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ABSTRACT

Proneural bHLH activators are expressed in all neu-
roectodermal regions prefiguring events of central
and peripheral neurogenesis. Drosophila Sc is a
prototypical proneural activator that heterodimerizes
with the E-protein Daughterless (Da) and is antago-
nized by, among others, the E(spl) repressors. We
determined parameters that regulate Sc stability in
Drosophila S2 cells. We found that Sc is a very la-
bile phosphoprotein and its turnover takes place via
at least three proteasome-dependent mechanisms.
(i) When Sc is in excess of Da, its degradation is
promoted via its transactivation domain (TAD). (ii) In
a DNA-bound Da/Sc heterodimer, Sc degradation is
promoted via an SPTSS phosphorylation motif and
the AD1 TAD of Da; Da is spared in the process.
(iii) When E(spl)m7 is expressed, it complexes with
Sc or Da/Sc and promotes their degradation in a
manner that requires the corepressor Groucho and
the Sc SPTSS motif. Da/Sc reciprocally promotes
E(spl)m7 degradation. Since E(spl)m7 is a direct tar-
get of Notch, the mutual destabilization of Sc and
E(spl) may contribute in part to the highly conserved
anti-neural activity of Notch. Sc variants lacking the
SPTSS motif are dramatically stabilized and are hy-
peractive in transgenic flies. Our results propose a
novel mechanism of regulation of neurogenesis, in-
volving the stability of key players in the process.

INTRODUCTION

Transcription factors that belong to the bHLH family play
fundamental roles in nearly all developmental programs,
including neurogenesis, myogenesis, hematopoiesis and sex
determination (1). Proneural bHLH proteins are important
transcriptional activators that promote transition of neu-
roepithelial cells to a more differentiated state (2–4). Scute
(Sc) and its vertebrate homologue Ascl1 are of immense im-

portance in the development of central and peripheral neu-
rons. It has been known for a long time that overexpression
of Sc can induce peripheral sensory organs at ectopic sites in
flies (5–7). It has recently been shown that Ascl1 alone can
reprogram fibroblasts to neurons with mature morpholog-
ical and electrophysiological characteristics (8–10). Other
mammalian proneural proteins, e.g. Ngn2 (a more distant
relative of Sc, more closely related to Drosophila Tap and
Atonal), are more effective in promoting neuronal differen-
tiation when expressed in embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs) (11,12).

How do proneural proteins implement such dramatic cell
fate switches? They act as transcriptional activators het-
erodimerized via HLH–HLH interactions with E-proteins,
whose sole Drosophila representative is Daughterless (13–
17). Proneural genes are dynamically expressed in neuroec-
todermal anlagen in patterns that prefigure neural differen-
tiation, whereas E-proteins are more ubiquitous (1,17–19).
Proneural-E heterodimers recognize their target sites, called
EA-boxes, even in closed chromatin, acting as pioneer fac-
tors to de novo activate silent genes (10).

Given their potent developmental activities, it is not sur-
prising that proneural factors are regulated by a multitude
of intercellular signals (20–25). Foremost amongst these is
the Notch signal, which acts throughout the animal king-
dom to restrict excessive or untimely differentiation of neu-
ral cells (26,27). Despite intensive study, many aspects of
the mechanism via which Notch restricts proneural activ-
ity still remain mysterious. A number of nuclear proteins
have also been shown to interface with proneural protein
activity (2,4,28–31). Two potent antagonists of proneural
factors are the Id proteins (Extramacrochaetae in flies) and
the Hes proteins (Enhancer-of-split in flies) (32–41). Both
have HLH domains. Id/Emc lack a basic domain and com-
pete with the proneurals and/or E-proteins by sequester-
ing them in DNA binding incompetent heterodimers (42).
Hes/E(spl) are bHLH-Orange repressors that bind chro-
matin, recruit the corepressor Groucho and repress a num-
ber of genes that are activated by proneurals (43). One way
they achieve this is by binding to the transactivation do-
mains (TADs) of Sc and Da and inhibiting their function
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(44,45). Importantly, Hes/E(spl) genes are the most com-
mon targets of Notch signalling and thus account to a large
extent for Notch’s inhibitory effect on neural differentia-
tion46–49).

In contrast to the well-studied Id/Emc and Hes/E(spl)
inhibitors of proneural factors, less is known about post-
translational modifications that affect the latter’s activ-
ity. Both Ascl1 and Ngn2 are heavily phosphorylated by,
among others, GSK3 and Cdks (50–53). Cdk phosphory-
lation downregulates the biological activity of Ascl1 and
Ngn2, consistent with the fact that cell cycle prolonga-
tion is needed to promote neuronal differentiation in ver-
tebrates (50,51). GSK3 phosphorylation of Ngn2, on the
other hand, is thought to affect the binding specificity to dif-
ferential subsets of downstream targets (53,54). Drosophila
proteins have been less intensely studied. Sc has been shown
to be phosphorylated in vitro by Sgg, the GSK3 homologue,
and this is thought to decrease its activity (25,55–56).

Proneural protein activity can also be modulated via ef-
fects on their stability. A few instances have been reported
where mammalian proneural proteins are degraded upon
Notch signalling, although all of these are in non-neural tis-
sue contexts (57–59). For example in the pancreas, Ngn3 is
degraded via a Notch/Hes1 signal. During lymphocyte dif-
ferentiation E47 (an E-protein) is degraded by Notch in a
MAP-kinase dependent fashion. Transcriptional activators
in general are often intrinsically unstable and many TADs
act as degrons (60). In some instances, activator ubiquityla-
tion and turnover have been shown to be needed for their
full transcriptional activity, e.g. in the case of c-myc and
yeast Gal4 (61–64). The stability of Drosophila Sc has not
been studied to date, with the exception of one study which
showed that degradation of Sc, but not Da, by the ubiqui-
tin ligase complex Phyl/Sina is required before division of
sensory organ precursor (SOP) cells can take place (65).

We have examined the stability of Sc in relation to its in-
teracting proteins Da and E(spl)m7 in both cultured cells
and Drosophila tissues. We present data that two of the three
TADs in the Da/Sc heterodimer act as degrons. The Da
AD1 plays a major role in the degradation of Sc, acting in
trans, without promoting simultaneous Da turnover. The Sc
TAD, on the other hand, is a major degron only when Sc is
not complexed with Da. We also show that a major deter-
minant for Sc turnover is a conserved phosphorylation mo-
tif, 268-SPTSS. Abolishing this motif makes Sc more stable
and more active in promoting sensory organ formation in
vivo. E(spl)m7, a known inhibitor of proneural activity, is
now shown to also promote Da and Sc degradation; recip-
rocally, Da/Sc promote E(spl)m7 degradation. These mu-
tual degradation events use two different mechanisms that
have similarities and differences. Both of these events re-
quire that E(spl)m7 interact with Da/Sc. Sc degradation by
E(spl)m7 also requires the Sc SPTSS motif and, as a con-
sequence, phosphomutant Sc is less sensitive to inhibition
by Notch/E(spl). Our analysis reveals new mechanisms of
regulation at the post-translational level among these three
interacting bHLH proteins, Sc, Da and E(spl)m7, which ul-
timately ensure robust promotion or inhibition of neural
differentiation.

MATERIALS AND METHODS

DNA constructs

The EE4-luc reporter and the following expression con-
structs in the RactHAdh vector (or Ract for short) have
been described in previous publications: myc-GFP, Gro,
myc-m7, myc-EQRQTKHQ, m� , m�, His-Da, Xpress-Ubi
(45,66–68). The 3xmyc-pBS vector was used as the basis
for myc-tagging all expression constructs and is described
in detail in the Supplementary Materials. Each myc-tagged
gene was originally constructed by cloning the open read-
ing frame (ORF) of the gene into the 3xmyc-pBS vector,
sequence verification and subsequent subcloning into Ract
vector for tissue culture expression (list of these plasmids
in supplementary data). For Ract-His a sequence derived
from pRSET (Invitrogen) ATGCGGGGTTCTCATCAT-
CATCATCATCATGGTATGGCT AGC was inserted to
Ract (encoding the peptide MRGSHHHHHHGMASSR-
PAGMQAI RCTLTFFS). All His tagged genes were con-
structed by inserting the coding sequence of the gene into
Ract-His vector. For HA-m7 in Ract a sequence encoding
MYPYDVPDYAGIPLEF was appended to the 5′ end of
the m7 variants and inserted into Ract. Luciferase and lacZ
were cloned by PCR into Ract vector (Ract-luc and Ract-
lacZ plasmids).

For transgenesis 3xmyc-tagged constructs of Sc[RQEQ],
Sc[m3p], Sc[1320] and Sc[m5p] were subcloned into pUAST
(69).

More detailed description of all new constructs can be
found in the Supplementary Materials.

Drosophila stocks and crosses

The new UAS-sc variants were generated by P-element
transformation into a yw67c23 strain. Other UAS-E(spl)
variants, as well as UAS-sc (and variants) and EE4-lacZ,
are described in (45,67–68). Gal4 lines and other stocks were
obtained from the Bloomington Drosophila Stock Center.

Histochemistry

Immunofluorescence was performed as in (70). Antibod-
ies used were guinea-pig anti-Sens (a gift from Hugo
Bellen), rabbit anti-myc (SantaCruz) and mouse anti �-
galactosidase (Promega), mouse-anti-E(spl) (323, a gift
from Sarah Bray).

