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The embryonic lethal abnormal visual system (ELAV) is a gene-specific regulator of alternative pre-mRNA
processing in neurons of Drosophila. Here we define a functional in vivo binding site for ELAV in neurons
through the development of a reporter gene system in transgenic animals in combination with in vitro binding
assays. ELAV binds to erect wing (ewg) RNA 3� of a polyadenylation site in the terminal intron 6. At this
polyadenylation site, ELAV inhibits 3�-end processing in vitro in a dose-dependent and sequence-specific
manner, and ELAV binding is necessary in vivo to promote splicing of ewg intron 6. Further, the AAUAAA
poly(A) complex recognition sequence, together with ELAV, is required to regulate neural 3� splice site choice
in vivo. In addition, the use of segmentally labeled RNA substrates in UV cross-linking assays suggest that
ELAV does not inhibit or redirect binding of cleavage factor dCstF64 at the regulated polyadenylation site on
ewg RNA. These data indicate that binding of 3�-end processing factors, together with ELAV, can regulate
alternative splicing.
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Alternative pre-mRNA processing is a key mechanism
to increase proteomic diversity and to expand regulatory
mechanisms of gene expression. An astounding 40%–
60% of human genes are alternatively spliced in at least
one exon (Modrek and Lee 2002). Alternative pre-mRNA
processing is especially widespread in the nervous sys-
tem and substantially increases neuronal diversity and
functional complexity (Dredge et al. 2001; Grabowski
and Black 2001).
Although considerable progress has been made in elu-

cidating the mechanism of general splicing (e.g., see
Hastings and Krainer 2001) understanding alternative
splicing remains a major challenge. In several systems,
specific regulatory proteins have been identified and
were shown to either positively or negatively affect spli-
ceosome assembly at regulated introns by binding to
nearby splice sites (for reviews, see Lopez 1998; Smith
and Valcarcel 2000; Maniatis and Tasic 2002). Either dif-
ferential concentrations of general splicing factors and/
or the presence of tissue-specific factors have been at-
tributed regulatory roles. In a few cases, the interaction
of tissue-specific factors with pre-mRNA processing ma-
chinery could be determined (e.g., Labourier et al. 2001;
Lallena et al. 2002). In other cases, however, elucidation
of clear mechanisms is made difficult due to multiple

binding sites for tissue-specific factors distributed in the
vicinity of processing signals, as observed for Sxl-binding
sites on its own transcript (Sakamoto et al. 1992;
Horabin and Schedl 1993; Wang and Bell 1994), Nova-1-
binding sites in a GlyR�2 intron (Jensen et al. 2000), and
embryonic lethal abnormal visual system (ELAV)-bind-
ing sites in the regulated intron of nrg (Lisbin et al. 2001).
ELAV family proteins, characterized by containing

three RNA recognition motifs (RRMs), are among candi-
dates for neuron-specific regulators of RNA processing.
ELAV, originally identified in Drosophila as a panneu-
rally expressed protein (Robinow et al. 1988), has been
shown to affect neuronal pre-mRNA processing as a
gene-specific regulator (Koushika et al. 2000) and has
also been implicated in autoregulation (Samson 1998). In
contrast, the neuron-specific members of the human
ELAV family, HuB (Hel-N1), HuC, HuD, similar to the
ubiquitously expressed HuA (HuR), have been ascribed
only cytoplasmic RNA-processing functions (Myer et al.
1997; Levy et al. 1998; Peng et al. 1998, Antic et al. 1999;
Ford et al. 1999; Gallouzi and Steitz 2001; Kullmann et
al. 2002).
ELAV is essential for producing neuroglian (nrg) and

