato (Tables 2 and 3). Hairy was tested against
only the VP16 fusions (Table 1). E(spl) proteins displayed
interactions with Da and all proneural proteins. In contrast, Hairy
did not interact with any of the activator bHLH proteins tested.

Activator bHLH-E(spl) heterodimer combinations did not
form indiscriminately. Specifically, LexA-Md was unable to bind
any of the activator proteins tested (Tables 2 and 3). In contrast,
LexA-M7, -Mb, and -Mg displayed dimerization capability with
all activator bHLH proteins (except Mg-Ato; Table 2). The
remaining E(spl) proteins exhibited selectivity with LexA-m5 and
LexA-m8, interacting only with Da, whereas LexA-M3 interacted
with Ac, Sc, Ase, and Ato, but not with Da (Tables 2 and 3). All
interactions were quite strong, with the exception of M7-Sc,
M5-Da, and Mb-Ato, which were at the lower end of the range.

To determine which of the functional domains of an E(spl)
protein are involved in the dimerization with bHLH activators, we
constructed two truncated versions of M3; one, LexA-
m3bHLH-O, ending after the Orange domain (see Fig. 1) and the
other, LexA-m3bHLH, ending after the bHLH domain. Both of
these were able to dimerize with Ac, Sc, and Ase (Table 1), the
interaction with Ac being weaker compared with full-length
LexA-M3. VP16-ScbHLH, a C-terminal truncation of Sc, ending
after the bHLH domain does not significantly affect interaction
with M3. Interestingly, a point mutation in the C-terminal domain
of Sc converting a conserved (among Ac, Sc, and L9sc) serine
(S340) to aspartic acid, VP16-ScS . D, results in a severe
reduction in the strength of its interaction with M3, without
affecting the interaction with LexA-Emc (Table 1) or a LexA-Da
(bHLH domain) construct (data not shown). As this serine is
potentially phosphorylated, and the aspartic acid mimics the
negative charge of the phosphate moiety, it suggests that phos-

FIG. 2. Western blot analysis of fusion constructs. (A) Extracts from
LexA construct bearing cells probed with an anti-LexA antibody. (B) B42
extracts probed with an anti-HA epitope tag antibody. DW: B42-m5DW.
Sizes of markers in kDa are indicated on the side of each blot. Proteins
of approximately expected sizes were observed as the major bands.

Table 1. Interaction pairs tested using the Hollenberg two-hybrid system

LexA fusion

VP16 fusion

VP16 Runt M3 Sc Sc bHLH Sc S.D Ac Ase Da Gro

Hairy 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 36.2 6 1.6
M3 0.4 0.5 0.7 3.8 6 1.3 6.1 6 0.3 1 6 0.2 25 6 1.3 19 6 0.4 1.4 6 0.1 101.3 6 20.6
M3 bHLH 0.2 0.2 1.2 2.2 6 0.5 6.8 6 0.3 0.6 7.2 6 0.0 10.2 6 1.5 0.4 w
M3 bHLH-O 0.2 0.1 0.2 2.5 6 0.6 4.2 6 0.5 0.4 3.1 6 0.3 9.4 6 0.1 0.9 w
M8 0.5 0.2 0.2 0.2 1.4 6 0.1 0.2 0.3 0.5 22 6 0.6 232.2 6 22.5
Emc 0.6 0.1 0.1 141 6 16 135 6 1.4 100 6 31 2.5 6 0.0 0.6 147 6 6.1 0.1
Gro 0.1 16 6 4 0.5 NT NT NT NT NT NT 0.1

b-galactosidase levels normalized to the number of cells are shown. Standard deviations are indicated by 6. NT: not tested. w: not tested by liquid
assay/white patch on X-Gal. An unfused VP16 domain was used to control for fortuitous activation ability of the LexA fusions. Above-threshold
values are set in bold. The VP16-M3 fusion shows no above-threshold interactions in this system; however, we detected interactions using the more
sensitive Brent system (see Table 3).
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phorylation of that residue may regulate the affinity of Ac, Sc, and
L9sc for E(spl) proteins.

