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Cell-cell interactions mediated by the Notch receptor play
an essential role in the development of the Drosophila adult
peripheral nervous system (PNS). Transcriptional
activation of multiple genes of the Enhancer of split
Complex [E(spl)-C] is a key intracellular response to Notch
receptor activity. Here we report that most E(spl)-C genes
contain a novel sequence motif, the K box (TGTGAT), in
their 3′ untranslated regions (3′ UTRs). We present three
lines of evidence that demonstrate the importance of this
element in the post-transcriptional regulation of E(spl)-C
genes. First, K box sequences are specifically conserved in
the orthologs of two structurally distinct E(spl)-C genes
(m4 and m8) from a distantly related Drosophila species.
Second, the wild-type m8 3′ UTR strongly reduces
accumulation of heterologous transcripts in vivo, an

activity that requires its K box sequences. Finally, m8
genomic DNA transgenes lacking these motifs cause mild
gain-of-function PNS defects and can partially phenocopy
the genetic interaction of E(spl)D with Notchspl. Although
E(spl)-C genes are expressed in temporally and spatially
specific patterns, we find that K box-mediated regulation is
ubiquitous, implying that other targets of this activity may
exist. In support of this, we present sequence analyses that
implicate genes of the iroquois Complex (Iro-C) and
engrailed as additional targets of K box-mediated
regulation.

Key words: Neurogenesis, Sensory organ development, 3′
untranslated region, RNA stability, Post-transcriptional regulation,
CAAC motif
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INTRODUCTION

The fruit fly Drosophila melanogasteris covered with a regular
and stereotyped array of external mechanosensory org
which constitute the majority of its peripheral nervous syste
(PNS). The determination and differentiation of these sens
organs takes place during late larval and early pup
development (Hartenstein and Posakony, 1989; Huang et 
1991; Usui and Kimura, 1993), in a process that has been w
characterized both genetically and molecularly. Briefly, th
spatially patterned activity of the basic helix-loop-heli
(bHLH) transcriptional activators achaete (ac) and scute (
define ‘proneural clusters,’ or groups of cells that a
competent to adopt a sensory organ precursor (SOP) 
(Cabrera and Alonso, 1991; Cubas et al., 1991; Skeath 
Carroll, 1991; Van Doren et al., 1992). Then, inhibitory cel
cell interactions requiring the function of the neurogenic gen
restrict the SOP fate to a single cell in each proneural clus
(Dietrich and Campos-Ortega, 1984; Hartenstein a
Posakony, 1990; Parks and Muskavitch, 1993; Schweisg
and Posakony, 1992; Tata and Hartley, 1995). This ‘late
inhibition’ process is mediated largely by signaling through th
Notch receptor. Notch signaling is further required for the c
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fate asymmetry of each of the three cell divisions of the SO
lineage, which yield the four distinct component cells of a
mechanosensory organ (Hartenstein and Posakony, 199
Posakony, 1994).

Recently (Lai and Posakony, 1998; Leviten et al., 1997), w
described the Brd box and the GY box, sequence motifs locat
in the 3′ UTRs of many genes functioning or implicated in
Notch signaling, including Bearded (Brd) (Leviten and
Posakony, 1996) and multiple genes of the Enhancer of split
complex [E(spl)-C]. The E(spl)-C encodes seven bHLH
repressor proteins, which function as effectors of the later
inhibitory signal (Klämbt et al., 1989; Schrons et al., 1992)
This complex also includes a gene, m4, the protein product of
which is novel but related to the protein encoded by Brd
(Leviten et al., 1997). Another member of the E(spl)-C is
groucho(gro), which encodes a ubiquitously expressed nuclea
protein that functions as a transcriptional co-repressor fo
bHLH and other DNA-binding repressor proteins (Fisher an
Caudy, 1998). Several E(spl)-C genes, including m4, are
known to be directly activated in proneural clusters by th
transcription factor Suppressor of Hairless in response to Not
receptor activity (Bailey and Posakony, 1995; Furukawa et a
1995; Lecourtois and Schweisguth, 1995). Brd is likewise
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expressed specifically in proneural clusters, under ac/sc con
(Bailey and Posakony, 1995; Leviten et al., 1997; Singson
al., 1994). Moreover, gain-of-function alleles of Brd confer a
bristle ‘tufting’ phenotype indistinguishable from tha
produced by loss-of-function mutations in genes of the No
pathway (Leviten and Posakony, 1996), suggesting that Brd has
a normal role in lateral inhibition. The Brd box motif share
by these genes negatively regulates protein and transc
levels, and mutation of Brd and GY boxes in a Brd transgene
renders it hyperactive and capable of interfering with norm
PNS development (Lai and Posakony, 1997). Thus, the Brd 
appears to have an important function in controlling t
activities of two families of genes involved in Notch signalin

Here we report the identification of a novel hexamer mo
the K box (TGTGAT), that is present in the 3′ UTRs of seven
of the nine genes of the E(spl)-C. We also describe 
additional sequence, the CAAC motif, which is close
associated with Brd, GY and K boxes in these 3′ UTRs.
Consistent with previous observations suggesting that 
E(spl)m8 3′ UTR is associated with negative regulatory activi
(Kramatschek and Campos-Ortega, 1994), we find usin
heterologous reporter gene assay that the m8 3′ UTR mediates
a spatially and temporally general form of negative regulatio
This activity is largely mediated by K boxes, which a
principally at the level of transcript accumulation. Usin
genomic E(spl)m8 transgenes, we show that loss of K bo
mediated regulation interferes with normal PNS developme
In particular, m8 transgenes lacking these motifs confe
characteristic gain-of-function phenotypes and also exh
genetic interactions with Hairless (H) and the split allele of
Notch. Finally, we present sequence analyses that stron
suggest that engrailedand genes of the iroquoisComplex (Iro-
C) are additional targets of K box-mediated regulation.

MATERIALS AND METHODS

Drosophila stocks
w1118; P[w+, arm-lacZ-SV40 t]transgenic fly lines are described in
Lai and Posakony (1997). E(spl)D is described in Lindsley and Zimm
(1992), as are HE31/TM6B and y w Nspl, utilized herein for genetic
interaction studies involving E(spl)m8genomic DNA transgenes.

Molecular biology
General molecular biology techniques were performed as descr
(Ausubel et al., 1987). Preparation of RNA and protein extracts, 
probing and quantitation of northern and western blots, w
performed as described in Lai and Posakony (1997). The probe
detection of E(spl)m8transcripts (Fig. 8) was a 1.05 kb BglII fragment
that includes nearly all of the m8 transcription unit.