erect wing (ewg) neuronal mRNAs that require splicing
of the terminal exon resulting in distinct 3� ends
(Koushika et al. 1996). Thus, ELAV could stimulate
splicing of the last intron and/or inhibit 3�-end formation
within the last intron. Most general factors operating in
3�-end formation have been identified (for review, see
Zhao et al. 1999). Although models of terminal exon
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definition exist (Niwa and Berget 1991), the regulation of
alternative 3�-end formation and its coordination with
splicing is poorly understood. Situations comparable to
ewg and nrg have been described for alternative splicing
of CT/CGRP (Crenshaw et al. 1987) and for IgM alterna-
tive 3�-end processing (Peterson 1994). In CT/CGRP pre-
mRNA processing, inclusion of exon 4 and premature
3�-end formation occurs in thyroid cells, whereas exon 4
is skipped in neurons. Regulation at the level of 3�-end
formation in exon 4 has been suggested, because an en-
hancer sequence located 3� of the polyadenylation (pA)
site stimulates 3�-end formation (Lou et al. 1996). Al-
though neuron-specific factors have not been identified,
overexpression of PTB stimulates exon 4 inclusion and
3�-end formation (Lou et al. 1999). In IgM pre-mRNA
processing, splicing of the last intron resulting in mem-
brane bound IgM is prevented by use of an intronic pA
site to produce secreted IgM in later stages of B-cell de-
velopment (for review, see Peterson 1994). Increased ac-
tivity and concentrations of CstF64 (cleavage stimula-
tion factor) together with low hnRNP F concentrations
have been attributed to premature 3�-end formation ver-
sus splicing (Edwalds-Gilbert and Milcarek 1995; Tak-
agaki et al. 1996; Takagaki and Manley 1998; Veraldi et
al. 2001).
In this study, we have investigated how alternative

pre-mRNA processing of ewg intron 6 is regulated by
ELAV and defined the in vivo binding site for ELAV on
ewg RNA in neurons using in vivo and in vitro ap-
proaches. We find that ELAV binds 3� of a pA site and
inhibits 3�-end formation in the terminal ewg intron 6 to
promote alternative splicing. Further, we tested if ELAV
binding interferes with pA site recognition by cleavage
and polyadenylation specificity factor (CPSF) by analyz-
ing the effects of a deletion of the AAUAAA pA site-
recognition sequence on neural splice site choice, and if
ELAV competes with binding of CstF. We demonstrate
that the absence of the AAUAAA pA sequence leads to
increased nonneuronal 3� splice site choice in neurons.
We also provide evidence that ELAV does not inhibit
binding of CstF at the regulated pA site. Our studies
show that neural 3� splice site choice is influenced by
both ELAV and 3�-end processing factors.

Results

In the absence of ELAV, transcripts terminate
in ewg-terminal intron in neurons

Previous work has shown that ewg is broadly expressed,
but splicing of the terminal intron 6 occurs only in neu-
rons and is dependent on ELAV. Further, ectopic expres-
sion of ELAV in nonneural wing discs is sufficient to
induce intron 6 splicing and expression of EWG protein
(Koushika et al. 2000). These results raise the possibility
that ewg transcripts terminate in intron 6 in the absence
of ELAV using the intronic consensus pA sites (Fig. 1B).
To define 3� ends of ewg transcripts, we used 3� rapid

amplification of cDNA ends (3� RACE). Briefly, after re-
verse transcription (RT) with an oligo dT primer contain-

ing an anchor sequence, two PCR amplifications were
done using nested primers and the amplified fragments
were sequenced. To assesses the relative usage of pA