Interactions Among E(spl) bHLH Proteins. All seven E(spl)
bHLH proteins were fused to LexA, whereas, of the B42 fusions,
only five were functional: Mb, Mg, M5, M8, and Md. Virtually all
combinations among E(spl) proteins produced detectable lacZ
activation—the single exception being LexA-M3 with B42-M8
(Table 2). Furthermore, in most cases, the strength of the
interaction was not affected by orientation, i.e. which partner was
fused to LexA and which to B42. One construct, B42-M8,
produced consistently lower b-galactosidase levels than the re-
ciprocal LexA-M8. We believe that the B42 fusion produces a less
functional M8 moiety that nonetheless retains enough function to
display interactions with the LexA fusions.

From inspection of Tables 2 and 3 we note that preferences
exist for and against specific E(spl) pairs. The strongest interac-
tions (.1000 b-galactosidase activity units) were Mg–M5, Mg–
M8, Md–M5, Md–M3, and M5–M7. At the other end of the
spectrum, weak interactions (,200 units) were observed for
M3–Mg, M3–M5, M3–M8 (no interaction), Md–M8, M5–M8,
and M8–M8. The existence of a wide range of b-galactosidase
values obtained points to the fact that the reporteryacidic fusion
combination used has sufficient capacity to discriminate interac-
tions according to their relative affinities.

As our B42-M3 fusion was inactive, we tested a VP16-M3
fusion, which gave transcriptional activation (Table 3), albeit
weakly (e.g., compare M3–Md interactions in the two orienta-
tions). Nonetheless, it reproduced the trends observed for
LexA-M3 (Table 2), including the noninteraction with M8, and
further detected M3 homodimerization.

Interactions Involving Non-HLH Proteins. The E(spl)-
complex contains a number of transcription units interspersed
with the seven bHLH-encoding ones. Of these non-HLH
genes, groucho has been shown to encode a ubiquitous nuclear
protein involved in a number of processes, including neuroblast

specification (38, 39, 41, 57). Two-hybrid analysis has shown
that the E(spl) bHLH proteins and Hairy interact with Grou-
cho (41). We have confirmed the fact that Gro can strongly
bind Hairy and the E(spl) bHLH proteins regardless of fusion
orientation. In contrast, neither Da nor the proneural proteins
were observed to do so (Tables 1, 2, and 3).

The C-terminal tetrapeptide common to E(spl) and Hairy is
necessary and sufficient for Groucho binding (41, 58). We have
confirmed this using our C-terminally truncated LexA-M3bHLH
and M3bHLH-O constructs, both of which lack the tetrapeptide
and accordingly show no interaction with Groucho. We have
further shown that a nonsense point mutation in the last codon
of M5 (M5DW) abolishes its interaction with Gro, but continues
to retain its ability to interact with all E(spl) proteins as efficiently
as wild-type M5 (Table 2). Runt bears the variant C terminus
WRPY, and has the ability to associate with Gro (Table 1).
Despite its interaction with Gro, Runt appears not to interact with
any of the other proteins tested, namely Hairy, E(spl) M3 and M8,
and Emc (Table 1). This is consistent with the apparent nonin-
volvement of Runt in the initial segregation of neural precursors,
although Runt is involved in subsequent steps of neural devel-
opment, as well as in embryo segmentation along with Hairy (52).

DISCUSSION
Summary of Two-Hybrid Interactions. Using the yeast two-

hybrid system, we have confirmed previously documented bHLH
interactions (1, 6, 10, 25, 41) and demonstrated that E(spl)
proteins can associate with each other and with proneural pro-
teins (Ac, Sc, Ato), as well as with Ase and Da (summarized in
Fig. 3).