Cell culture assays

S2 cell transfections and luciferase assays were performed as
previously described (44). For luciferase assays each trans-
fection experiment was performed in triplicate and repeated
at least three times to ensure reproducibility. Data shown
represent the average and standard deviation of triplicates
for a typical assay. For proteasomal inhibition cells were
treated for 3–6 h with 50 �M of MG132 (Sigma, C 2211).
For half-life experiments, transfected cells were treated with
50 �g/ml cycloheximide (CHX, Sigma, C7698) to block
translation. For Sgg kinase inhibition, cells were incubated
with 80 mM LiCl for 4 h. For Cdk8 kinase inhibition, cells
were treated with Senexin A (10 �M) (a gift from Igor B.
Roninson, (71)).
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Cell lysis under non denaturing conditions. Cells were lysed
in NP40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl
pH 8.0, 150 mM NaCl, 1 mM PMSF, 1 �g/ml Leupeptin, 1
�g/ml Pepstatin, 1 �g/ml Aprotinin, 1 mM EDTA, 1 mM
Na3VO4, 10 mM NaF), by using 3x freeze/ thaw cycles.
Lysates were cleared by centrifugation (20 min, 13 000 rpm,
4◦C) and transfection efficiency was determined by either
luciferase or beta-galactosidase activity. For western blots
analysis, samples were loaded after adding 3x Laemmli
buffer according to their transfection efficiency.

Co-immunoprecipitation. Transfected cells were lysed with
NP40 Lysis buffer and were incubated with 4 �g of rabbit
anti-myc for 3 h at 4◦C with mixing. Protein A -agarose
(Millipore) beads were then added and the reaction mix-
tures were further mixed for 3 h at 4◦C. The immunopre-
cipitates were separated from supernatant by centrifugation
and washed three times with NP40 Lysis buffer for 7 min
each wash. Proteins were extracted from the agarose beads
by boiling in 1x Laemmli loading buffer and resolved on
10% sodium dodecyl sulphate (SDS)–polyacrylamide gels.
For the IP of the ubiquitination experiment in the Fig-
ure 1E, 50 �M MG132 and 10 mM N-ethylmaleimide was
added to the lysis buffer.

His pull down. 107 transfected cells were resuspended and
mechanically lysed in 1 ml Urea lysis buffer (8M Urea,
50 mM Tris pH 8.0, 50 mM NaCl, 1% Tween 20, 5 mM
mercaptoethanol, 1 mM PMSF) by passing through a 25-
gauge needle 7–10 times to shear DNA, and clearing by
centrifugation (10 min, 13 000 rpm, RT). Lysates were in-
cubated with 75 �l bed volume of Ni2+-NTA-agarose (Qi-
agen) for 2–3 h at room temperature in a rotator. The resin
was washed three times with Urea Lysis buffer for 10 min
each and 2× quick washes with PBS+1 mM PMSF. Beads
were resuspended and boiled in 100 �l 1× Lammli buffer
(50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 5% beta-
mercaptoethanol and 0.012% bromphenol blue).

Normalization of sample loading. Fifty nanogram of Ract-
luc (or 200 ng of Ract-lacZ) was included in each transfec-
tion (106 cells) of a total of 2 �g DNA––transfections were
topped up using empty Ract vector. We lysed the cells in
100 �l and 20 �l were kept for luciferase or �-galactosidase
assay. In the rest of the lysate we added 3× Laemmli buffer
(1× final) and froze them at −80◦C, until the electrophore-
sis of the samples. The linearity of the enzymatic assays was
tested using pilot transfections.

Protein extracts from Drosophila tissue

Dissected wing imaginal disks were added directly to 1×
Laemmli buffer and frozen at −80◦C. Samples were me-
chanically disrupted, boiled and spun down before loading.

� phosphatase treatment

Protein phosphatase treatment was conducted by incu-
bating S2 lysate (lysed with NP40 Lysis buffer, without
the phosphatase inhibitors Na3VO4/NaF) with 400 U of
lambda phosphatase (Sigma, P 9614) or without phos-
phatase (for mock treatment) for 30 min at 30◦C.

Western blotting

Protein lysates were separated on SDS–polyacrylamide gels
(10 or 12%) and electrotransferred onto nitrocellulose mem-
branes. The membranes were blocked with PBST buffer
(1× PBS, 0.05% Tween20) containing 5% nonfat dry milk
and probed overnight using the following primary anti-
bodies: rabbit anti-myc (Santa Cruz), mouse anti-Gro (our
lab), mouse anti-RGSHis (Qiagen), mouse anti-HA (Co-
vance), rabbit anti-�-galactosidase (Cappel), mouse -anti-
Arm N2 7A1 (DSHB), rabbit anti-SUMO (a gift from Spy-
ros Artavanis-Tsakonas), mouse-anti-myc (9B11, Cell Sig-
naling) or anti-m-Xpress. For ubiquitin detection (Santa
Cruz -8017, mouse anti-Ubi, P4D1), before blocking, the
blots were boiled for 30–40 min in water to denature Ubi.
Membranes were incubated with horseradish peroxidase-
linked secondary anti-mouse or anti-Rabbit antibodies
(Jackson Immunoresearch) and bound antibodies were vi-
sualized using ECL chemiluminescent substrate (Pierce).

Densitometry of western blots. To quantitate protein levels
after cycloheximide treatment of cells, we imaged chemilu-
minescence on a Fujifilm LAS-3000 CCD camera. We took
care to ensure that the image was not saturated by using
control lanes where 1/2 or 1/4 of the starting sample (heav-
iest band) was loaded. Densitometry was performed using
Image J software. The data were fitted to exponential de-
cay curves using the OriginPro v7 software. Experiments
were performed 2–5 times to ensure consistency. Means and
standard deviations are presented in the text and figures. As
cells started dying by 5 h after cycloheximide application,
we ended all our timecourses at ∼4 h. Therefore, half-lives
much longer than 4 h could not be reliably estimated.

Electromobility shift assays

Electromobility shift assays were performed using in vitro
transcribed-translated proteins (TnT reticulocyte lysate,
Promega), as described in (70). The oligonucleotides used
as a probe are the EAB oligos described in (68).

RESULTS

Sc is phosphorylated in S2 cells and fly epithelia

As stability of many transcription factors is regulated
by their phosphorylation state, we sought to determine
whether Sc is phosphorylated, before embarking on stud-
ies of its turnover. For this reason we N-terminally tagged
it with a 3×Myc epitope and expressed it in Drosophila cul-
tured S2 cells, since there is no available antibody to detect
endogenous Sc protein. We confirmed that the epitope tag
did not compromise the activity of Sc by various functional
assays in both S2 cells and after expression in Drosophila
tissues (see Materials and Methods, e.g. Figures 3,6,7). Sc
produced in S2 cells migrated as a single band in western
blots, whose mobility was markedly decreased upon incu-
bation with � phosphatase (Figure 1A). This suggests that
the bulk of Sc protein is phosphorylated.

To map the regions subject to phosphorylation we gen-
erated a number of deletions and point mutations and as-
sayed their mobility with or without � phosphatase treat-
ment. Phosphorylation sites were mapped to the C-teminal
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Figure 1. Phosphorylation and stability of Sc. In all panels N-terminally 3xmyc-tagged Sc proteins were detected by anti-Myc tag antibody. (A) The
schematic depicts the Sc protein, highlighting its bHLH domain, a Ser-rich stretch and three (S/T)P conserved motifs in the C-terminal half. A series
of deletion and point mutations are shown. Next to each the western blot shows (i) the Sc variant expressed in S2 cells (input), (m) the S2 cell extract
mock-treated with �-phosphatase buffer and (�) the same extract treated with �-phosphatase. An increase in migration indicates dephosphorylation. (B)
Western blot containing extracts from Sc-transfected S2 cells or Sc expressing wing disks (ap-Gal4; UAS-GFP UAS-myc-sc). Note that Sc[m3p] migrates
faster than Sc(wt) both in S2 cells and in fly tissue. GFP is shown as a loading control. (C) A comparison of all Sc variants from S2 cells co-transfected with
Ract-myc-sc and Ract-lacZ; the �-galactosidase protein is detected as a loading control. Sc[m3p], Sc[m5p] and the versions truncated after residue 320
(lacking the acidic C-terminal TAD) accumulate to higher levels. Also note the faster migration of the phosphomutants (m3p and m5p). (D) Degradation
kinetics of transfected myc-Sc and myc-Sc[1–320] after protein synthesis inhibition by cycloheximide. Endogenous Groucho (a stable protein) is used as
a loading control. 0, 30,. . . , 180 refer to minutes after cycloheximide addition. 180M: 180 min after cycloheximide+MG132 addition. 0a, 0b: 1/2 or 1/4,
respectively, of input (0 min) for densitometry calibration. One indicative experiment is shown out of four (Sc) or five (Sc[1–320]) repeats. (E) The indicated
myc-tagged protein expression constructs were co-transfected with Xpress-tagged ubiquitin. Ubiquitylated species were detected after IP with anti-Myc
and western blot (WB) with anti-Xpress (bottom panel). The top panel shows an anti-Myc WB to estimate the amount of Myc-tagged protein in each IP.
Cells had been treated with MG132 (for 5 h) before lysis. Note higher level of ubiquitin signal in the Sc lane versus Sc[1–320] and GFP.

half of the protein, beyond residue 260, while a serine-rich
stretch from residue 175 to 199 was dispensable for the
phosphorylation of Sc. We focused on the (S/T)P sites of
the C-terminal half (S217, S268 and T329), as such motifs
are often kinase targets, e.g. for Cdk’s and MAPK’s. S268
is part of a highly conserved SPxxS motif, found in all Sc
homologues (data not shown). We altered two, three or five
S/T residues to non-phosphorylatable alanines or valines
and named the mutants m2p, m3p or m5p, respectively; see
Figure 1A and Supplementary Data for description. From

these mutants we concluded that phosphorylation of Sc is
primarily dependent on this 268-SPTSS motif (Figure 1A).
We also tested a basic domain point mutant, Sc[RQEQ].
This carries two amino acid changes, R104Q and E108Q,
which abolish DNA binding with consequent loss of ac-
tivity (Supplementary Figure S1). In agreement with the
Sc[164–345] truncation, which lacks the entire bHLH re-
gion, the basic domain mutant did not abolish phosphory-
lation. When isolated from larval wing disks Sc[m3p] mi-
grated faster than wt Sc, consistent with Sc being phos-
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phorylated via its SPTSS motif also in native tissues (Fig-
ure 1B).