Figure 1. ELAV switches polyadenylation of ewg pre-mRNA
to splicing. (A) 3� ends of ewg transcripts amplified by nested
RT–PCR with RNA extracted from eye discs with no (−), re-
duced (e), or wild-type (+) ELAV levels. (e) elavedr. The top panel
shows the amplified ends of ewg transcripts, and the bottom
panel shows a common part of ewg transcripts amplified as a
standard. Primers used in the two PCR reactions are indicated
on the left and depicted in B. Graphic illustrations of PCR prod-
ucts are shown on the left and indicate the different 3� ends and
pA sites as depicted in B. PCR products were separated on 5%
denaturing polyacrylamide gels. (B) Schematic of the ewg rescue
reporter gene (tcgER). The transcriptional start is indicated by
an arrow in the elav promotor. ORFs are shown as boxes with
either a HA or VSV tag at the end. Deletion �7 is indicated at
the bottom [starts 89 nt after the 5� splice site, extends to the
MfeI site (M) in intron 6, and also contains an HA tag]. pA used
are indicated by vertical arrows. RT and return 3� RACE primers
are shown for the pA4 site only. (C) Splicing of ewg intron 6
analyzed by semi-quantitative RT–PCR with eye disc RNA
from wild-type and �7 tcgER in wild-type (+) or elavedr back-
ground (e). A fragment from Appl transcripts was amplified as
standard. Graphic illustrations of ewg splice products are shown
on the right. Uniformly 32P-dCTP-labeled PCR products were
separated on 8% polyacrylamide gels. (D) Southern blot probed
with either 32P-end-labeled HA or VSV oligonucleotides to vi-
sualize ends of transcripts from wild-type and �7 tcgER trans-
genes amplified by 3� RACE from eye disc RNA in wild-type (+)
and elavedr mutant background (e) as indicated in C. Graphic
illustrations of PCR products are shown on the right and indi-
cate the different 3� ends and pA sites. The shorter fragments
detected in lanes 3 and 4 on the HA-Southern are due to the
deletion �7 and 3�-end formation at pA2.
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sites semi-quantitative 3� RACE was done with 32P-la-
beled primers in the second PCR reaction (Fig. 1A, 6F or
5R to amplify the ends of all transcripts or a common
part of all transcripts as standard, respectively; Fig. 1B).
In wild-type eye discs, most poly(A)+ transcripts are

spliced and terminate at pA4 (Fig. 1A, lanes 2,3). In the
absence of ELAV, poly(A)+ transcripts predominantly
terminate in intron 6 at pA2 (Fig. 1A, lane 1). Loss of
ELAV from eye discs was achieved by generating mosaic
animals using a mitotic recombination technique (Stow-
ers and Schwarz 1999; see Materials and Methods). Re-
ducing ELAV levels, as in the synthetic elavedr mutant
(Koushika et al. 1996), is sufficient for predominant 3�-
end formation in intron 6 at pA2 (Fig. 1A, cf. lanes 4 and
3,1). In wing imaginal discs, the same switch as in eye
discs is observed with respect to 3�-end processing in the
absence or presence of ELAV (data not shown). Thus, in
the absence of ELAV, ewg poly(A)+ transcripts terminate
in intron 6, whereas the presence of ELAV promotes
splicing of intron 6.

A chimeric cDNA/genomic rescue reporter gene
recapitulates in vivo 3�-end processing

Next, to determine the cis elements necessary for ELAV-
dependent splicing of ewg intron 6 in neurons, we used a
transgenic approach and developed a reporter construct
(tcgER) shown in Figure 1B. We chose the elav promotor,
because it expresses exclusively in neurons at a moder-
ate to low level and because it resembles expression lev-
els of the ewg gene. Furthermore, an elav-promotor-
driven ewg cDNA transgene rescues the lethality of ewg
null alleles (DeSimone et al. 1996). To focus on 3�-end
processing, the 5� end of ewg cDNA was fused to the
genomic 3� end (Fig. 1B). To distinguish reporter and en-
dogenous ewg transcripts, a hemagglutinin tag (HA) and
a vesicular stomatitis virus (VSV) tag were added at the
end of the ORFs resulting from spliced and unspliced
intron 6. This tagged cDNA/genomic reporter transgene
(tcgER) fully rescues the lethality of an ewg null allele
(90%–100%) and, identical to the endogenous gene, the
major protein resulting from splicing of intron 6 is ex-
pressed in neurons (data not shown; Koushika et al.
1999).
RNA processing of tcgER-generated transcripts was