Plasmid construction
Mutant E(spl)m8 3′ UTRs
A 0.95 kb EcoRV-ClaI subclone containing the C-terminal region o
E(spl)m8, its entire 3′ UTR and approximately 300 bp of downstream
genomic DNA sequence was used as a template for site-dire
mutagenesis. Primers (sequences available upon request) were
to generate the following mutant E(spl)m8 3′ UTRs, with novel
diagnostic restriction sites introduced as indicated: m8 K/CAAC del
(deletes all nucleotides between and including CAAC #1 and CA
#5; nt 695-736 of the transcription unit); m8 K1K2 mut(changes K
#1 from tcTGTGATag to tcCTCGAGag [XhoI] and K #2 from
acTGTGATgg to acCCCGGGgg [SmaI]; and m8 5x CAAC mut
trol
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(changes CAAC #1-3 from acCAACCAACAACgc to
acCACTTAAGTACgc [AflII], CAAC #4 from ccCAACtg to
ccGTACtg, and CAAC #5 from tggCAACaa to tggCCAGaa [MscI]).
The specificity of all mutations was confirmed by sequencing.

arm-lacZ-m8 3′ UTR constructs
E(spl)m83′ UTRs were excised from the wild-type and three mutan
constructs as NarI-BglII fragments, which contain the last 9 nt of the
m8 coding region, the entire 3′ UTR and approximately 150 bp
downstream of the polyadenylation signal. These fragments we
filled in with Klenow polymerase and cloned into the HincII-EcoRV
sites of pBluescriptwith the proximal region closer to the KpnI site
in the polylinker. These 3′ UTRs were then cloned into pCaSpeR-ac-
lacZ (Lai and Posakony, 1997) as KpnI-EcoRI fragments. The ac
promoter was then replaced by the 1.8 kb armpromoter to create arm-
lacZ-m8 wt, arm-lacZ-m8 K/CAAC del, arm-lacZ-m8 K1K2 mutand
arm-lacZ-m8 5x CAAC mut.

E(spl)m8 genomic DNA constructs
A 2.6 kb EcoRI-ClaI wild-type E(spl)m8genomic DNA fragment was
subcloned from a larger genomic fragment described by Knust et 
(1987). The 0.95 kb EcoRV-ClaI mutant 3′ UTR fragments replaced
the corresponding wild-type fragment in the 2.6 kb subclone to crea
m8 2.6 K/CAACand m8 2.6 K1K2 mut. The wild-type and mutant
E(spl)m8genomic DNAs were then cloned into CaSpeR-K (Margolis
et al., 1995) as KpnI-XbaI fragments to yield m8 wild-type, m8
K/CAAC deland m8 K1K2 mutP-element-transformation constructs.

Germline transformation
The P-element-transformation constructs described above we
coinjected with a ∆2-3 helper plasmid into the recipient strain w1118

(Rubin and Spradling, 1982). For each construct, 7-16 independe
homozygous transgenic lines were analyzed.

β-galactosidase activity staining
Imaginal discs and other organs were dissected from late third-ins
larvae and stained for β-galactosidase activity as described (Roman
et al., 1989). Preparations were dehydrated in an ethanol series 
mounted in Epon.

DNA sequence searches
Initial searches for sequence elements among E(spl)-C 3′ UTR
sequences were carried out with the CONSENSUS program [(He
et al., 1990); Versions 4a of CONSENSUS and 3d o
WCONSENSUS: G. Hertz, personal communication], which
systematically – using a matrix consensus representation a
information content analysis – scans a set of sequences for oligom
common to them.

RESULTS

Two new classes of 3 ′ UTR sequence motifs in
genes of the E(spl)-C and Brd
Recently, we reported the identification of two novel classes 
sequence motifs in the 3′ UTRs of Brd and most genes of the
E(spl)-C, the Brd box (AGCTTTA ) and the GY box
(GTCTTCC ) (Lai and Posakony, 1998; Leviten et al., 1997)
Our investigation of the in vivo function of these elements ha
also been reported recently (Lai and Posakony, 1997). He
we describe two additional classes of sequence elements in 
3′ UTRs of these genes, the K box and the CAAC motif.

Like the Brd box and the GY box, the K box is an exac
sequence identity present in one or more copies in the 3′ UTRs
of Brd and several genes of the E(spl)-C (Fig. 1A). A core
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TCGAGGA           Brd B2                CAAC   AGCTTTAACTCT

TATAACT Brd K1                       CAAC   TGTGATCGAGGA

TACATTT E(spl)m3 G1      CAAC   AAGATCCGTTGTCTTCCAAAGT
TAAATTT

E(spl)m3 K1                CAAC   TGTGATATAACT
TGGCCTG

E(spl)m4 B1            TCTCCAGCTTTAAT   CAAC   
TAGGGCA

E(spl)m4 B2      CAAC   T   CAAC   TGAAGAGCTTTACAAAA
TAGCCCA Dh m4 B2       CAAC   ACTCAATCGAGCTTTACAAAA
TAACCAA
TGGCAAC E(spl)m4 G2                CAAC   GTCTTCCGTTAA
TGGGAAC Dh m4 G1             CAAC   AATGTCTTCCATTTT

TAACTAA E(spl)m5 B3                CAAC   AGCTTTAATAGT

TGTTCCT E(spl)m5 G2            ATCCTGTCTTCCAAAAG   CAAC
TAGTTCT

E(spl)m5 G3         CAAC   GAATCATGTCTTCCAAAAT
 834335
 115452 E(spl)m8 K1    CAACCAACAAC   GCATCTGTGATAGCC   CAAC
 472321 Dh m8 K1           CAAC   G   CAAC   TGTGATAAC   CAAC   
 022335

E(spl)m8 K2                CAAC   TGTGATGG   CAAC 
Tag Dh m8 K2                CAAC   TGTGATGGGAAC

 sequence motifs in the 3′ UTRs of E(spl)-C genes and Brd. Genes labeled
iorthologs of the indicated loci. (A) Alignment of K box sequences
l)-C genes. A 6 nt sequence identity (bold) defines this motif, but strong
ing nucleotides as well. Underlined are instances in which CAAC motifs
es. Brd contains an atypically located K box that overlaps the C-
on (TGA); it also includes an adjacent CAAC motif. (B) Frequent

 in the immediate vicinity (≤ 10 bp) of Brd, GY and K boxes. The
d) is found upstream of about one-third of the Brd, GY and K boxes in the
d directly adjacent to the box sequence in half of these instances. Note
re associated with multiple CAAC motifs [E(spl)m4B2, E(spl)m5B3 and

elanogastercases shown in which CAAC occurs downstream of a box
nd E(spl)m8K1] correspond to a CAAC motif located immediately 5′
 and E(spl)m8K2, respectively]; this feature is conserved in D. hydei
hexamer sequence (TGTGAT ; rich in keto nucleotides) defines
the K box element, and there are additional strong biases in
5′ and 3′ flanking nucleotides. While most of the genes list
in Fig. 1A contain single K boxes in their 3′ UTRs, two genes
[E(spl)m8and E(spl)mδ] each contain a pair of closely space
K boxes; this arrangement may be of particular conseque
With a single exception [in the coding region of E(spl)m5], all
K boxes on the sense strand of these genes reside in the′
UTRs; moreover, within the 3′ UTRs, the K box sequence
occurs only in the sense orientation. Thus, there is signific
specificity to both the location and the orientation of the K bo

The K box sequence element appears not to have 
consistent positional relationship with either Brd boxes or G
boxes, either in the linear sequence (Fig. 2) or in predic
secondary structures of these transcripts (data not sho
However, a fourth sequence element, the CAAC motif (CAAC )
does link a subset of these other motifs. As shown in Fig. 
the tetranucleotide CAAC is tightly associated with one th
of Brd, GY and K box elements. Moreover, the second Brd b
in E(spl)m4, the third Brd box in E(spl)m5, and the first K box
of E(spl)m8are all associated with multiple CAAC motifs
CAAC motifs are specifically concentrated upstream of B
GY and K boxes (Fig. 1B) and
could conceivably influence their
activities. Though there does not
appear to be a strict spacing
requirement between CAAC
motifs and the Brd, GY or K
boxes, CAAC sequences are
found immediately upstream in
more than half of the CAAC-
Brd/GY/K pairs, with adjacent
CAAC-K box pairs most
prevalent (Fig. 1B). Overall,
although this short motif occurs
with essentially random
frequency in the 3′ UTRs of
E(spl)-C genes and Brd, its
presence is highly enriched in the
vicinity of Brd, GY and K boxes.