To get some insight on the possible kinases that modify
Sc, we tested two kinase inhibitors. As it has been suggested
that the 268-SPTSS motif is a target of Sgg (56), we treated
transfected cells with LiCl, an inhibitor of Sgg/GSK3. This
did not greatly affect the major bands of Sc or Sc[m3p],
but it did cause a significant reduction of minor bands mi-
grating just above the major bands (Supplementary Figure
S2A). These minor bands become more prominent upon co-
expression with the Sc heterodimerization partner, Da, and
depend on residue S217 (Supplementary Figure S2B). We
therefore think that Sc can be phosphorylated by Sgg in the
S217 region, whereas 268-SPTSS is at best a minor target
of Sgg. We noted that co-expression of Sc with Da, besides
increasing the slightly more retarded hyperphosphorylated
bands, also produced a much more retarded higher molec-
ular weight (MW) form of Sc (which we named �). How-
ever, this upper � band is not abolished upon �-phosphatase
treatment (Supplementary Figure S2C), suggesting that it
does not represent a phosphorylated form.

Recently an inhibitor specific for Cdk8, a kinase impli-
cated in transcriptional regulation, has been developed (71).
Treatment of transfected S2 cells with this inhibitor, Senexin
A, did not affect the mobility of the main band of Sc or
Sc[1–320], but, surprisingly, it almost completely abolished
the high MW � form (Supplementary Figure S2D). Cdk8 is,
therefore, not likely responsible for the basal phosphoryla-
tion of Sc, but is indirectly needed for the generation of the
novel � form. To confirm the effectiveness of the inhibitor,
we immunoblotted treated cell extracts for Armadillo. We
found that Senexin A causes a reduction in Arm levels (Sup-
plementary Figure S2E), consistent with a role of Cdk8 to
inhibit the transcription factor dE2F1, which in turn pro-
motes Arm degradation (72).

The Sc TAD is a degron

In the course of our analysis of the mutant 3xMyc-tagged
Sc proteins, we noticed that some variants, most notably the
C-terminal truncations, accumulated to significantly higher
steady-state levels than wt Sc (Figure 1C), even though all
were expressed from the same actin 5C promoter. A similar
effect was observed when Sc variants were expressed in fly
wing disks (Figure 1B). We measured protein half-lives af-
ter protein synthesis inhibition by cycloheximide. Sc showed
a very short half-life of 40±10 min (n = 4), whereas Sc[1–
320] was stable with a half-life of 127±12 min (n = 5) (Fig-
ure 1D, Supplementary Figure S3A and B). Addition of the
proteasome inhibitor MG132 stabilized Sc, implicating the
proteasome in its turnover. After immunoprecipitating Sc,
we detected significantly more poly-Ub adducts on wt Sc
than on Sc[1–320], in agreement with the former’s higher
turnover rate (Figure 1E). This suggests that the Sc TAD
(residues 321–345) (45) acts as a degron as do many other
TADs (60).

Compared to wt Sc, we found the half-lives of Sc[m3p]
and Sc[RQEQ] to be somewhat prolonged, at 75±4 min (n
= 4) and 60±20 min (n = 8), respectively (Supplementary
Figure S3A and B). Therefore DNA binding and phospho-
rylation seem to contribute to the rapid turnover of Sc at the

proteasome, although the most critical factor is the presence
of the TAD.

In an earlier study of the Sc dimerization partner Da, we
characterized two TADs on Da, the N-terminal AD1 (aa 1–
160) and a centrally located one, named LH (aa 265–417)
(68). To ask whether these might also act as degrons, we
fused each one to the C-terminus of Sc[1–318] and measured
their half-lives in S2 cells after protein synthesis arrest (Sup-
plementary Figure S3C and D). Whereas the Sc[1–318]-LH
half-life of >3 h was longer than that of Sc[1–320], Sc[1–
318]-AD1 had a significantly shorter half-life (78±11 min),
still longer than that of wt Sc. Therefore, Da AD1 also acts
as a degron, but is weaker than the Sc TAD.

Da is a very stable phosphoprotein

We wanted to test the ability of the Da TADs to act as
destabilizing signals in their native context. We therefore
measured the half-life of Da after a cycloheximide block
of translation and found it to exceed 4 h (275±90 min, n
= 3) (Figure 2A and B). No significant stabilization was
detectable for Da�TADs, an N-terminal truncation up to
aa414 (68), which deletes both TADs. Upon incubating cells
with the proteasome inhibitor MG132, no significant accu-
mulation of Da was detected. The same was true for dele-
tion variants lacking one or both TADs (Figure 2C). We
conclude that Da is a very stable protein and AD1, which
has a degron activity when fused to Sc (Figure 1D), does
not act as a degron in its native context.

To examine if the Sc TAD (aa 321–345) is a trans-
ferable degron we fused different lengths of the Sc
C-terminus to the N-terminus of Da�TADs (Da[415–
710]). The constructs Sc[321–345]-Da�TADs, Sc[291–345]-
Da�TADs and Sc[261–345]-Da�TADs were all expressed
under the same promoter in S2 cells and their half-life
was estimated after protein synthesis block. The Sc[261–
345] fragment produced a dramatic destabilization of
Da�TADs: from a half-life of >4 h to 83±10 min (n =
2), Sc[291–345] had a milder effect (141±43 min; n = 2)
(Figure 2), whereas Sc[321–345] gave no destabilization
(data not shown). MG132 treatment stabilized Sc[291–345]-
Da�TADs and Sc[261–345]-Da�TADs, suggesting that
Sc–Da fusions are degraded at the proteasome (Figure 2).
Therefore, the Sc TAD acts as a transferable degron only if
extended by at least 31aa and is even more effective if ex-
tended by 61aa, to encompass the conserved SPTSS motif.
It should be noted that in the context of Da, the Sc degron
cannot achieve the extremely high turnover rates seen in its
native Sc context (40 min half-life), suggesting that other re-
gions of the Sc and Da proteins enhance and suppress (re-
spectively) degradation.

Finally, we asked whether Da is phosphorylated. Upon
treatment with � phosphatase the MW of Da was signifi-
cantly decreased, whereas that of Da�TADs was unaltered
(Figure 2D). Da phosphorylation was shown to be depen-
dent on the LH region (aa 211–463), as its deletion abol-
ished the MW shift by � phosphatase.

Da binding alters the turnover parameters of Sc

Since Da and Sc act as a heterodimer, we decided to test
whether they affect each other’s phosphorylation and stabil-
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Figure 2. Stability and phosphorylation of Da. In all panels N-terminally
3xmyc-tagged Da proteins were detected. (A) Turnover kinetics of Da and
three variants after protein synthesis block. Lanes are labeled as in Fig-
ure 1D. (B) The densitometry plots from the blots of panel B. Each mea-
surement was repeated 2–3 times; one indicative experiment is shown. The
estimated half-lives (number of repeats in parenthesis) are: Da 275±90 min
(n = 3), Da�TADs > 240 min (n = 3), Sc[291–345]-Da�TADs 141±43
(n = 2), Sc[261–345]-Da�TADs 83±10 (n = 2). (C) Da proteins detected
from transfected S2 cells treated (+) or not (-) with MG132 for 5 h be-
fore lysis. Proteasome inhibition does not seem to increase the levels of
Da or versions deleted for one or both of its TADs. Instead, it detectably
increased the levels of Da–Sc chimeras bearing the Sc TAD and nearby
residues. (D) �-phosphatase treatment of S2 cell extracts expressing the in-
dicated Da variants. i: input, �: treated, m: mock-treated. Note the increase
in migration for myc-Da (wt) and myc-Da�AD1, but not myc-Da�LH or
myc-Da�TADs.

ity. Although S2 cells express basal levels of Da (and no de-
tectable Sc; (73)), this is not sufficient to heterodimerize with
the high amount of Sc expressed under our transfection
conditions. We concluded this by comparing induction lev-
els of the Da/Sc responding EE4-luc reporter: whereas Sc
transfection activated this reporter weakly, co-transfection
of Da was needed to activate it to higher levels (Figure 3A),
suggesting that endogenous Da was limiting. We therefore
re-evaluated Sc electrophoretic mobility as well as stability
upon co-transfection with Da.