The existence of some E(spl) homodimers has been previously
demonstrated by the in vitro ability of individual E(spl) proteins
to bind specific DNA sites (18, 19). Here, we show that virtually
all E(spl) homo- or heterodimers can form in yeast, with marked
preferences for certain combinations (Fig. 3). It is possible that in

Table 2. B-42 fusions tested using the Brent two-hybrid system

LexA fusion

B42 fusion

alone* Mb Mg M5 M5DW M8 Md Ato

Mb 4 71 6 24 64 6 2 75 6 18 93 6 19 42 6 1 92 6 19 17 6 6
Mg 1 33 6 10 35 6 3 201 6 3 110 6 2 68 6 30 33 6 7 8 6 3
M7 6 50 6 16 29 6 13 213 6 43 71 6 12 55 6 5 31 6 2 28 6 4
M5 0 85 6 44 162 6 94 63 6 34 45 6 25 10 6 6 183 6 115 2 6 1
M5DW 0 84 6 24 124 6 9 23 6 10 26 6 5 19 6 2 109 6 10 4 6 1
M8 1 88 6 5 125 6 61 20 6 2 18 6 6 10 6 5 22 6 4 4 6 3
M3 0 23 6 9 16 6 8 18 6 2 24 6 2 4 6 2 161 6 73 37 6 12
Md 1 78 6 25 25 6 9 69 6 3 45 6 13 16 6 10 37 6 24 5 6 1
Gro 0 77 6 3 98 6 17 179 6 66 0 25 6 3 242 6 128 0

The numbers are b-galactosidase units 3 1021. b-galactosidase activity was normalized to the number of cells. Standard deviations are indicated
by 6. Above-threshold values are set in bold.
*Activity tested in the haploid strain bearing only the LexA fusion and the reporter plasmid.

Table 3. VP16 fusions tested using the Brent two-hybrid system

LexA fusion

VP16 fusion

Ac Sc Ase Da M3 Gro

Mb 227 6 88 176 6 53 97 6 23 157 6 40 18 6 3 141 6 6
Mg 128 6 17 178 6 75 78 6 11 74 6 26 3 6 2 150 6 14
M7 150 6 44 57 6 10 147 6 23 151 6 20 14 6 1 160 6 23
M5 10 6 1 2 6 1 6 6 5 56 6 39 8 6 3 156 6 19
M5DW NT NT NT 42 6 14 NT 0
M8 10 6 7 1 17 6 11 200 6 36 4 6 1 209 6 51
M3 182 6 51 150 6 28 82 6 22 7 6 4 20 6 4 131 6 19
Md 8 6 4 7 6 4 9 6 5 2 6 1 28 6 4 178 6 75
Gro 0 1 1 1 28 6 1 10 6 1

The numbers are b-galactosidase units 3 1021. b-galactosidase activity was normalized to the number of cells. Standard
deviations are indicated by 6. Above-threshold values are set in bold.

NT: not tested.
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fly cells these heterodimers are favored over homodimers, a
plausible scenario because the expression domains of the seven
E(spl) bHLH proteins overlap extensively. In our assay, Hairy
could only be tested against E(spl) M3 and displayed no inter-
action—it is formally possible that it may interact with another
E(spl) protein.

In addition to associating with each other, E(spl) proteins
display robust interactions with the bHLH activators of the pro-
neural class, as well as with Da. Based on their partner preferences,
we can divide the seven E(spl) proteins into subgroups (Fig. 3). If
these interactions reflect some aspect of their functions in vivo, we
can account for the conservation of the seven E(spl) proteins
between Drosophila melanogaster and D. hydei (40).

Our deletion analysis of M3 and Sc is consistent with their
interaction being mediated by their respective bHLH domains.
The dependence of the E(spl)–activator HLH interactions on the
HLH domain is nicely reflected in the fact that the functional
grouping of the E(spl) proteins correlates well with the amino
acid sequences of their bHLH domains (13, 14), e.g., M5 and M8
have highly similar bHLH regions, different from those of the
M7yMbyMg group, which also display high intragroup similarity.