Evolutionary conservation
of K boxes and CAAC
motifs
The strict identity of the K box
sequences in Brd and the genes of
the E(spl)-C suggests that each
nucleotide of this motif is
important for its function. If this
is the case, one might expect its
precise sequence to be conserved
over the course of Drosophila
evolution. D. hydei is
approximately 60 million years
diverged from D. melanogaster
(Beverley and Wilson, 1984),
sufficiently distant for substantial
sequence randomization to occur
outside of coding and regulatory
regions (Caccone and Powell,
1990). We analyzed the

A           

      K Box        

Brd K1 TC   CAAC   TGTGA

E(spl)m3 K1 TT   CAAC   TGTGA

E(spl)m4 K1 AAAAATTGTGA
Dh m4 K1 CAAAATTGTGA

E(spl)m5 K1 CTCCCGTGTGA

E(spl)m7 K1 TAAGTCTGTGA

E(spl)m8 K1 CGCATCTGTGA
Dh m8 K1 CG   CAAC   TGTGA
E(spl)m8 K2 CC   CAAC   TGTGA
Dh m8 K2 AC   CAAC   TGTGA

E(spl)mγ K1 AGTTCATGTGA

E(spl)mδ K1 TATAGATGTGA
E(spl)mδ K2 TGTTCCTGTGA

A 343972     
C 537138     
G    040111      
T 523222     

Consensus   caacTGTGA

Fig. 1.Two novel classes of
‘Dh’ are the Drosophila hyde
found in the 3′ UTRs of E(sp
biases are found in the flank
occur immediately 5′ to K box
terminal codon and stop cod
occurrence of CAAC motifs
sequence CAAC (underline
E(spl)-C and Brd, and is foun
that several box elements a
E(spl)m8K1]. Of the four D. m
sequence, two [E(spl)m4B1 a
to a nearby box [E(spl)m4G2
E(spl)m8.
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ed
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sequences of the 3′ UTRs of two genes from D. hydei,
E(spl)m4(a non-bHLH gene) and E(spl)m8 (a bHLH gene),
and found that K boxes and their flanking nucleotides are ful
conserved in all three instances [Figs 1 and 3; see Lai a
Posakony (1997)]. In particular, the most conserved regio
between the m83′ UTRs includes the pair of K boxes (Fig. 3),
suggesting that this region is indeed of functional significanc
Otherwise, these 3′ UTR sequences are quite divergent.

Although neither the exact location nor the number o
CAAC motifs is completely conserved, this sequence is foun
upstream of m4 B2, m8 K1 and m8 K2 in both species, while
a single GY box in the 3′ UTR of each m4 ortholog is also
associated with a CAAC motif (Fig. 1). It is noteworthy tha
all eight CAAC motifs in the approximately 600 bp of
combined m8 3′ UTR sequence are clustered around the 
boxes (Fig. 3), further suggesting that the proximity of thes
motifs is not coincidental.

The K box mediates negative post-transcriptional
regulation
To investigate the in vivo function of the K box, we made us
of the E(spl)m83′ UTR, which includes two evolutionarily
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K1K2

E(spl)mγ

Brd

E(spl)m3

E(spl)m4

E(spl)m5

E(spl)m7

E(spl)m8

E(spl)mβ

E(spl)mδ

G1     B1     K1

G1 B1 G2                  B2 K1

      K1            B1        B2               B3 G1

G1             K1                         B1

G1      G2       G3    K1B1    B2    B3

 B1                      K1

AATAAA

AATAAA

AATAAA

50 nt

AATAAA

B1                               K1  K2
AATAAA

AATATA

AATAAA

AATAAA
Fig. 2.Graphic map of 3′ UTR sequence motifs in
E(spl)-C genes and Brd. Squares denote Brd boxes,
circles GY boxes and triangles K boxes. Boxes with
a CAAC motif immediately upstream are filled
black; those associated with a more distant upstream
CAAC motif are shaded light grey. Brd, GY and K
boxes appear not to have any consistent positional
relationship; however, there is a close pairing of K
boxes in 3′ UTRs which contain two copies of this
motif [8 bp spacing in E(spl)m8and 5 bp spacing in
E(spl)mδ]. Note that E(spl)m8contains only K
boxes, and that E(spl)mβ lacks Brd, GY and K boxes.
conserved copies of this motif and lacks both Brd boxes a
GY boxes. An arm-lacZ-SV40 treporter transgene, utilizing
1.8 kb of the armadillo promoter and the 3′ UTR of the SV40
t antigen gene, is expressed at high levels in most c
throughout development (Lai and Posakony, 1997; Vincen
al., 1994). We compared the reporter activity of this transge
with that of a version that includes the m83′ UTR (Fig. 4) and
found that the wild-type m8 (m8 wt) 3′ UTR sharply reduces
reporter gene activity relative to the SV40 t3′ UTR (cf. Fig.
5A,F,K and Fig. 5B,G,L). Although E(spl)m8, as well as other
genes of the E(spl)-C and Brd, are expressed in a spatiall
restricted pattern in both embryos and larvae, we observe
drastic and largely uniform reduction in reporter activi
throughout larval and imaginal tissues of the third-instar lar
as well as throughout embryonic development (Fig. 5 and d
not shown). Thus, the E(spl)m83′ UTR appears to confer a
ubiquitous and temporally general form of negative regulatio

To test the specific role of the K boxes in regulation by t
m8 3′ UTR, we constructed mutant versions of the repor
transgene in which all K boxes and CAAC motifs were delet
(m8 K/CAAC del), or in which 4 or 5 point mutations were
introduced into both K boxes (m8 K1K2 mut) (Fig. 4). As
shown in Fig. 5 (C,H,M), deletion of the K/CAAC region
restores moderate levels of reporter activity throughout 
tissues. Interestingly, all transgenic lines carrying the m8 K1K2
mut construct exhibited significantly higher levels of report
activity than those of the m8 K/CAAC dellines (Fig. 5D,I,N).
Very comparable effects were observed with both of these
nd
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box-mutant transgenes during embryonic developmen
indicating that a spatially and temporally general mode o
negative regulation by the m83′ UTR requires the integrity of
the K boxes (Fig. 5 and data not shown).