As already mentioned, Da co-expression caused the ap-
pearance of a high MW Sc band (form �), which ran about
5 kd above the main Sc form and was not abolished by �
phosphatase treatment (Supplementary Figure S2B and C).
Testing our cohort of Sc variants, we found that appearance
of the � form was critically dependent on the integrity of the
SPTS motif, as neither Sc[m3p] nor Sc[m5p] showed this
modification (Figure 3B and data not shown). Sc[RQEQ]
and Sc[1–320], on the other hand, did show the higher MW
band, albeit at reduced levels. We considered the hypoth-
esis that the � form of Sc might represent a monoubiq-
uitylated form. We tested this by immunoprecipitating Sc
and immunoblotting for ubiquitin. No monoubiquitylated
form was detectable, although polyubiquitylated adducts
were seen both in the presence and absence of co-expressed
Da (Figure 1E and data not shown).

Since Da co-expression has dramatic effects on Sc post-
translational modification, we asked whether it might also
affect its turnover, especially since Da is a very stable protein
(Figure 2) compared to unstable Sc (Figure 1). To determine
the factors needed for Sc turnover in the presence of Da,
we monitored levels of Sc accumulation in the presence or
absence of proteasome inhibitor MG132. When expressed
alone, Sc was significantly stabilized by MG132 treatment,
as expected. This was also the case upon Da co-expression,
where both low (�) and high (�) MW forms overaccu-
mulated (Figure 3C), However, upon co-expression with
Da�TADs, only the � form showed significant stabiliza-
tion. It therefore seems that the presence of the Da TADs
is needed to promote proteasome degradation of Sc, with
the exception of a small fraction that gets modified to the
� form, which is unstable anyway. By co-expressing Sc with
the Da�AD1 and Da�LH variants, we mapped this desta-
bilizing activity of Da to AD1 (Figure 3C). If Da and Sc
are coordinately turned over upon heterodimerization, we
would predict that co-expression with Sc would promote Da
degradation. However, there was no increase of Da upon
MG132 treatment. Also, gradually increasing Sc did not di-
minish the levels of Da; if anything, it caused a small upreg-
ulation (Figure 3D). Therefore, heterodimerization with Sc
cannot destabilize Da. Instead, in the Da/Sc heterodimer,
Da AD1 acts as a trans-degron, promoting the turnover of
the partner protein Sc, while at the same time, Da, which is
stable to start with, is further stabilized by Sc.

When we tested our panel of Sc variants with Da co-
expression, we found that Sc[1–320] was stabilized by
MG132, but Sc[m3p] and Sc[1–320, m3p] were not (Fig-
ure 3E and F). Based on our earlier mapping of the
major Sc degron to its C-terminal TAD, this was unex-
pected; Sc[1–320] should not be much stabilized by MG132.
Sc[RQEQ]/Da was also quite insensitive to MG132, impli-
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Figure 3. Proteasomal degradation of Sc in the presence of Da depends
on phosphorylation of Sc, its DNA binding ability and on the AD1 do-
main of Da. (A) Luciferase assays on transiently transfected S2 cells with
an EE4-luc reporter. Activation levels by increasing amounts of myc-Sc in
the presence or absence of co-transfected Da. Relative luciferase units (rlu)
are shown and are normalized on the activity of the reporter gene alone,
set to 1. Averages/standard deviations of triplicates are shown. In all sub-
sequent panels N-terminally 3xmyc-tagged Sc proteins or His-tagged Da
were detected. The amount loaded was adjusted according to the activity
of luciferase expressed from control plasmids (Ract-luc) transfected at the
same time as the indicated plasmids (to measure transfection efficiency).
(B) Whole cell extracts from S2 cells co-transfected with expression con-
structs as indicated. Note that Da co-expression causes the appearance of
new Sc bands that run about 5 kd above the major band. The triple phos-
phomutant (m3p) abolishes this modification. (C) S2 cells transfected with
the indicated constructs were treated (+) or not (-) with MG132 (for ∼5 h)
before lysis. Proteasome inhibition increased the levels of Sc when it was
expressed alone or together with Da. However, upon co-expression with
Da�TADs, only the �/�’ forms showed significant stabilization. Protea-
some inhibition did not seem to increase the levels of Da (lower panel). The
same experiment was done using deletion variants Da�AD1 and Da�LH
(right panel). Proteasome inhibition increased the levels of Sc when it was
expressed alone or together with Da�LH. However, upon co-expression
with Da�AD1, only the �/�’ forms showed significant stabilization. Pro-

cating DNA binding as a further prerequisite for Da/Sc
turnover. It therefore appears that Sc has two distinct modes
of degradation. In the presence of Da, Sc turnover requires
the SPTSS motif and DNA binding, as well as the presence
of Da AD1. In the absence of Da, Sc turnover depends crit-
ically on the Sc TAD.

The transition from one to the other mode of Sc degra-
dation can be nicely visualized by measuring its steady-
state levels upon gradually increasing Da. Sc[1–320] levels
dropped with increasing Da (Figure 3G). This is consistent
with this originally stable protein (in the absence of Da)
being shunted to a different degradation pathway, which
does not strongly require the Sc TAD anymore. In contrast,
Sc[m3p] (Figure 3G) and Sc[RQEQ] (data not shown) were
stabilized upon increasing Da. This is consistent with origi-
nally unstable proteins being shunted to the Da-dependent
pathway, which now requires the SPTSS motif and DNA
binding. Wt Sc on the other hand was not dramatically af-
fected by Da co-expression, consistent with it being unsta-
ble both on its own and as a Da heterodimer (Figure 3G).
Using a block in protein synthesis, we estimated the half-life
of Sc[m3p] and found it to increase from 74±4 min to >3
h (230±130 min), when Da was co-expressed (Figure 3H,
cf with Supplementary Figure S3A and B). Green fluores-
cent protein (GFP) and three other Sc variants, Sc[164–
345], Sc[1–163] and Sc[1–320, m3p], were unaffected by in-
creasing Da (Supplementary Figure S4). The latter two lack
both degrons, the C-terminal TAD and the SPTSS, so they
were very stable under all conditions. GFP and Sc[164–345]
cannot interact with Da and so its inability to be affected by
increasing Da levels is consistent with a model where the ef-
fects of Da on other Sc variants are elicited by direct Da–Sc
interaction.

Enhancer of split proteins degrade Scute and Da

Since Sc exhibited dramatic post-translational modification
and stability changes when its interactor Da was present, we

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
teasome inhibition did not seem to increase the levels of Da variants (lower
panel). (D) Blots from S2 cell extracts transfected with Da and increasing
amounts of Sc or Sc[1–320]. Note that increasing Sc or Sc[1–320] did not
diminish the levels of Da; if anything, it caused a small upregulation. (E,F)
Cells transfected with Sc[1–320], Sc[1–320, m3p], Sc[m3p] and Sc[RQEQ]
in the absence or presence of His-Da were treated or not with MG132.
Note that proteasome inhibition stabilized solo Sc[m3p] and Sc[RQEQ],
but had no effect when Da is co-expressed (D). Sc[1–320] solo was barely
stabilized by MG132 treatment, but when Da was co-expressed MG132
stabilized Sc[1–320]. Finally, MG132 did not seem to increase the levels
of Sc[1–320, m3p], whether expressed alone or with Da. (G) Steady-state
levels of Sc, Sc[m3p] or Sc[1–320] with increasing amounts of Da vari-
ants. Sc[m3p] levels increased with increasing Da or Da�TADs. Sc[1–320]
levels dropped with increasing Da, but were not affected by Da�TADs.
For comparison, Sc levels were not significantly affected by either Da or
Da�TADs; if anything, a weak stabilization at low Da levels was observed.
Note that the � form is much more prominent for Sc than for Sc[1–320] and
is absent in Sc[m3p]. (H) Degradation kinetics of myc-Sc[m3p] transfected
alone or co-transfected with Da after protein synthesis inhibition by cyclo-
heximide. Co-transfected �-galactosidase (lacZ, a stable protein) was used
as a loading control. 0, 30,. . . , 180 refer to minutes after cycloheximide ad-
dition. 0a, 0b: 1/2 or 1/4, respectively, of input (0 min) for densitometry
calibration. One indicative blot and densitometry plot is shown for each
condition. The estimated half-lives are (number of repeats in parenthesis):
Sc[m3p] 75±4 min (n = 4), Sc[m3p]/Da 230±130 min (n = 2).
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examined the effects of co-expressing another interactor, an
E(spl) protein. We used myc-tagged versions of both sc and
E(spl)m7 in order to be able to simultaneously detect their
protein products, which separate well in SDS PAGE. When
we expressed myc-Sc together with myc-E(spl)m7 (which
we will shorten to ‘m7’ from here onward for simplicity) in
S2 Drosophila cells we observed that Sc protein is reduced
the more m7 we provide (Figure 4A). This was not due
to repression of the act5C promoter, as an act5C-mycGFP
construct did not show a similar response to myc-Sc (Fig-
ure 4B). We therefore conclude that m7 specifically induces
the degradation of Sc.