The HairyyE(spl) class bHLH proteins known in Drosophila to
date include the seven E(spl) proteins, Hairy, and Deadpan
(Dpn), a protein involved in neural precursor cell differentiation
(but not in the precursor selection process), as well as XyA ratio
calculation (12, 59). Dpn has also been shown to interact with Da,
but not with Sc, using a yeast two-hybrid assay (60). Unlike E(spl)
and Dpn, LexA-Hairy displays no interactions with either Da or
ASC proteins. We earlier observed mutually antagonistic effects
of early overexpression of hairy and sc on sex determination that
were consistent with a model in which the two proteins interact
(20, 43). In view of our present data, this could be accounted for
if Hairy acts as a repressor and Sc as an activator of the target gene
Sxl independently of one another. It is still possible that Hairy and
Sc do interact in a complex, but the yeast system may be unable
to reproduce the in vivo dimerization abilities of Hairy. We do not
believe this would be due to misfolding of LexA-Hairy, as it
interacts with Groucho as well as with novel proteins identified in
a two-hybrid screen (G.P. and S.M.P., unpublished data). It is
conceivable that endogenous yeast proteins mask some dimer-
ization domain of Hairy or that Hairy actively represses the yeast
reporter construct. Further work will be needed to distinguish
among various alternative explanations.

Recently, Gigliani et al. (73) reported pairwise interactions
between the HLH domains of E(spl) and AcySc proteins. Their
assay was based on the ability of l repressor fusion proteins to
confer immunity to l. Even though a wide range of interactions

was observed, there were significant differences from our results.
Most conspicuous was the inability of Mb, Mg, and Md to form
heterodimers with either E(spl) or AcySc proteins in the bacterial
assay. Also, the interactions reported between E(spl) proteins
and AcySc led to the categorization of M5 and M8 together with
M7, which is contrary to our classification. The differences are
most likely due to the different systems used to assay interactions
and the use of truncated vs. full-length proteins. In vivo evidence
of association among the different proteins in question is needed
to decide which of the two systems better approximates the
biologically relevant interactions.

Implications on the Function of HairyyE(spl) and Proneural
Proteins. One cannot extrapolate from results obtained in a
heterologous system to the situation in the parent organism with
certainty. The interactions we report must be considered as
potential and their in vivo relevance has to be confirmed by future
genetic experiments. The occurrence of these interactions in
Drosophila will depend on a number of parameters, such as
presence and concentrations of the two partners, posttransla-
tional modifications, presence of competitor proteins, and rela-
tive interaction affinities. Of these parameters, the only one that
may be gleaned by the two-hybrid system is interaction affinity,
reflected by the level of transcriptional activation in yeast (49). In
our case, the measurements were generally congruent when we
tested an interacting pair in the two possible orientations. We
therefore conclude that our results are a gross indicator of
respective interaction affinities.

Expression of proneural genes in embryos and imaginal discs
occurs in fields of cells that overlap extensively with the expres-
sion domains of emc and E(spl) (26, 61, 62). Even ase, which is
usually expressed in neural precursors, is expressed in the pro-
neural field of the wing margin sensilla, where it should have the
opportunity to interact with E(spl) proteins (54). gro and da are
ubiquitously expressed (38, 63). hairy expression, on the other
hand, is absent from the embryonic central nervous system
primordium (64), but may occur transiently in imaginal PNS
precursors (27, 65). As these proteins can coexist in Drosophila
cells, we can use our two-hybrid data to extend current models for
their function, which can subsequently be directly tested in
Drosophila.