analyzed using semi-quantitative reverse transcriptase
PCR (RT–PCR) with RNA fromwild-type and elavedr eye
discs. In wild-type neurons, splicing of intron 6 is ob-
served with almost no inclusion of microexon I (Fig. 1C,
lane 1; data not shown). Thus, the minor splice product
that includes exon I observed in nonneuronal tissue rep-
resents the nonneuronal mode of splicing (Koushika et
al. 2000). In elavedr, intron 6 splicing is severely reduced
and thus usually not detected (Fig. 1C, lane 2). Further, 3�
RACE was used to determine the 3� ends of mRNAs
originating from tcgER by detection on Southern blots
with either 32P-labeled HA or VSV oligonucleotides (Fig.
1D). In wild type, both intron 6 spliced (VSV tag) and
unspliced (HA tag) mRNAs are detected, whereas in

elavedr, intron 6 is mostly not spliced (Fig. 1D, lanes 1,2).
In brief, tcgER behaves as the endogenous ewg gene.
To further delimit the region of intron 6 necessary for

ELAV-dependent regulation, a set of deletions, �1–�7 in
intron 6, were made in the parent tcgER construct and
ewg RNA processing was analyzed in eye discs of trans-
genic flies. The largest deletion, �7, includes all smaller
deletions, �1–6, and deletes ∼75% of intron 6 (Fig. 1B).
�7 mimics ewg 3�-end processing of parental tcgER
transgenes (Fig. 1C,D, cf. lanes 1,3 and 2,4; the shorter
fragments detected in Fig. 1D, lanes 3,4, on the HA
Southern are due to the deletion �7). Thus, cis elements
necessary for ELAV-dependent posttranscriptional regu-
lation of ewg are within 25% of intron 6 and/or to the 3�
untranslated region (UTR).

ELAV binds 3� of a poly(A) signal in ewg intron 6

Next, we used UV cross-linking assays to determine if
ELAV binds directly to ewg RNA �8 (�7 without the HA
tag) and/or the 3� UTR (Fig. 2A). “Neuronal” and non-
neuronal nuclear extracts were prepared from Dro-
sophila heads and Drosophila Kc cells. [32P]ATP- or
UTP-labeled substrate RNA was UV cross-linked, di-
gested with RNase, and cross-linked proteins were re-
solved on SDS gels.
A set of proteins cross-linked to �8 with a predomi-

nant band at 50 kD, the size of ELAV (Fig. 2B, lane 1).
Subsequently, ELAV’s identity was verified by immuno-
preciptation (IP) after cross-linking and RNase digestion
(Fig. 2B, lane 2). Both [32P]ATP- and UTP-labeled RNAs
cross-link equally well to ELAV (data not shown).
To determine if other proteins in the 50 kD range

cross-link to �8 RNA, nuclear extracts were prepared
from flies expressing a functional N-terminal deletion
mutant of ELAV (RBD60; Yao et al. 1993), but no endog-
enous ELAV. The RBD60 protein is detected as a 40 kD
band not seen with wild-type extracts (Fig. 2C, lane 3).
The signal in the 50-kD range is reduced but not absent
(Fig. 2C, lane 3), indicating an additional RNA-binding
protein. In Western analysis, no 50-kD band is detected
in the RBD60 extract (Fig. 2C, lane 6). No ELAV cross-
linking to �8 RNA was detected with nonneuronal ex-
tract (Fig. 2C, lane 1) that contains only a small amount
of ELAV (Fig. 2C, lane 4).
We also tested if ELAV can be UV cross-linked to the