In order to gain insight into the mechanism of E(spl)m7-
mediated degradation of Scute, we co-expressed different
mutant forms of Scute and m7. Sc[RQEQ] and m7KNEQ
are basic domain mutants of Sc and m7 (74), which cannot
bind DNA. m7�W lacks the C-terminal Trp residue and
is unable to interact with the corepressor Groucho (43,75–
76). Sc[1–320], Sc[1–318]-AD1 and Sc[1–318]-LH have been
presented earlier in this paper. The expression levels of all
m7 variants were similar (Supplementary Figure S5A).

m7KNEQ was able to degrade Sc[RQEQ] (Figure 4C),
despite the inability of either protein to bind DNA, but
had no effect on GFP (Figure 4B). The phosphorylation
status of Scute was important for its degradation by m7,
as the mutants Sc[m3p] and [m5p] could not be degraded
by m7 (Figure 4C, Supplementary Figure S5B). When we
co-expressed Sc[RQEQ] with Da, m7KNEQ was able to
degrade both Sc[RQEQ] and Da (Figure 4D). However,
upon co-expression of Sc[m3p] with Da, m7 was able to de-
grade Da, but Sc[m3p] remained insusceptible to degrada-
tion (Figure 4D). We conclude that (i) m7 can promote Sc
degradation off DNA (based on the basic domain mutant
results) and regardless of the latter’s association with Da;
(ii) the SPTSS motif is needed for m7-induced degradation
of Sc and (iii) Da is also targeted for degradation by m7.

Unlike m7 and m7KNEQ, m7�W was unable to degrade
Sc (Figure 4E) or Da (Figure 4D), raising the possibility
that Gro might be necessary to increase Da/Sc turnover,
since the C-terminal Trp residue is necessary for Gro re-
cruitment. We performed co-immunoprecipitation experi-
ments to test the existence of a higher order Sc–m7–Gro
complex. We first showed that m7 can interact with the core-
pressor Gro off DNA (Supplementary Figure S5C)––m7
and m7KNEQ could co-immunoprecipitate Gro with the
same efficiency. As expected, m7�W or GFP were un-
able to interact with Groucho. Integrity of the Orange do-
main was dispensable for Gro interaction, although it was
needed for Da interaction (Supplementary Figure S5C and
(68))––conversely, the C-terminal W was not needed for
Da interaction (Supplementary Figure S5C). When Sc and
E(spl)m7 were co-expressed, immunoprecipitation of Sc ef-
fectively precipitated Gro, supporting the existence of a Sc–
m7–Gro complex (Figure 4F).

We examined the possibility that other E(spl) proteins
have the ability to degrade Sc. By overexpressing E(spl)m�
and m� we noticed that m� was also able to degrade Sc, but
m� had no obvious effect on the steady-state levels of Sc
(Supplementary Figure S5D). As m� , like m7, is capable of
interacting with Sc, whereas m� is not (45,75), this result is
consistent with the hypothesis that interaction between Sc

and an E(spl) protein is a prerequisite for the former’s desta-
bilization and probably occurs via recruitment of Gro onto
the Sc/E(spl) complex.

In support of this hypothesis, m7 displayed minimal
destabilization of Sc[1–320] (Supplementary Figure S5E),
which lacks the C-terminal Sc TAD, the major interaction
surface with m7 (45). We were able to restore degradation
of Sc[1–320] by m7 when we fused the AD1 domain of Da
in place of the Sc TAD (Supplementary Figure S5F and
G), since AD1 also strongly interacts with m7 via the lat-
ter’s Orange domain (68). Fusion of a non-interacting TAD,
the Da LH, did not restore Sc[1–320] degradation (Supple-
mentary Figure S5G). Collectively, our results indicate that
E(spl) proteins can induce Sc and Da turnover by associ-
ating with them and recruiting Groucho. Sc destabilization
requires the SPTSS motif, but is independent of DNA bind-
ing.

Da/Sc complex leads to degradation of E(spl)m7

Prompted by the fact that E(spl)m7 and m� promote Da/Sc
degradation we decided to ask whether the reciprocal is also
true by studying the effect of the Da/Sc complex on the
stability of E(spl)m7. m7 is a very short-lived protein to
start with (half-life 26±3 min, Figure 5A). It was further
degraded by increasing amounts of Sc (Figure 5B), Sc co-
expressed with Da, or even Da alone (Figure 5B and C).
Given the high instability of E(spl)m7, we decided to test
its ubiquitylation status and its response to proteasome in-
hibition. Both mono and poly/multi-ubiquitylated forms
of m7 were detected from cells that had not been exposed
to proteasome inhibitors (Supplementary Figure S6A); in
the same lysates SUMOylated species were also detected.
Surprisingly, despite the appearance of high MW ubiquity-
lated species, steady-state levels of m7 were not increased by
MG132 treatment of transfected cells, suggesting that m7 is
degraded via a proteasome-independent route (Supplemen-
tary Figure S6B). In addition, E(spl)m7 is subject to phos-
phorylation (Supplementary Figure S6C).

We used our different mutant proteins of Sc and m7 to
shed light on the parameters of m7 degradation by Sc. Sc
phosphorylation was not needed since Sc[m3p] was able to
degrade m7 (Figure 5D). DNA binding of m7 and Gro in-
teraction was not necessary, either, since both m7KNEQ
and m7�W were degraded by Sc (Figure 5E and F). In all
cases Da co-expression increased the degradation of m7 by
these Sc variants (Figure 5D–F, I, J). However, Sc[RQEQ]
and Sc[RQEQ]/Da were less efficient at degrading m7 (Fig-
ure 5G). Therefore, m7 degradation most likely takes place
on DNA. This explains the more efficient degradation by
Da/Sc versus Sc alone, as the latter binds DNA only weakly
using endogenous Da. Da homodimers can bind DNA con-
sistent with the activity of Da to degrade m7 by itself (Fig-
ure 5C).

Sc[1–320] was inefficient at m7 degradation, (Figure 5H),
but co-expression of Da with Sc[1–320] restored degrada-
tion to normal levels. We attribute this to the absence of the
Sc TAD, which is the main interaction surface between Sc
and m7; in the presence of Da a new interaction surface is
supplied in the form of the Da AD1 domain, which interacts
with the Orange domain of m7. Consistent with this, when
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Figure 4. Scute and Da degradation by E(spl)m7 is independent of DNA binding, but depends on m7–Gro interaction and the Sc SPTSS motif. (A–E)
Whole cell extracts from S2 cells co-transfected with expression constructs as indicated. In all panels N-terminally 3xmyc-tagged Sc or E(spl)m7 proteins
or His-tagged Da were detected. The amount loaded was adjusted according to the activity of luciferase (or �-galactosidase, for blot 4E) expressed from
control plasmids (Ract-luc or Ract-lacZ) transfected at the same time as the indicated plasmids (to measure transfection efficiency). In the anti-myc blots,
the upper band (arrowhead) is myc-Sc or myc-GFP and the lower (arrow) is myc-m7. (A) Increasing levels of m7 led to degradation of Sc. (B) The same
effect was not observed for GFP. (C) Increasing levels of m7KNEQ degraded Sc[RQEQ]; whereas increasing levels of m7 did not degrade Sc[m3p]. (D)
Increasing levels of m7KNEQ could degrade Da together with Sc[RQEQ]; whereas m7�W had impaired ability to do so. Also Sc[m3p] could not be
degraded by m7, even in the presence of Da, which was diminished by increasing levels of m7 (lower panel). Asterisk in A and D: half amount of the
adjacent sample is loaded for quantity validation. One hundred nanogram of Gro expressing plasmid was co-transfected in experiments 4E and 4D. (E)
myc-tagged proteins (Sc, Sc[1–320] and GFP, as indicated) were immunoprecipitated from S2 cells. Immunoprecipitation efficiency (a-Myc panel) and the
presence of coprecipitated HA-tagged m7 (a-HA panel) and endogenous Gro (a-Gro) were assayed. Input for the levels of endogenous Gro and the co-
transfected HA-m7 are shown in the two upper panels (In). HA-m7 interacts strongly with myc-Sc and weakly with myc-Sc[1–320]. We had shown earlier
that, although the major interaction domain for E(spl)m7 is the Sc C-terminal TAD, a weaker interaction exists with the Sc[1–260] fragment (45). In the
case of the strong complex formation (Sc–m7), Gro is also co-immunoprecipitated, showing the existence of a super-complex as it shown in the schematic.

the Orange domain mutant m7EQRQTKHQ was tested,
we saw normal degradation by Da/Sc (Sc can still interact
with the Orange-mutant m7 (68)), but diminished degrada-
tion by Da/Sc[1–320] (Supplementary Figure S6D and E),
since in the latter combination both Sc–m7 and Da–m7 in-
teractions have been compromised. These data support the
necessity for complex formation of Da/Sc/m7 for degrada-
tion of m7 to take place. Besides Da/Sc/m7 complex for-
mation, Da/Sc DNA binding seems to also be important
in this process. The requirements for proneural induced m7
degradation are collectively shown in the blots of Figure 5I
and J.