Proneural genes are under complex transcriptional control.
After their initial expression in proneural clusters, ac and sc
probably rely on autoactivation for persistent expression in the
cell that will become the neural precursor (25, 34). This autoac-
tivation requires class A E-boxes (EA, CAGNTG) that bind
Dayproneural heterodimers. HairyyE(spl) proteins inhibit this
autoactivation, but none of them have been reported to bind EA
sites. In the case of Hairy, this inhibition has been shown to be
absolutely dependent on the presence of a nearby Class C site
(EC, CACGCG), that is bound by Hairy or E(spl) homodimers
(18, 19). A similar situation exists for the early promoter of Sxl:
it can be activated by DaySc binding to an EA box and repressed
by Dpn binding to a nearby EC box (66). DNA-bound activator
and repressor proteins could exert their effects without interact-
ing with each other; alternatively, a repressor could act only on
specific activators to abolish their transcriptional activation upon
repressor-activator contact. Indeed, E(spl) proteins could use the
latter mechanism given the facts that (i) they have strong affinities
for specific activator proteins and (ii) their target sites are found
in the vicinity of EA activator binding sites in the ac, Sxl, and other
promoters (18, 19, 66, 67). In agreement with this model is the
finding that E(spl) M8 and M5 repress Da-activated transcription
from an E(spl)m8-CAT fusion reporter in cultured cells, whereas
basal transcription (without Da) is unaffected by their presence
(68). If indeed Hairy does not interact with Da and proneural
proteins, it could achieve repression by contacting other factors,
perhaps the basal transcription machinery itself or factors affect-
ing chromatin.

In this postulated DNA-bound DayproneuralyE(spl) higher
order complex, repression could be regulated by the affinity of the

FIG. 3. Summary of interactions. Interactions are indicated by
arrows connecting the proteins involved. Proteins grouped together
display qualitatively identical interactions with other proteins in this
study. ProN, proneural proteins, typified by Ac and Sc. All E(spl)
proteins (in box) interact with each other and with Gro. Thick arrows
in the box indicate the strongest interactions within the E(spl) family.
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repressor for the activator rather than the occupancy of their
respective target sites. The Sc-S . D mutant suggests that this
affinity could be regulated by phosphorylation (Table 1), i.e.
phosphorylation of Sc could relieve it from the negative effects of
a nearby bound E(spl). Because a truncated Sc protein (Sc
bHLH) retains the ability to interact with M3, it is possible that
the C-terminal tail itself does not contact M3, rather, that its
phosphorylation could affect some intramolecular conforma-
tional change that specifically abolishes Sc-E(spl) interaction.

The strong interactions observed between E(spl) proteins and
proneural proteins might lead one to hypothesize that E(spl)
proteins act like Emc, i.e. by sequestering HLH activators. A
suggestion that this is indeed possible comes from in vivo data that
detect residual activities of E(spl) proteins with mutated basic
domains (69, 70). Still, the fact that these activities are weak
confirms that these proteins do not normally function like Emc,
but, rather, require intact basic domains. Indeed, in tissue culture
transfection assays, E(spl) proteins repress transcription only in the
presence of a cognate DNA target site (18, 19, 37, 68). Repression
of promoters driven solely by EA boxes has not been reported, nor
has addition of E(spl), Hairy, or Dpn been able to cause any
perturbation to DayAc (Sc)–EA DNA complexes in vitro (10, 66).

A number of vertebrate proteins bearing the domains charac-
teristic of HairyyE(spl) proteins have been isolated. They appear
to be functionally similar to the related Drosophila proteins. At
least one has been shown to be transcribed as a response to Notch
signaling (71) and to antagonize bHLH activators (15). In terms
of their potential interactions with other HLH proteins, such
proteins exhibit a variety of behaviors. HES-1 is able to abolish
the formation of activator HLH–EA complexes in vitro, by inter-
acting with the E-protein E47 andyor with activators such as
MyoD (15). Consequently, in transcriptional assays, it represses
E47yactivator-induced transcription. In contrast, HES-2 seems
unable to repress E47-activated transcription, whereas it does
repress the basal activity of a b-actin promoter, when bound
upstream of it (72). Studies of the interaction abilities of verte-
brate HES proteins using the two-hybrid system or other methods
should shed light on the mechanisms of action of these factors.
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