3� UTR. The ELAV band observed with �8 is absent with
the 3� UTR RNA, although other cross-linking proteins
are observed with a prominent band at 55 kD (Fig. 2D).
To further restrict ELAV binding on RNA �8, the shorter
RNAs �9–�11 (Fig. 2A) were used for UV cross-linking.
ELAV did not cross-link to RNAs �9–�11 (Fig. 2E, lanes
1–3).
ELAV family proteins have previously been shown to

bind preferentially to AU-rich sequences (Levine et al.
1993; Gao et al. 1994; Abe et al. 1996). Examination of
the sequence between the pA signal and intron I revealed
several AU-rich elements consisting of three and a par-
tial fourth repeat of a tandem AU4–6 motif separated by
a short spacer (Fig. 2F). These AU motifs can be aligned
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to a putative consensus sequence (see Fig. 7A, below).
The signifigance, however, needs to be determined. The
most 3� AU-rich motif partially overlaps with the poly-
pyrimidine tract. To test if tandem AU4–6 motifs are in-
volved in ELAV binding, U-to-C substitutions were in-
troduced in �8 [A(CU)2–3, Fig. 2F]. m1, m2, and m3 rep-
resent mutations in the first, second, and third with a
partial fourth tandem AU4–6 motif, whereas the polypy-
rimidine tract was not mutated. A fourth mutation, m1–
3, that includes all the mutant nucleotides in m1, m2,
and m3 was also created.
Mutations m1, m2, andm3 each reduced the UV cross-

linking of [32P]ATP-labeled substrate RNA to the 50 kD
band by ∼50% (Fig. 2E, cf. lanes 7–9 and 4), whereas the
m1–3 mutation reduced it by ∼70% compared with �8
RNA (Fig. 2E, cf. lanes 6 and 4). These values on the
effect of mutations on ELAV cross-linking are likely to
be underestimates as proteins other than ELAV also con-
tribute to the signal at 50 kD (Fig. 2C, lane 3). Deletion
of the AAUAAA pA recognition sequence did not alter
the cross-linking pattern (Fig. 2E, lane 5).

The interaction of ELAV with ewg target RNA was
further demonstrated in electrophoretic mobility shift
assays (EMSA) using recombinant ELAV and in vitro
transcribed substrate RNA. Recombinant ELAV was pro-
duced in Escherichia coli as a GST-fusion protein and
the GST moiety was cleaved off. Recombinant ELAV
binds to substrate RNA pA2–I (the sequence from the pA
signal to exon I; Fig. 2F) in a concentration-dependent
manner with a Kd of ∼17 nM (Fig. 2G, lanes 2–6, 2H). To
show that binding to ewg RNA resides in the RRM do-
mains, point mutations in RNP1 of each RRM were in-
troduced, changing the conserved Y/VGF to AGD. Re-
combinant ELAV–AGD protein does not bind ewg RNA
(Fig. 2G, lane 7) and does not rescue elav mutant flies
(Lisbin et al. 2000). To further demonstrate that tan-
dem AU4–6 motifs in ewg RNA mediate ELAV binding,
EMSAs were performed with substrate RNA pA2–I m1–
3. The affinity to bind ELAV is ∼10-fold reduced (Fig. 2G,
lanes 9–13, 2H). Using substrate RNAs with single mu-
tations m1, m2, or m3 or double combinations showed
intermediate effects in EMSAs (data not shown). As a