It is worth noting that the protein levels of Sc were con-
sistently lower in the Da versus no-Da samples (Figure 5B,
E, F, H), except in the case of Sc[m3p] and Sc[RQEQ] (Fig-
ure 5D and G). This suggests that high levels of E(spl)m7
somehow stimulate Sc degradation by the Da-dependent
mode; remember that in the absence of m7 co-expression
wt Sc steady-state levels were approximately the same with
or without Da (Figure 3G). This degradation mode needs
DNA binding and the SPTSS motif, accounting for the re-

fractoriness of Sc[RQEQ] and [m3p] (Figure 5D and G).
Integrity of the m7 Orange domain is needed for this stim-
ulation, since m7EQRQTKHQ was unable to stimulate Sc
degradation (Supplementary Figure S6D and E).

Another interesting observation is that when increasing
amounts of Sc were provided with constant amounts of Da
and m7 proteins, m7 levels dropped, but at the same time Da
levels increased (Figure 5B, D–H, J). Two possible explana-
tions for this phenomenon could be that either reduction
of m7 levels diminishes Da degradation or that increasing
amounts of Sc directly stabilize Da protein (as observed be-
fore, Figure 3D). Perhaps a combination of the two mecha-
nisms is true: Da levels are suppressed by m7 co-expression
(in the no-Sc samples), but increasing Sc protects Da from
degradation while simultaneously reducing m7 levels, thus
further favoring Da accumulation.

Levels and activity of Sc are modulated post-translationally
also in vivo

We wondered whether the post-translational regulation of
Sc stability by Da and E(spl) could also be observed in
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Figure 5. Degradation of E(spl)m7 is enhanced by Scute and Da proteins. (A) Degradation kinetics of transfected myc-m7 after protein synthesis inhibition
by cycloheximide. 0, 20,. . . , 120 refer to minutes after cycloheximide addition. 0a, 0b: 1/2 or 1/4, respectively, of input (0 min) for densitometry calibration.
Myc-tagged protein levels were estimated by densitometry and normalized against endogenous Gro. Graph shows the estimated protein levels at each
time-point and the half-life of myc-m7. The experiment was repeated three times; only one is shown for clarity. The estimated half-life was 26±2 min.
B-J: Whole cell extracts from S2 cells transfected with expression constructs as indicated. The amount loaded was adjusted according to the activity of
luciferase (or �-galactosidase, for blot 5C) expressed from control plasmids transfected at the same time as the indicated plasmids (to control for variability
in transfection efficiency). In the anti-myc blots, the upper band (arrowhead) is myc-Sc and the lower (arrow) is myc-m7. (B) Increasing Sc expression
reduces m7 levels, especially upon Da co-expression. (C) Da alone can reduce m7 levels. Note that it also causes the accumulation of a high MW form
of m7. Although m7 is monoubiquitylated (see Supplementary Figure S6A), the monoubiquitylated form did not increase upon Da co-expression (data
not shown). (D) The Sc SPTSS motif is dispensable for m7 degradation. (E) m7 DNA binding or (F) Gro binding are dispensable for its degradation.
(G) Sc DNA binding is needed for m7 degradation. (H) The Sc TAD is dispensable for m7 degradation. (I,J) Side-by-side comparison of m7 degradation
promoted by different Sc variants. Sc[RQEQ] is the least active. Sc[1–320] is also less active than wt Sc, especially in the absence of co-expressed Da; this
may be due to inability to get recruited onto m7.

fly tissues. For this reason we generated flies bearing UAS-
driven transgenes of myc-sc, myc-sc[1–320], myc-sc[RQEQ],
myc-sc[m3p] and myc-sc[m5p]. Using three different Gal4
drivers (pnr-Gal4, ap-Gal4, act>CD2>Gal4), we analyzed
the protein levels as well as the transcriptional activity of
these variants, by assaying their ability to promote neuro-
genesis and to activate lacZ reporters.

In flies carrying the EE4-lacZ reporter, which consists of
a simple tandem array of Da/Sc-binding EA-boxes (26,44),
we co-expressed UAS-myc-Sc and UAS-GFP in random
clones of cells in wing imaginal disks under the control of
the uniform actin5C promoter (act>CD2>Gal4 driver). We
noticed that, unlike GFP, Sc did not accumulate to uni-
form levels inside the clones. Nor was the EE4-lacZ re-

porter uniformly activated. In addition to cells where Sc
protein was detectable (revealed by myc staining) and tran-
scriptionally active (lacZ staining) (Supplementary Figure
S7A and B, area 1), we could find cells in which Sc was
active, but barely detectable (area 3) and cells in which Sc
was highly expressed but was not transcriptionally active
(area 2). These results showed that Sc levels and activity
are dynamically modulated in vivo, consistent with the com-
plex post-translational regulation of Sc documented in S2
cells. To address whether E(spl) proteins may participate in
this post-translational modulation of Sc levels we counter-
stained such act-FLPout clones with mAb323, which rec-
ognizes endogenous E(spl) proteins. E(spl) were ectopically
induced in Sc overexpressing clones (Supplementary Figure
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Figure 6. Differential activity and stability of Sc variants in vivo. (A-D) All
panels show wing disks carrying one copy of the EE4-lacZ reporter and
overexpressing the indicated myc-tagged Sc variants in the pnr domain
(pnrGal4 driver). Immunostaining: Sc (anti-myc, red), �-galactosidase
(anti-�-gal, green) and Sens, a SOP marker, (anti-Sens, blue). Note that
Sc[m3p] and Sc[1–320] produced a higher number of SOPs than wt Sc.
The transgenic lines used for Sc[1–320] (line 48a) and Sc[m3p] (line 7b)
cause pupal/pharate lethality, whereas expression of UAS-myc-sc (line 2)
or UAS-myc-sc[RQEQ] (line 13a) do not affect viability. (E) (Same blot
as Figure 1B with a longer exposure added.) Western blot containing ex-
tracts from Sc-transfected S2 cells or Sc expressing wing disks (ap-Gal4;
UAS-GFP UAS-myc-sc), as indicated. The transgenic lines used are listed
next to the blot. UAS-GFP was co-expressed in all wing disk samples and is
detected for quantitative comparison. Sc[RQEQ], Sc[1–320] and Sc[m3p]
accumulated to higher levels than Sc (wt). Note that the Da-dependent
modifications of Sc (the �/�’ bands) were very pronounced in wing disks,
suggesting that Da is expressed in relatively high endogenous levels in this
tissue. Upon halving the dose of da+ (last lane), we noticed that the � band
was enhanced while �/�’ were reduced.

S7C and D), as expected by the fact that Sc/Da transcrip-
tionally induces E(spl) expression. However on a nucleus-
by-nucleus basis, the levels of Sc accumulation were in-
versely correlated with the levels of E(spl) accumulation.
This is consistent with a mechanism of mutual destabiliza-
tion that we documented for these proteins.

Overexpression of myc-sc using the dorsal body specific
pnr-Gal4 driver resulted in flies with greatly increased num-
ber of sensory bristles (Figure 7C), indicating enhanced
neurogenesis; the same phenotype had been shown earlier

Figure 7. Phosphorylation of Sc in vivo modulates its susceptibility to
E(spl) m7 repression. (A, C, E, G, I) Thoraces from pnr-Gal4 flies over-
expressing the indicated Sc variants. The pnr expression domain is boxed
in panel A. Note the production of ectopic bristles by all Sc variants, ex-
cept Sc[RQEQ], where mild bristle loss is seen (I). C (UAS-myc-sc8) and
E (UAS-myc-sc[m3p]7b) are pharate escapers. G (UAS-myc-sc[1–320]9d)
is the only viable line with pnr-Gal4 and I (UAS-myc-sc[RQEQ]13a) is vi-
able, as are all Sc[RQEQ] lines. (B, D, F, H, J) Thoraces from pnr-Gal4 flies
overexpressing the indicated Sc variants along with E(spl)m7. m7 strongly
inhibits ectopic bristle production, with the exception of panel F, where
a large number of bristles persist. (K) pnr-Gal4; UAS-m7. UAS-myc-sc[1–
320]64b; line 64b never gives pharate escapers when expressed alone (with-
out m7) and produces many more SOPs in larvae than line 9d (G). Still it
is more effectively suppressed by UAS-m7 than Sc[m3p] (F). (L) pnr-Gal4;
UAS-m7. UAS-myc-sc[m5p]73a; line 73a never gives pharate escapers when
expressed alone (without m7) but is less susceptible than the equally invi-
able Sc[1–320]64b to m7 overexpression. (M) myc-tagged proteins (as indi-
cated) were expressed and immunoprecipitated from S2 cells. Immunopre-
cipitation efficiency (Myc, lower panel) and the presence of coprecipitated
HA-tagged m7 (HA, middle panel) were assayed. Upper panel shows the
levels of the HA-m7 in the cell extracts (input). All Sc variants interact
with HA-m7. GFP, the negative control and Da�TADs (lacks the AD1
and LH domains) do not immunoprecipitate HA-m7.

for untagged UAS-sc transgenes (44) and shows that the
myc tag did not adversely affect Sc protein function. Two
out of 5 UAS-myc-sc lines showed a severe effect, resulting
in pupal/pharate lethality. Lethality was more pronounced
upon expression of myc-Sc[m3p] (9/9 lines), myc-Sc[m5p]
(16/16 lines) or Sc[1–320] (11/12 lines). Few rare escapers
showed strong induction of neurogenesis (indicative pheno-
types shown in Figure 7). To bypass the problem of pu-
pal lethality we scored neurogenesis in late larvae using
the SOP marker Sens. Sc[m3p] and Sc[1–320] produced a
higher number of SOPs than wt Sc (Figure 6A–D). De-
tection of the myc-Sc protein itself in these genetic back-
grounds showed that all Sc[m3p], Sc[1–320] and Sc[RQEQ]
accumulate to much higher levels than wt Sc (Figure 6A–
D). Sc[RQEQ] was unable to induce ectopic SOPs, consis-
tent with its inability to bind DNA. Despite their increased
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proneural activity and increased levels, Sc[m3p], and Sc[1–
320] were less active on the EE4-lacZ reporter compared
to wt Sc. This is an indication that different conserved do-
mains of Sc may play distinct roles in different target en-
hancers. We confirmed the differential stability of Sc vari-
ants by western blot analysis of wing disk lysates from lar-
vae bearing the UAS transgenes together with an apGal4
driver and UAS-GFP (Figure 6E). We lysed approximately
equal numbers of disks and we used GFP as a loading con-
trol. All three variants, Sc[RQEQ], Sc[m3p] and Sc[1–320],
were more stable than Sc (wt), as expected from the im-
munofluorescence results.