To investigate the possible role of the CAAC motifs, we
constructed a mutant reporter gene containing 2 bp mutatio
in each of the five CAAC motifs surrounding the K boxes i
the m8 3′ UTR (m8 5x CAAC mut). This mutant 3′ UTR
retained strong negative regulatory activity, presumably due
least in part to its intact K boxes. Nevertheless, specifi
mutation of the CAAC motifs led to a detectable and
reproducible increase in reporter activity relative to the m8 wt
3′ UTR (Fig. 5E,J,O). Therefore, CAAC motifs are required
for the full regulatory activity of the m83′ UTR.

K boxes function primarily at the level of transcript
accumulation
As our reporter gene results indicated that K boxes are essen
for normal negative regulation by the E(spl)m83′ UTR, we
were interested to determine at what level such regulati
occurs. To address this, we performed northern and west
blot analysis of RNA and protein accumulation for sets of fiv
representative arm-lacZ transgenic lines for each 3′ UTR
tested. Samples were prepared from 2-26 hour embryos, a
reporter levels were quantitated relative to the ubiquitous
expressed endogenous genes rp49 (RNA) and groucho
(protein).

We found that negative regulation mediated by K boxes 
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D. melanogaster E(spl)m8                                                    K1           K2
TAAAAACAAGGGGTTAAGTGGCAGGAAGGTAAGGG--TGGAGTGGCAATGGGAATGGAAGAACCAACCAACAACGCATCTGTGATAGCCCAACTGTGATGGCAACAAAAT----
|||||                      |||||       |||  ||||         |||         |||||||| ||||||||  ||||||||||||| |||||||
TAAAATGTCAGCAATA--------GCCGGTAAACACCAAGAG--GCAAAC-----AAAAG---------ACAACGCAACTGTGATAA-CCAACTGTGATGGGAACAAAACAATT
D. hydei E(spl)m8

D. m.
-----AGCAAAATTAAA-AAA-GCAATTAGCAAAACAAATATAAACCAATTTAAA------CAAATATC------------AAAAC----AATTTAC-TTT----ATTGGGA
     |||||   |||| ||| |||||||   ||||    |||||   ||||           |||||             ||||       ||||| |||    ||||||
AGTAAAGCAAT--TAAATAAATGCAATTAAG-AAAC----ATAAAATTATTTGACTTATGATTAATATGGGCTGGGCAAGGAAAAGGGTGACTTTACATTTCAGCATTGGGC
D. h.

D. m.
TGTTGGGAGGGGATCTAAGGGACCAATCCCTTAGTTGGTGGCAATTGGAATCCTTATTGGTAATTAAATTATTACCAATTAGGAAATATCAAATAATATATCTCTGCTCTGA

D. m.
CAATGGAAATCTATTTTGGCAATGACCGAAGTGAAATCTATTTTAGTTAATTAAAAATAATAAATTAAATATATTTCACTTAATTAAAATAAAAGTGTTTTAGAAAACTATC

Fig. 3.Alignment of the 3′ UTRs of E(spl)m8orthologs from D. melanogasterand D. hydei. The stop codons of both genes (TAA) are
underlined. The 3′ UTR sequence of the D. hydeigene (Maier et al., 1993) may be incomplete, although a consensus polyadenylation signal
(AATAAA) is underlined. The precise site of polyadenylation in the D. melanogastertranscript is likewise unknown, although usage of either
of the underlined consensus signals would be consistent with the sizes of transcripts determined by northern blot analysis (Klämbt et al., 1989).
Regions containing three or more consecutive nucleotide identities are indicated with vertical lines. The most highly conserved region between
these homologs includes the pair of K boxes (K1, K2) and several of their associated CAAC motifs (shaded). In contrast, the CAAC sequence
downstream of D. melanogaster E(spl)m8K2, a rare example of an isolated downstream CAAC motif in this gene set, is not conserved between
D. melanogasterand D. hydei. These observations are consistent with the hypothesis that only ‘upstream’ CAACs are functionally constrained.
This sequence alignment indicates that the two ATTTA motifs (underlined) noted previously in D. melanogaster m8 (Kramatschek and
Campos-Ortega, 1994) have not been conserved at the corresponding positions in D. hydei m8.

(                )

TAA K Kcc c c c
m8 wt 3' UTR

AATAAA

TAA

K/CAAC del
AATAAA
largely effected through decreased transcript levels. As sho
in Fig. 6 and Table 1, mutation of the K boxes (m8 K1K2 mut)
results in a large increase (approximately 4-fold) in the stea
state level of total lacZ transcripts, as well as a somewhat larg
increase (6.5-fold) in the polyadenylated populatio
Quantitative western blot analysis using 125I-Protein A showed
that mutation of the K boxes has an additional effect on 
steady-state protein level, leading to a nearly 11-fold differen
between the β-galactosidase protein levels from wild-type an
K box-mutant reporter gene constructs. Although we can
rule out a potential effect of the K box on transcription, the
data suggest that K boxes act primarily at the level of transc
stability and may secondarily reduce translational efficien
(approximately 2-fold) as well.

We also detected a distinct contribution of the CAAC moti
to regulation by the E(spl)m83′ UTR. In particular, specific
mutation of the CAAC sequences (m8 5x CAAC mut) was
found to result in a >2-fold increase in steady-state repo
Table 1. Quantitation of RNA and protein accumulation
from arm-lacZ-m8 3′ UTR transgenes

K/CAAC del K1K2 mut 5×CAAC mut

m8 wt m8 wt m8 wt

2-26 hour embryo total RNA 2.39±0.55 4.05±1.83 1.91±0.70
2-26 hour embryo poly(A)+ RNA 2.15±0.71 6.58±1.86 2.45±0.68
2-26 hour embryo total protein 7.56±1.76 10.76±2.96 2.19±0.27

Accumulation of RNA and protein products from arm-lacZ-m8 3′ UTR
reporter transgenes was quantitated relative to the endogenous controls rp49
(RNA) and Groucho (protein) using a Molecular Dynamics phosphorimage
(see Fig. 6). Values represent the ratio of the normalized (control-correcte
signal for each mutant construct to that of the fully wild-type construct. Thr
independent data sets were generated; means and standard errors are sh
wn
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transcript level and a comparable increase in reporter prot
level. These data suggest that the CAAC motifs also particip
in negative regulation by the m83′ UTR, probably at the level
of RNA stability. Despite this result, we observed that report
transcript and protein levels from the m8 K/CAAC delconstruct
were intermediate relative to those of the wild-type constru
and the K box mutant, in agreement with the β-galactosidase
activity staining data (cf. Figs 5 and 6). Although this deletio
construct removes essentially only K boxes and CAAC moti
nonspecific changes in RNA secondary structure or t
TAA cc c c c
X XK1K2 mut