Figure 2. ELAV binds 3� of the pA2 site on ewg pre-
mRNA. (A) Schematic of ewg RNAs used for UV cross-
linking assays. �8 derives from �7, but lacks the HA
tag. (B) UV cross-linking of uniformly [32P]ATP-labeled
�8 RNA in neuronal nuclear extract. Proteins were
separated on 10% SDS–polyacrylamide gels after cross-
linking and RNase digestion (lane 1) or after IP with
anti-ELAV antibodies (lane 2). The control IP (lane 3)
was done with protein A/G beads alone. Arrowhead in-
dicates ELAV. (C) UV cross-linking of uniformly
[32P]ATP-labeled �8 RNA in nuclear extract from Kc
cells and heads of wild-type flies or flies expressing the
N-terminal truncation mutant RBD60 (lanes 1–3), and
anti-ELAV Western of those nuclear extracts (lanes
4–6). A 50-kD protein present in addition to ELAV is
marked by a star next to lane 3. Arrowheads indicate
ELAV. (D) UV cross-linking of uniformly [32P]ATP-la-
beled ewg �8 and 3� UTR RNA. (E) UV cross-linking of
uniformly [32P]ATP-labeled �9–�11 RNAs and mutated
�8 RNAs. AU4–6 motif mutations are depicted in F. At
the bottom, labeling intensity of the 50-kD signal from
mutant RNAs is compared with parental �8 RNA (con-
trol, lane 4) and shown as PhosphorImager intensity (PI)
from three experiments. Arrowheads indicate ELAV. (F)
Schematic of ewg RNA pA2–I (pA2 signal to intron I)
showing AU4–6 motif locations (ovals). Crossed oval
represents mutated AU4–6 motifs to A(CU)2–3. For se-
quence see Figure 7A. (Py) Pyrimidine tract. (G) EMSA
of RNA pA2–I. The indicated uniformly [32P]ATP-la-
beled RNAs (100 pM) were incubated with recombinant
HA-ELAV (12.5 nM, 50 nM, 0.2 µM, 0.8 µM, and 3.2
µM) or HA-ELAV–AGD (3.2 µM, lane 7). The first lane
of each RNA (lanes 1,8,14) shows the input RNA with-
out protein. (H) Graphic representation of EMSA data.
The percent of bound RNA (input RNA − unbound
RNA/input RNA × 100) is plotted against the concen-
tration of recombinant ELAV (in molar) presented as log
from three experiments. (Open squares) Wild-type RNA
pA2–I; (filled rectangles) pA2–I RNA with mutation
m1–3; (open circles) anti-sense RNA pA2–I.
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control for binding specificity, we tested binding of re-
combinant ELAV to the antisense RNA of RNA pA2–I.
Although the Kd for this binding reaction is low (∼1.1
µM; Fig. 2G, lanes 15–19, 2H), it indicates that ELAV has
a general affinity for RNA. As evident from lanes 5, 6, 13,
and 19 in Figure 2G, recombinant ELAV most likely
forms a stable complex on substrate RNA.

ELAV binding inhibits 3�-end formation both in vitro
and in vivo

Because ELAV binds in the proximity of the intronic pA2
site, ELAV-dependent splicing of ewg intron 6 could be
explained by an inhibtory function of ELAV on 3�-end
formation at pA2. To test this hypothesis, an in vitro
cleavage/pA assay was established using nuclear extracts
from a nonneuronal Drosophila cell line (Kc cells) that
have only traces of ELAV (Fig. 2C, lane 4). As a substrate,
capped RNA pA2-ivs (299 nt) that includes the necessary
signals for 3�-end processing (Fig. 3A) was used. To make
the cleavage product detectable, a chain-terminating

ATP analog (3�dATP) was included to inhibit pA. Under
these conditions, the 5� cleavage fragment is detected as
a shorter RNA with an expected size of 165 nt (Fig. 3B,
lanes 2,3), whereas the 3� fragment is rapidly degraded in
nuclear extracts and thus not detectable (Wahle and
Keller 1994). To verify that the 5� cleavage fragment is
authentic and is distinct from degradation products, sev-
eral controls were performed. First, deletion of the
AAUAAA pA signal-recognition sequence abolished
cleavage and the 5� cleavage fragment is not detected
(Fig. 3B, lanes 8,9). Second, adding unrelated sequence at
the 3� end of the substrate RNA (Fig. 3A, pA2-ivs +54) did
not affect the size of the cleavage product and thus veri-
fied the position of the cleavage site (Fig. 3B, lanes 11,12).
Third, omitting 3�dATP from the reaction resulted in the
absence of the 165-nt cleavage product (Fig. 3B, lanes
14,15) because poly(A) tails of heterogeneous length are
added. The 5� cleavage product is therefore shifted to a
larger size partly overlapping with the substrate RNA
(Fig. 3C, lanes 14,15; this figure shows a longer exposure
of parts from the gel in Fig. 3B). Fourth, to demonstrate