We wondered how the stabilized Sc variants, [m3p],
[m5p] and [1–320], would behave upon co-expression
with E(spl)m7. Our earlier work had established that co-
expression of UAS-m7––which on its own deletes all sen-
sory bristles, resulting in a bald thorax––is epistatic to UAS-
sc (44). We had attributed this to m7/Gro- mediated repres-
sion of SOP promoting genes. When m7 was co-expressed
with the stabilized Sc variants, an interesting dichotomy
was observed. Whereas m7 strongly suppressed the proneu-
ral activity of Sc[1–320], it was impressively less effective
on Sc[m3p] and Sc[m5p], where a large number of bristles
persisted despite m7 expression (Figure 7A–H, K, L). The
diminished susceptibility of Sc[m3p] and Sc[m5p] to inhi-
bition by m7 is unlikely to be caused by their inability to
interact with m7, since the Sc–m7 interaction domain has
been mapped to the C-terminal TAD of Sc and, consis-
tently, Sc[m5p] coIPed m7 more efficiently than Sc[1–320]
(Figure 7M). A more likely explanation is that the phospho-
mutants, unlike Sc (wt) and Sc[1–320], have diminished abil-
ity to be degraded by m7 (Figure 4D), whereas they them-
selves robustly degrade m7 (Figure 5D). This probably en-
sures that there is residual Sc phosphomutant protein to ac-
tivate neurogenesis even in the presence of high levels of m7.

DISCUSSION

By generating a large collection of variants, we studied the
structural basis of the stability of Sc and E(spl)m7, which
together with Da constitute a group of intimately intercon-
nected bHLH proteins that regulate neural differentiation.
Our major findings were the following: (i) TADs act as de-
grons, but they do so in a highly context-dependent man-
ner; (ii) A conserved phosphorylation motif of Sc is cru-
cial for its stability and influences its in vivo activity and (iii)
Sc and E(spl)m7 mutually promote their turnover. We also
found that Da binding induces post-translational modifica-
tions on both Sc and E(spl)m7, seen as retarded bands, but
their significance and nature remain unclear.

TADs act as degrons

Sc and Da have extremely different half-lives. Sc is very un-
stable, with a half-life of <1 h (in S2 cells), whereas the Da
half-life is >4 h. Sc contains a C-terminal TAD, whereas Da
contains two TADs, the N-terminal AD1 and the central
LH (45,68). Within their protein backbones, only Sc TAD
behaved as a degron, since its deletion greatly prolonged Sc
half-life, something that was also seen in fly tissues. In con-
trast, AD1 and LH appeared to have no degron activity on

Da. An unexpected finding was that Da AD1 behaved as a
trans-degron for Sc in the Da/Sc complex. To our knowl-
edge, the only other instance of a TAD acting as a trans-
degron is TAD2 of the Mastermind-like (Maml) protein.
Upon binding to chromatin in a complex with CBF1 and
Nicd, the intracellular fragment of Notch, TAD2 promotes
the phosphorylation and turnover of Nicd (77). The fact
that Da AD1 was capable of increasing Sc turnover when
transferred onto a TAD-less (stabilized) Sc (i.e. acted as a
cis-degron) suggests that AD1 can promote degradation of
a nearby ‘susceptible’ substrate. Apparently the Da protein
does not have such a ‘susceptible’ site or has ‘stabilons’ (e.g.
motifs that recruit deubiquitylases), which antagonize the
action of degrons (reviewed in (78)). Unlike AD1, LH never
behaved as a degron in any of the contexts tested.

In some transcriptional activators, TAD-dependent
degradation has been shown to enhance their transcrip-
tional activity ((60,79) reviewed in (64)). In the case of yeast
Gal4, its turnover has been shown to enhance RNAPolII
CTD phosphorylation and consequent transcript matura-
tion by a yet undefined mechanism (80). In the case of Sc,
we have earlier shown that its TAD is not necessary for
transactivation of target genes, since the C-terminal trunca-
tions Sc[1–260], [1–290] and [1–320] all can activate target
genes and are potent inducers of bristles when expressed in
Drosophila tissues (68). This proneural activity of truncated
(as well as full length) Sc proteins is absolutely dependent on
the Da TADs (68). Since Da AD1 is a major degron for the
Da/Sc complex, the Da/Sc activator could be envisaged as
belonging to the class of activators that have to be turned
over in order to achieve high levels of transcription. Two
pieces of data seem to disfavor this categorization: (i) Sc or
TAD-less truncated versions can promote peripheral neu-
rogenesis in the presence of Da�AD1, which contains only
the LH TAD, which did not appear to be a degron in our as-
says. (ii) Sc phosphomutants [m3p] and [m5p] are extremely
stable in the presence of Da (containing the AD1) and, de-
spite their stability, they strongly activate target genes and
sensory organ generation. Therefore, at least as far as Da/Sc
is concerned, its turnover does not seem to be necessary for
achieving high levels of transcription. Note, however, that
the stabilized variants Sc[m3p] and [m5p] were less active
on the EE4 artificial enhancer (Figure 6), so the possibility
remains that in some enhancer contexts activator turnover
is favorable for Da/Sc induced transcription.

Upon closer comparison, we note that one of the proto-
typical degradation-dependent activators, yeast Gcn4 (79),
behaves in a highly similar manner to Sc. wt Gcn4 requires
proteasome activity (and consequent degradation) for tar-
get gene activation (its activity is inhibited by MG132). In
contrast, a phosphomutant of all S/TP sites (Gcn4–3T2S)
that is resistant to phosphorylation by Pho85 (Cdk5) and
Srb10 (Cdk8) (81) is capable of activating target genes and
is even resistant to the inhibitory effect of MG132 (79).
This is consistent with a model whereby Gcn4 phospho-
rylation reduces activator potency and simultaneously re-
cruits a ubiquitin ligase to remove this ‘spent’ activator and
replace it with an active unphosphorylated one. When the
proteasome is inhibited, inactive phosphorylated Gcn4 ac-
cumulates, which decreases target gene expression. Sc[m3p],
like Gcn4–3T2S, could retain activity by virtue of not be-
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ing able to be marked as ‘spent’. Unlike Gcn4, mammalian
Smad1 and Smad3 need phosphorylation by Cdk8 and
Cdk9 in order to stimulate their transcriptional activity.
This is achieved by recognition of p-SP sites in their linker
regions by coactivators Yap and Pin1 (82–84). Smad degra-
dation ensues, because p-SP linker motifs prime subsequent
GSK3 phosphorylation and the multiply phosphorylated
Smads are recognized by Nedd4-family ubiquitin ligases
(85). In this case activation and degradation are temporally
ordered and degradation simply serves to terminate the ac-
tivation response. The distinguishing feature between the
Gcn4 and Smad mechanisms of activation-coupled degra-
dation seems to be whether the kinases that trigger degra-
dation play a positive or negative role in transcription. Fur-
ther work in characterizing Sc kinases will allow a genetic
approach to this question.

Sc stability and activity depends on a conserved phosphoryla-
tion motif

S/TP motifs are often kinase targets, especially for MAPKs
and Cdks. Phosphorylation of such motifs on transcrip-
tional activators is often followed by ubiquitylation and
degradation, as described above for Gcn4, Smad1 and
Smad3. In vertebrates phosphorylation of S/TP motifs
has been described for proneural proteins, such as Ascl1,
Ngn2, Xath5, XNeuroD (50–52,86–87). We showed that
268-SPTSS of Sc is its major phosphorylation site, whereas
minor phospho-species depend on 217-SPLQQ. An SPxxS
motif is highly conserved in Sc homologues across species
(data not shown). For example, mammalian Ascl1 contains
three such motifs in a similar location, between the bHLH
domain and the C-terminal acidic TAD (185-SPTIS, 189-
SPNYS and 202-SPVSS; mouse numbering). Mutating the
Drosophila Sc SPTSS motif to APAAS greatly reduced Sc
phosphorylation, although the additional mutation of S217
to alanine was needed to completely eliminate phosphoryla-
tion, at least as detected by mobility shift upon treatment by
�-phosphatase. This suggests that the remaining five S/TP
motifs, or indeed numerous other S/T residues, in Sc are not
heavily phosphorylated in S2 cells. Importantly, the non-
phosphorylatable [m3p] and [m5p] mutants were defective
in proteasome-dependent turnover when co-expressed with
Da, displaying a half-life of >3 h, compared to ∼40 min
for wt Sc. Although a different degradation mechanism pre-
dominated when Sc was expressed alone, the phosphomu-
tants had a significantly increased half-life (∼75 min) even
under this condition. In yet a third context, that of degrada-
tion of Sc by high levels of E(spl)m7, the SPTSS motif was
also necessary (see Figure 8 for a summary of the differ-
ent modes of Sc degradation). Phosphorylation-dependent
destabilization of Sc is important for its function, since the
phosphomutants displayed a reduced response to inhibition
by E(spl)m7 (Figure 7; see the next section).