TAA K K
X X X X X5x CAAC mut

AATAAA

AATAAA

Fig. 4. Graphic depiction of the E(spl)m83′ UTRs used in this study.
The positions of the stop codon (TAA), K boxes (K), CAAC motifs
(c) and polyadenylation signal (AATAAA) are marked. E(spl)m83′
UTRs studied are wild type (m8 wt), a mutant bearing a deletion of
the K box/CAAC motif region (m8 K/CAAC del), a mutant bearing a
cluster of 4 or 5 point mutations in the two K boxes (m8 K1K2 mut),
and a mutant bearing 2 point mutations in each of the five CAAC
motifs (m8 5x CAAC mut).
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Fig. 5.Negative regulation mediated by K
boxes is spatially general. β-galactosidase
activity staining of late third-instar (A-E)
wing imaginal discs, (F-J) eye-antenna discs
and (K-O) salivary glands. (A,F,K) An arm-
lacZ-SV40 ttransgene is expressed at high
levels throughout all imaginal discs and
larval tissues. (B,G,L) Reporter activity from
the arm-lacZ-m8 wtconstruct is strongly
repressed in all cells. (C,H,M) Deletion of the
K and CAAC boxes (arm-lacZ-m8 K/CAAC
del transgene) results in a general increase in
reporter activity throughout these tissues,
relative to arm-lacZ-m8 wt. (D,I,N) Specific
mutation of the two K boxes (arm-lacZ-m8
K1K2 muttransgene) results in even higher
levels of reporter activity throughout these
tissues. (E,J,O) Specific mutation of the 5
CAAC motifs (arm-lacZ-m8 5x CAAC mut
transgene) results in a very modest increase
in reporter activity levels relative to the m8 wt
construct. These stained preparations are
representative of results for 7-10 transgenic
lines for each construct; stainings were
carried out for identical times (35 minutes).

Fig. 6. K boxes negatively regulate steady-state levels of both
transcript and protein (see Table 1). RNA and protein extracts of 2-26
hour embryos were prepared from representative sets of 5 transgenic
lines for each arm-lacZconstruct and analyzed by northern and
western blot. (Top) Total RNA probed for lacZ (reporter transgene)
and rp49 (endogenous control) transcripts. The transformation
recipient strain w1118was used as the negative control (none). The
SV40 t3′ UTR is ~500 bp longer than the E(spl)m83′ UTR; thus, a
larger transcript is detected in the former case. The m8 wt3′ UTR
strongly decreases steady-state lacZ transcript levels by comparison
to the SV40 t3′ UTR. Relative to this, lacZ RNA levels are elevated
by the m8 K/CAAC del mutant, greatly elevated by the m8 K1K2 mut
construct, and modestly elevated by the5x CAAC mutconstruct.
(Bottom) Total protein probed simultaneously for β-galactosidase
(reporter transgene) and Groucho (endogenous control). The same
qualitative differences are observed in both the total RNA and total
protein populations, but the quantitative effects of mutations that
affect the K boxes are greater in the protein population (see Table 1).
shortening of the m8 3′ UTR might indirectly affect its
metabolism. Thus, the activity of the K/CAAC del3′ UTR may
not be directly predictable from the results with the poi
mutant constructs. Nevertheless, this deletion does caus
strong increase in steady-state transcript and protein le
(Fig. 6; Table 1), consistent with the loss of K box and CAA
motif regulation from this construct.

Loss of K box-mediated regulation interferes with
normal adult PNS development
A previous study has shown that the hyperactivity of t
original E(spl)D allele of E(spl)m8is due to a small deletion a
the 3′ end of the gene, including C-terminal codons and the′
UTR (Tietze et al., 1992). Since this deletion removes both
the K box elements that we have identified, we were interes
to investigate whether loss of K box-mediated regulation
sufficient to allow m8 transgenes to interefere with PNS
development. While two copies of a wild-type m8 transgene
are not sufficient to perturb sensory organ development (Tie
et al., 1992), overexpression of E(spl)m8causes pronounced
phenotypic defects in the PNS (Nakao and Campos-Orte
1996; Tata and Hartley, 1995).

We subcloned a 2.6 kb E(spl)m8genomic DNA fragment
containing 1.17 kb of upstream promoter sequence as our w
type transgene. This fragment contains all know
transcriptional activation sequences for this gene (Bailey a
Posakony, 1995; Kramatschek and Campos-Ortega, 19
Singson et al., 1994), but is approximately 100 bp shorter t
the transgene described by Tietze et al. (1992). We a
constructed mutant m8 transgenes containing the mutations 
the two K boxes (m8 K1K2 mut) or a deletion of the K/CAAC
region (m8 K/CAAC del) as illustrated in Fig. 4.

As expected, none of 12 homozygous wild-type transge
conferred any detectable mutant phenotype in the otherw
wild-type background of the recipient strain. In contrast, 4/
lines homozygous for the m8 K1K2 muttransgene exhibited
nt
e a

highly (>80%) penetrant PNS and/or wing venation defec
while an additional 3 lines exhibited low-penetrance (>20%
defects (Fig. 7A-D). Collectively, these defects included lo
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,L

ransgenes bearing mutations of the K boxes are hyperactive.
 dissected from adult flies. (A,C) Wild-type flies and (B,D) flies
tgenomic DNA transgene. Note missing orbital macrochaetae (B) and

e (D) (arrows). Flies bearing wild-type m8transgenes display no visible
). (E-G) HE31/+ heterozygous flies bearing a single copy of the following
G) m8 K1K2 mut. HE31/+ flies have several missing or double-socket
s). This phenotype is enhanced by a single copy of a K box-mutant m8
 by a wild-type m8transgene (F). 6/10 m8 K1K2 mutlines were left with
 bristles (G) in one-third or more of the flies examined (see Table 2). (H-
rographs of the compound eyes of Nspl/+ (spl/+) heterozygous females
llowing transgenes: (H,L) none, (I,M) m8 wt, (J,N) m8 K/CAAC del, and
l/+ females (H,L) as well as spl/+ females that are homozygous for an

d-type eyes with regular ommatidial patterning; missing or double
casionally observed (arrows in L,M). In contrast, spl/+ females
 deltransgene often display a slight roughening of the eyes (J), while
 K1K2 muttransgene exhibit a much stronger roughening and reduction
gnification micrographs illustrate the high degree of ommatidial fusion
ved with the m8 K/CAAC del(N) and m8 K1K2 mut(O) transgenes in the
of anterior orbital, postvertical and scutellar macrochaetes, 
of interocellar microchaetes, and extra/missing crossv
material. A smaller proportion of the m8 K/CAAC del
transgenes exhibited such defects, with only one out of sixt
lines exhibiting a fully penetrant mutant phenotype and th
other lines displaying low-penetrance defects. Although th
effects are quite mild, they are qualitatively similar to tho
produced by E(spl)m8
overexpression constructs,
indicating that they are likely
to be gain-of-function
phenotypes (Nakao and
Campos-Ortega, 1996; Tata
and Hartley, 1995). Therefore,
we conclude that K box-
mediated regulation is
necessary to restrict levels of
E(spl)m8activity in vivo.