In our preliminary analysis using kinase inhibitors, we
were unable to eliminate the major SPTSS-dependent Sc
phospho-species (band �). With the reservations inher-
ent to inhibitor studies, it appears that neither Cdk8 nor
Sgg/GSK3 is the kinase responsible, although the SPTSS
motif conforms to a consensus site for both. Instead, Sgg
inhibition by LiCl eliminated the same minor phospho-

Figure 8. Summary of the main features of Sc and E(spl)m7 degrada-
tion. In the absence of E(spl)m7 (black font) Sc can be degraded by two
proteasome-dependent mechanisms, one that predominates in the presence
of Da (the on-DNA mechanism) and the other that predominates in the ab-
sence of Da (the off-DNA mechanism). In the off-DNA mode the most im-
portant degron is the C-terminal TAD of Sc. In the on-DNA mechanism,
the SPTSS motif becomes more important. Also of great importance is the
Da AD1 motif, which acts as a trans-degron for Sc, as Da itself is spared
from degradation. In the presence of E(spl)m7 (green font), degradation
can take place either on or off DNA and requires the recruitment of Gro
onto the Sc–(Da)–m7 complex. The SPTSS motif is also important. In this
instance, Da is also degraded. Reciprocally Da/Sc stimulate the turnover
of E(spl)m7, which happens on DNA, as it needs the Sc basic domain. Be-
sides the Sc basic domain, only the ability of Da/Sc to recruit E(spl)m7
is needed for m7 degradation, which takes place via a non-proteasomal
pathway.

species as those eliminated by the S217A mutation (�’,
�’ bands, Figure S2A-B). S217 lies within a motif 213-
TISVSPLQQQQ. It could therefore conceivably act as a
priming phospho-Ser for the subsequent Sgg phosphory-
lation of T213 (GSK3 consensus site is SxxxpS, where pS
is a priming phospho-serine). We speculate that, like mam-
malian Ascl1 and Ngn2, the most likely kinase for the
SPTSS motif is Cdk1 and/or Cdk2; alternatively the SPTSS
motif may be phosphorylated by a combination of kinases
(e.g. Cdk8 or Sgg) or by another Cdk or MAPK. The dif-
ference between Sc and murine Ascl1 is that for the latter all
six SP motifs had to be converted to AP in order to elimi-
nate phosphorylation (50), whereas in Sc the remaining five
S/TP motifs seem to play a minor role, if any. Another dif-
ference is that mammalian S>A mutants (all SP sites) of
both Ngn2 and Ascl1 showed only moderately increased
stability (∼2-fold) (50,51), whereas the Sc phosphomutants
were dramatically stabilized both in S2 cells (at least in the
presence of Da) and in imaginal disks.
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Multiple mechanisms of neural bHLH protein turnover

Sc carries two major destabilizing motifs, its TAD (aa 321–
345) and the SPTSS motif (aa 268–272). Interestingly, the
former is more important when Sc is expressed in excess
of Da, whereas the latter predominates when Sc is com-
plexed with Da, although both play a role in both con-
texts. The Da/Sc complex is known to bind DNA much
better than Sc homodimers, which may not bind at all. In
the Da-dependent degradation mode the integrity of the Sc
basic domain is important (Sc[RQEQ] is much more sta-
ble than wt), suggesting that Sc degradation takes place on
chromatin. We presume that when Sc is present in excess of
Da, its degradation takes place off chromatin. A major find-
ing of this work was that in the on-chromatin mechanism
(Da/Sc complex) Da AD1 acts in trans to destabilize Sc; it
seems to act as a composite phosphodegron, as it absolutely
requires the Sc SPTSS motif. In the same context, AD1 does
not destabilize Da. In fact, providing increasing amounts
of Sc seems to stabilize Da, which is already a very stable
protein. Although we have not addressed the mechanism of
this effect, we speculate that it may be due to the displace-
ment of a negative cofactor from Da upon Da/Sc dimer-
ization. This could be the Id-homologue of Drosophila, Ex-
tramacrochaetae (Emc), a ubiquitously expressed protein.
Indeed in emc− tissues (mosaics) Da is massively upregu-
lated (38). Although this was attributed to transcriptional
effects, additional post-translational effects have not been
ruled out. Interactions among E47 (Da homologue), Ascl1
and Id1 can affect their stability in mammalian cells (88),
although this study did not address the role of TADs or SP
motifs.

Another major finding of our work was the mutual desta-
bilization of Sc/Da and E(spl) proteins. Both of these
destabilizations require Da/Sc/E(spl) complex formation,
as they get progressively weaker when interaction domains
are compromised. Whereas m7 degradation by Sc seems to
happen on chromatin (it requires the Sc basic domain, but
not the m7 basic domain), Sc degradation by m7 can hap-
pen also off DNA, since neither of the basic domains is
required. Interestingly, Sc degradation in this context re-
quires the Gro co-repressor, which is recruited onto the
Da/Sc complex by m7. This suggests a novel function
for this multifunctional corepressor, which is not necessar-
ily carried out on chromatin. This function may be con-
served, since the WRPW peptide, the Gro interaction mo-
tif found at the C-terminus of all E(spl) homologues, acts
as a proteasome-dependent degradation signal in the case
of mammalian Hes6 (89). The reciprocal degradation of
E(spl)m7 by Da/Sc only requires DNA binding and m7-
Da/Sc complex formation. Gro and the Sc SPTSS motif are
dispensable in this case. Interestingly m7 degradation does
not seem to be mediated by the proteasome, as it is not in-
hibited by MG132. Sc degradation, on the other hand, is
proteasome dependent in all cases (high or low Da; high or
low E(spl)). Figure 8 summarizes the major requirements
for each case of bHLH protein turnover.

E(spl)/Hes genes are often induced by Notch signaling
(51,57–59,87) and their products are known antagonists of
proneural activators in many contexts, such as the fly and
mammalian neuroectoderm, fly retina, mammalian pan-

creas and fly intestine, to name a few (35,40,44,49,59,90–
93). In many of these tissues E(spl)/Hes and proneural ex-
pression are complementary (e.g. 59,91,94–95). Ever since
the discovery of the Hes/ E(spl) proteins, the reigning
paradigm to explain the Notch/Hes-proneural antagonism
has been the repression of proneural gene expression by
Hes/E(spl). Here we show that a post-translational com-
ponent also exists (Supplementary Figure S7D), based on
their mutual degradation. Our results might also explain
the observation that Hes1 can downregulate Ngn3 post-
translationally in the mammalian pancreas (59). In that
context, the Gro-interacting C-terminus of Hes1 was re-
quired, reminiscent of the destabilization of Sc by E(spl)m7.
However, it was not addressed whether interaction between
Hes1 and Ngn3 was responsible for the latter’s degradation
or whether a transcriptional target of Hes1 was involved.

Our results propose a novel role for Notch, namely the in-
duction of Hes/E(spl) proteins as degradation adaptors for
proneural proteins. In early Xenopus embryos, overexpres-
sion of either Ascl1 or Ngn2 induces ectopic neurogenesis
and this effect is inhibited by co-expression of active Notch
(50–52). Although in this system it was not tested whether
Hes proteins recapitulate the effect of Notch, Ascl1 or Ngn2
mutants that eliminate all putative SP phosphorylation sites
were less susceptible to inhibition by Notch, reminiscent of
the decreased response of Sc[m3p] and [m5p] to E(spl)m7
(Figure 7). It is therefore conceivable that SP motif phos-
phorylation may play a conserved role to sensitize proneu-
ral proteins to inhibition by their Hes antagonists. It is pos-
sible that, similarly to the Smads (85), Sc is kept unstable
during recruitment to its target genes by phosphorylation
by a transcription-coupled kinase, such that it is poised to
respond rapidly to inhibitory signals, like E(spl) proteins.

The present work has shed light to some new mechanisms
of bHLH interactions, but also poses many questions for fu-
ture research, such as: Which enzymes mediate phosphory-
lation and degradation of Sc? What is the role of ubiquity-
lation and SUMOylation of E(spl)m7? Which enzymes are
involved in the reciprocal degradations of m7 and Da/Sc?
Extrapolation of the present work to mammalian systems
should reveal whether similar mechanisms regulate the ac-
tivity of the Sc orthologue Ascl1, a pioneer factor in cellu-
lar reprogramming toward the neural fate. Our study recon-
firms that life has devised a plethora of interlinked mecha-
nisms to safeguard its existence.
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