K box-mutant E(spl)m8
transgenes display
phenotypic interactions
with H and spl
To characterize further the in
vivo activity of K box-mutant
transgenes, we examined their
behavior in sensitized genetic
backgrounds. Loss-of-function
mutations in Hairless (H)
increase the activity of Su(H),
a transcription factor that
directly links Notch receptor
activity with transcriptional
activation of E(spl)-C genes,
including E(spl)m8 (Bailey
and Posakony, 1995;
Schweisguth and Posakony,
1994). Flies heterozygous for
the null allele HE31 display
PNS defects consistent with
excess Notch signaling,
including missing or double-
socket sensory organs (Bang et
al., 1991). This is particularly
evident on the head of the fly
(Fig. 7E). Ten independent
insertions of each m8construct
were tested in a single copy in
a HE31/+ background. The
wild-type transgenes caused
only a minimal reduction
(<5%) in the numbers of wild-
type head macrochaetae (Fig.
7F; Table 2). In contrast, 
the m8 K/CAAC deland m8
K1K2 mut transgenes had
pronounced effects in this
genetic background, causing
approximately 30% and 
40% reduction in head
macrochaetes, respectively

Fig. 7. E(spl)m8genomic DNA t
(A,B) Heads and (C,D) scutella
homozygous for an m8 K1K2 mu
missing scutellar macrochaeta
mutant phenotypes (not shown
transgenes: (E) none, (F) m8 wt, (
sensory organs (E, arrowhead
transgene (G, arrows), but not
the only the two medial orbital
K, L-O) Scanning electron mic
that are homozygous for the fo
(K,O) m8 K1K2 mut. Note that sp
m8 wttransgene (I,M) have wil
interommatidial bristles are oc
homozygous for an m8 K/CAAC
such flies homozygous for an m8
of the eye field (K). Higher-ma
and bristle multiplication obser
spl/+ background.
loss
ein

een
ree
ese
se

(Fig. 7G; Table 2). Enhancement of the H phenotype is
consistent with increased m8activity conferred by these mutant
transgenes.

We also examined the effect of m8 transgenes on the
phenotype of Nspl/+ females, whose eyes are largely wild-type
All seven wild-type m8 transgenes failed to enhance spl, even
when two copies of the transgene were present [cf. Fig. 7H
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Table 2. Interaction of E(spl)m8transgenes with H
No. of wild-type head No. of lines that

Genotype macrochaetae enhance H

H/+ 6.31±0.15 −
H/+; m8wt/+ 6.00±0.17 0/10
H/+; m8K/Cdel/+ 4.42±0.15 2/10
H/+; m8KKmut/+ 3.86±0.16 6/10

10 independent transformant lines for each E(spl)m8transgene construct
were tested in single copy in a HE31/+ background. The number of wild-type
macrochaetae on the heads of 5 males and 5 females were counted for e
line tested (10 females were counted if the transgene insert is on the X
chromosome); means and standard errors for the 100 flies examined for 
construct are shown. For reference, wild-type flies have 14 head
macrochaetae. We define enhancement of the H/+ phenotype as the presence
of only the two medial orbital bristles (see Fig. 7G) in one-third or more o
the flies bearing a given transgene insert.

Fig. 8.Elevated steady-state levels of transcript in the E(spl)D

mutant. Each lane contains 5 µg of total RNA from w1118(1, 3) or
E(spl)D homozygous (2, 4) animals; RNA was isolated from 2-8 hour
embryos (1, 2) or third-instar larvae (3, 4). Northern blots were
probed to detect E(spl)m8and rp49 (loading control) transcripts. The
E(spl)D transcript, which bears a deletion of the normal E(spl)m8C-
terminus and proximal 3′ UTR (Klämbt et al., 1989), is truncated and
present at greatly elevated levels relative to the wild-type transcript
during both embryonic and larval development.
and 7I,M; see also Tietze et al. (1992)]. However, K bo
mutant transgenes (four out of six m8 K/CAAC dellines and
five out of seven m8 K1K2 mut lines) clearly enhanced spl,
producing roughened eyes in spl/+ females homozygous for
the transgene (Fig. 7J,N and K,O). In accord with our oth
assays of m83′ UTR activity, the degree of enhancement wa
greater for the specific m8 K1K2 muttransgene than for the m8
K/CAAC deletion transgene, as the former caused a grea
degree of eye roughening and loss of ommatidia than the la

The E(spl) D mutation is associated with an elevated
steady-state level of transcript
The spl-enhancing effects of K box-mutant E(spl)m8
transgenes (Fig. 7) are reminiscent of those characteristi
the original E(spl)D mutant. In view of our finding that
mutation of K box sequences leads to elevated levels
transcript accumulation from lacZ reporter transgenes (Fig. 6
Table 1), we tested the hypothesis that the hyperactivity of 
E(spl)D allele might likewise be reflected in increase
transcript accumulation. As shown in Fig. 8, we did inde
observe that, in E(spl)D/E(spl)D embryos and third-instar
larvae, the truncated mutant mRNA is present at much hig
levels than the normal E(spl)m8 transcript in wild-type
animals. In contrast to a previous report (Knust et al., 198
we fail to detect any normal-sized E(spl)m8mRNA in E(spl)D

homozygotes (Fig. 8). Our results are consistent with 
interpretation that deletion of K box sequence elements in 
E(spl)D mutation contributes to elevated steady-state transc
levels and hence to the hyperactivity of this allele.

DISCUSSION

Multiple modes of post-transcriptional regulation of
E(spl)-C genes
The 3′ UTRs of eukaryotic mRNAs, once thought to b
unimportant trailers following protein coding regions, ofte
contain sequences that link RNA transcripts to a wide vari
of regulatory pathways. 3′ UTRs have now been found to
influence polyadenylation efficiency, transcript localizatio
transcript stability, and translational efficiency [reviewed b
Chen and Shyu (1995); Curtis et al. (1995); St. Johns
(1995)]. Multiple regulatory functions are often localize
within a single 3′ UTR; indeed, the known complexity of cis-
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regulatory activities resident in 3′ UTRs is increasingly
reminiscent of that long associated with transcriptiona
regulatory DNA.

We have identified multiple classes of shared sequen
motifs in the 3′ UTRs of Brd and the genes of the E(spl)-C,
including the Brd box (AGCTTTA ), the GY box
(GTCTTCC ), and the K box (TGTGAT ). These motifs
subject these genes to multiple modes of post-transcriptio
regulation [Lai and Posakony (1997); this work]. In addition
we have identified a fourth sequence, the CAAC motif, that is
located upstream of many Brd, GY and K boxes, and m
modulate their activity.

In the present study, we have shown that the integrity of t
K box sequence is essential for the strong, negative po
transcriptional regulation conferred on a heterologous lacZ
reporter gene by the E(spl)m8 3′ UTR, and that the CAAC
motif may also participate in such regulation. Within th
context of the m8 gene itself, we found that K box elements
are required to limit gene activity and that lack of suc
regulation has phenotypic consequences in the developmen
the adult PNS. Whereas wild-type m8 transgenes did not
detectably affect development and failed to show interactio
with H and splmutations, specific mutation of the two K boxes
in an otherwise identical m8 transgene caused mild gain-of-
function PNS defects and yielded strong genetic interactio
with bothH and spl. Taken together, these data strongly suppo
our proposal that the K box sequence mediates negat
regulation in vivo, and demonstrate the development
importance of this regulation.

The cell fate decisions controlled by Notch signaling ar
sensitive to small changes in gene dosage (Ashburner, 19
Bang et al., 1991; Heitzler and Simpson, 1991; Schweisgu
and Posakony, 1994), implying the importance of precis
control over the expression levels of the genes involved, su
as the E(spl)-C. Negative post-transcriptional regulation by 
box and Brd box elements, which principally affect transcrip
accumulation and translational efficiency, respectively, are tw
means by which such fine control may be obtained [Lai an

ach

each
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ara AATAAGATTGTAAACTGTGATACGTTTTTCATTGT
      |  |||  ||||||||  |     ||

caup ATTTTTAA-GTA-TCTGTGATATATGC-ATATAAA
     |||  ||   |||||| |||    |||

mirror GACAATAATTTACAATGTGAT-TATTCGGTATTTT

B

D.m. en TGGTTTTCATGTGATATAATTGTAG--CGTACATA
  || |||||||||||||||||||     |||||

D.v. en CTGTGTTCATGTGATATAATTGTAATA--TACATC
 ||| ||  |||||| |  |||| ||   | | |

T.c. en TTGT-TTATTGTGATTT-GTTGTGATTCGTCCGTG

Fig. 9.K boxes in the 3′ UTRs of Iro-C genes and engrailed.
(A) Alignment of the K box regions from the three Iro-C genes. Th
K boxes in ara and caupmatch a more restricted 8 nt consensus
sequence (cTGTGATa) derived from K boxes in E(spl)-C genes (
Fig. 1). (B) An alignment of a portion of the 3′ UTRs of engrailed
orthologs from D. melanogaster, D. virilis, and T. castaneum. The K
box region has clearly been conserved among these distantly rel
insect species. Note thatT. castaneum en contains two closely space
K boxes, similar to K box pairs found in D. melanogaster E(spl)m8
and E(spl)mδ (see Figs 1 and 2).
Posakony (1997); this study]. As most genes of the E(spl
are apparently subject to negative regulation mediated by b
Brd boxes and K boxes (Fig. 2), accumulation of E(spl)
proteins should be quantitatively and temporally qu
responsive to transcriptional regulation.

Alone among the genes of the E(spl)-C, E(spl)mβ appears
to lack Brd, GY and K boxes in its 3′ UTR (Fig. 2). Its pattern
of expression in wing imaginal discs is also unique: mβ
transcripts accumulate in a complex pattern that covers m
of the wing imaginal disc and is not coincident with proneu
clusters (de Celis et al., 1996), the sites of co-expression
most of the other E(spl)-C genes, including m4, m7, m8, mδ
and mγ (de Celis et al., 1996; Singson et al., 1994). Moreov
it is likely that mβ functions principally in Notch signaling
during the development of the pupal wing, where it 
expressed in intervein regions (de Celis et al., 1997). Thus,
unique expression pattern and likely functional specializat
of mβ are correlated with its lack of 3′ UTR motifs that are
otherwise widely shared within the E(spl)-C. In contrast to t
other genes, it may be unnecessary or even deleteriou
regulate levels of mβ expression via Brd boxes or K boxes.

Regulatory effects of the E(spl) D mutation
The E(spl)-C was originally identified via the mutant E(spl)D,
which displays an allele-specific interaction with Nspl (spl)
(Lindsley and Zimm, 1992). In particular, E(spl)D renders the
spl eye phenotype dominant in females heterozygous for spl.
spl-enhancing activity was localized to a small deletion in t
3′ region of E(spl)m8that removes the C-terminal 56 amin
acid residues, adds 9 novel amino acids and removes 
nucleotides of the 3′ UTR (Klämbt et al., 1989; Tietze et al.
1992). The regulatory basis of E(spl)D’s effects has been
difficult to establish, partly because the behavior of this all
has been inconsistent in different phenotypic assays. 
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example, enhancement of the splphenotype behaves as a gain-
of-function activity, while high-level overexpression of the
E(spl)D protein results in dominant-negative phenotypes. I
spite of these apparently contradictory effects, a consiste
finding has been that the deletion itself appears to increase 
activity of the gene. Thus, a construct that includes only 
premature stop codon [E(spl)+, stop] has less spl-enhancing
activity as well as less dominant-negative activity in an
overexpression assay than comparable constructs that inclu
the deletion [E(spl)D, stop], even though both of these constructs
encode the same protein (Giebel and Campos-Ortega, 19
Tietze et al., 1992).

We have presented several lines of evidence from multip
in vivo phenotypic assays that strongly indicate that a K bo
mutant E(spl)m8 genomic DNA transgene behaves as a
hypermorph. As mutations were introduced only into
untranslated regions, all E(spl)m8 proteins expressed from o
constructs are expected to be completely wild type. Notab
we found that K box-mutant m8 transgenes can largely
phenocopy the spl-enhancing activity of E(spl)D. This verifies
that splenhancement is a gain-of-function activity and sugges
that the hyperactivity of the E(spl)D allele is due in part to its
lack of K boxes. Consistent with this interpretation, we hav
shown here that E(spl)D mutants exhibit elevated levels of
accumulated transcript. The observed levels (Fig. 8) are hi
enough, however, that they cannot be accounted for solely 
relief from K box-mediated regulation.

E(spl)D proteins also lack the C-terminal WRPW motif,
which is required to recruit the co-repressor Groucho by mea
of a direct protein-protein interaction (Paroush et al., 1994
Since bHLH repressor proteins function as dimers, it i
possible that the single Groucho molecule recruited by a
E(spl)D/E(spl)+ heterodimer may be functionally sufficient. In
this situation, moderately increased levels of truncated E(splD

monomers might serve to elevate overall E(spl) protei
function, yielding a hypermorphic effect. On the contrary
when the mutant protein is strongly overexpressed, DNA
bound complexes of E(spl)D/E(spl)D homodimers might
predominate; these would be predicted to function in 
dominant-negative fashion by virtue of their complete inability
to recruit Groucho. Loss of K box-mediated regulation unde
these circumstances would be predicted to result in a
exacerbation of dominant-negative activity.

Genes of the Iro-C and engrailed are likely targets of
K box-mediated regulation
Since K box-mediated regulation appears to operate in mo
cells, it is probable that some genes expressed outside
proneural clusters will also prove to be subject to this mode 
control. We have identified a number of Drosophilagenes with
K box motifs in their 3′ UTRs, which represent candidate
targets of K box regulation. Those of particular interest includ
the homeobox genes of the iroquois Complex (Iro-C) and
engrailed(en).

The Iro-C, consisting of the genes araucan(ara), caupolican
(caup) and mirror, encodes a family of three related
homeodomain transcription factors (Gomez-Skarmeta et a
1996; McNeill et al., 1997). All three genes appear t
contribute to a ‘prepattern’ for sensory organs in the win
imaginal disc, and the ara and caup proteins have been sho
to directly activate expression of ac and sc (Gomez-Skarmeta
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et al., 1996; Kehl et al., 1998). Each of the three Iro-C ge
contains a single K box in its 3′ UTR (Fig. 9A). Moreover, the
K boxes in ara and caupconform to a much more restricted
consensus sequence found in many E(spl)-C K bo
(cTGTGATa) (see Fig. 1). The presence of the K box motif
all three Iro-C genes resembles its widespread distribution
the 3′ UTRs of genes in the E(spl)-C. Thus, genes that activ
(Iro-C) and repress [E(spl)-C] proneural gene expression m
be regulated by the same post-transcriptional mechanism.

The en homeobox gene controls posterior compartme
identity in Drosophilaand has a fundamental role in metazoa
patterning. We have found that the en3′ UTR contains a K box
located within a large block of sequence conserved betw
the distantly related species D. melanogasterand D. virilis
(Fig. 9B) (Kassis et al., 1986; Poole et al., 1985). Furthermo
the en K box-containing region has been conserved betwe
Drosophila and the flour beetle Tribolium castaneum, which
are at least three hundred million years diverged (Fig. 9
(Brown et al., 1994). Notably, the 3′ UTR of Tribolium en
contains a pair of K boxes similar to the K box pairs found
Drosophila E(spl)m8and E(spl)mδ, suggesting that this paired
arrangement is of particular significance. The sequence of
novel second K box in Tribolium en is related to the
corresponding sequence from Drosophila, suggesting that
either Tribolium has acquired a second K box or the dipter
lineage has lost a K box. Overall, the evolutionary conservat
of the en K box region among these insects strongly sugge
that it is subject to functional constraint.

Gain-of-function alleles of extramacrochaetae and
Serrate are associated with loss of K box motifs
We have shown here that loss of K box-mediated regulat
from the E(spl)m8 3′ UTR strongly elevates reporter gen
transcript and protein levels, and confers readily detecta
gain-of-function activities on an E(spl)m8 genomic DNA
transgene, including the capacity to substantially phenoc
the spl-enhancing effects of E(spl)D. These findings prompted
us to consider whether known gain-of-function alleles of oth
genes may likewise be associated with loss of K box eleme
from their 3′ UTRs. A survey of extant hypermorphic mutan
identified two such alleles, Achaetous(Ach) and SerrateD

(SerD).
extramacrochaetae(emc) encodes an HLH protein tha

antagonizes the activity of bHLH proneural activators b
forming ‘poisoned’ heterodimers unable to bind DNA (Ellis 
al., 1990; Garrell and Modolell, 1990; Van Doren et al., 199
Curiously, the emc3′ UTR resembles many E(spl)-C 3′ UTRs,
as it contains a Brd box, four copies of a GY box-like seque
(GTTTTCC) and a K box. The only known gain-of-functio
allele of emc, Ach, is associated with a transposon insertio
which deletes the codons for the C-terminal 42 amino acids
well as the entire normal 3′ UTR (Garrell and Modolell, 1990).
Serencodes one of two known ligands for the Notch recep
and functions in pattern formation and cell proliferation in th
developing wing (Fleming et al., 1990; Rebay et al., 1991). T
hypermorphic allele SerD is associated with a transposo
insertion into the 3′ UTR of the gene; the mutant transcript i
truncated but encodes a wild-type protein (Thomas et 
1995). A single K box motif is lost from the 3′ UTR in SerD.

Both Achand SerD are associated with insertion of the Tirant
transposon (Garrell and Modolell, 1990; Thomas et al., 199
nes
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However, the gain-of-function nature of these mutants 
unlikely to be due to a strong transcriptional activation effe
of this transposon, as transcription of Ser is not increased in
SerD (Thomas et al., 1995). Instead, the transposon insertio
thought to result in increased stability of mutant transcripts. W
suggest that loss of K box-mediated regulation in Achand SerD

may contribute to their hypermorphic character.

Is there a link between gene duplication and
negative regulation mediated by Brd boxes and K
boxes?
An unknown but probably very significant fraction of the gen
in a typical metazoan genome can be mutated to an inac
state without conferring a mutant phenotype that is read
detectable under laboratory conditions (Miklos and Rubi
1996). Members of paralogous multigene families are perha
especially likely to fall into this category. Such genes a
frequently referred to as ‘redundant’ because of their appar
functional overlap with other genes, but we may be confide
that their evolutionary retention in an active state indicates t
they are not truly redundant or otherwise dispensab
Nevertheless, in the absence of a recognizable loss-of-func
phenotype, the existence of a particular gene of this type
frequently first revealed by the dominant phenotypic effects
a gain-of-function allele. Such is the case for the genes of 
E(spl)-C and for Brd (Leviten and Posakony, 1996; Lindsley
and Zimm, 1992).

Negative regulatory mechanisms that limit gene activity a
obvious targets for mutations that will yield gain-of-functio
alleles. We have previously presented evidence that loss of 
box sequences from the 3′ UTR and the consequent loss of th
negative regulation mediated by this motif, accounts at leas
part for the gain-of-function properties of the original Brd1

allele (Lai and Posakony, 1997; Leviten et al., 1997; Levit
and Posakony, 1996). In this paper, we have similarly sho
that mutation of K box elements in the E(spl)m8 3′ UTR
confers a partial phenocopy of E(spl)D.

We are struck by the apparent prevalence of Brd box and
box motifs among genes that are members of paralogous g
families. The 3′ UTRs of five of the seven bHLH repressor
encoding genes of the E(spl)-C (m3, m5, m7, mγ and mδ)
contain at least one copy of both of these classes of seque
element. We have suggested (Leviten et al., 1997) that Brd and
E(spl)m4constitute a small gene family. m4also contains both
Brd boxes and K boxes in its 3′ UTR, while Brd contains Brd
boxes and possibly a K box (see legend to Fig. 1). Three ot
examples of duplicated gene sets in Drosophila appear to
reinforce this association. First, en and invected, homeobox
genes with overlapping functions in controlling posterio
compartment identity, contain a K box and a Brd bo
respectively, in their 3′ UTRs (Coleman et al., 1987; Poole e
al., 1985). Morever, the phylogenetic analysis presented ab
(Fig. 9) strongly suggests that the K box is important for en
regulation. Second, all three genes in the Iro-C contain K bo
in their 3′ UTRs, are co-expressed in the wing imaginal dis
and function to activate expression of ac and sc (Gomez-
Skarmeta et al., 1996; Kehl et al., 1998). Finally, PKC53Eand
inaD, two protein kinase C genes in the 53E cytological regio
each contain single Brd boxes in their 3′ UTRs (Rosenthal et
al., 1987; Schaeffer et al., 1989). Although the normal role
PKC53E is unknown, its expression pattern overlaps that 
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inaD in the eye and thus it may have a related function. Li
the bHLH genes of the E(spl)-C and the Brd/E(spl)m4family,
all of these are examples of protein sets related by prim
sequence, expression pattern and putative or known functi

With these considerations in mind, it is intriguing to consid
the possible evolutionary significance of negative regulato
motifs and mechanisms such as those exemplified by the 
box and K box. Whether these elements were present in
ancestral single-copy genes prior to duplication and were t
retained by the duplicated gene copies, or whether they w
independently acquired by the members of the gene set a
duplication, is unclear. In either case, it may be that t
presence of these negative regulatory motifs made the g
duplication events more tolerable, by limiting the possib
deleterious gain-of-function effects that could result from t
corresponding increase in gene activity. Thus, it is possible t
negative post-transcriptional regulation may have not on
specific cis-acting effects on gene expression, but also mo
general consequences for genome evolution.
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