Figure 3. ELAV inhibits 3�-end formation at pA2 in
vitro. (A) Schematic of ewg 299-nt substrate RNA
pA2-ivs used for in vitro cleavage/pA. The m1–3
mutation is as in Figure 2F; �AAUAAA deletes
those nucleotides and +54 adds 54 nt at the 3� end.
(B) Cleavage/pA assay of ewg wild-type and mutant
pA2-ivs RNAs as indicated above the panel in non-
neuronal nuclear extract. Time points were 0, 25,
and 50 min. The 5� cleavage product is marked with
an arrowhead. (M) RNA size marker. (C) Longer ex-
posure of upper parts of the gel from B shows the
addition of poly(A) tails in the absence of 3�dATP
and results in RNAs longer than the substrate (lanes
14,15). (D, top panel) Amplification of 5� cleavage
fragments from in vitro cleavage/pA assays in the
presence (+) or absence (−) of 3�dATP by oligo dT-
mediated RT–PCR (3� RACE). (Bottom panel) Con-
trol RT–PCR to show equal input was done with a
RT/return primer in the 3� part of pA2-ivs substrate
RNA to amplify uncleaved substrate RNA. Frag-
ments were separated on 3% agarose gels. (M) DNA
size marker. (E) Cleavage/pA assay of ewg wild-type
and mutant pA2-ivs RNAs as indicated above the
panel in nonneuronal nuclear extract. Concentra-
tion of recombinant ELAV is 0.2, 0.4, and 0.8 µM
and of ELAV–AGD is 0.8 µM. (F) Cleavage/pA assay
of wild-type and mutant substrate pA2-ivs RNAs in
neuronal nuclear extract. Time points were 0, 20,
40, and 60 min.

Soller and White

2530 GENES & DEVELOPMENT



the addition of a poly(A) tail to the 5� cleavage product,
oligo dT-mediated reverse transcription and 3� RACE
amplification were used. A poly(A) tail is added to the 5�
cleavage product in the absence of 3�dATP (Fig. 3C, lanes
14,15), resulting in the amplification of a correctly sized
3� RACE product (Fig. 3D, top panel, lane 2). No poly(A)
tails are added in the presence of 3�dATP (Fig. 3C, lanes
2,3) and consequently no 3� RACE product is observed
(Fig. 3D, top panel, lane 1). As a standard, RT–PCR was
done with a substrate-specific primer in the 3� region of
pA2-ivs (Fig. 3D, bottom panel). Fifth, sequencing of the
cleavage product obtained in the absence of 3�dATP
(band in lane 2, Fig. 3D, top panel) revealed no difference
to cleavage products obtained in vivo (data not shown).
With some substrates, poly(A) polymerase and degrada-
tion of the 3� cleavage fragment can be inhibited by in-
clusion of EDTA whereas the cleavage reaction is still
permitted in the absence of Mg2+ (Wahle and Keller
1994). Cleavage of the ewg substrate pA2-ivs, however, is
inhibited by inclusion of EDTA in the assay (data not
shown). With ewg substrate RNAs, 5� cleavage products
did not always accumulate over the time of the assay,
likely because cleavage rates did not exceed RNA degra-
dation rates.
To test if ELAV is sufficient to inhibit cleavage of the

wild-type ewg substrate RNA pA2-ivs, we added recom-
binant ELAV to cleavage reactions containing nuclear
extracts prepared from “nonneuronal” Kc cells. Addition
of recombinant ELAV inhibits cleavage of the pA2-ivs
RNA in a concentration-dependent manner (Fig. 3E,
lanes 3–5). Next we tested if the ability of ELAV to in-
hibit the cleavage reaction also depends on ELAV’s ca-
pacity to bind RNA. Addition of recombinant ELAV–
AGDmutant, unable to bind RNA (Fig. 2G, lane 7), does
not inhibit the cleavage reaction (Fig. 3E, cf. lanes 6 and
5). To test if ELAV’s ability to inhibit the cleavage reac-
tion is sequence specific, mutant substrate RNA pA2-ivs
m1–3 was used, previously shown to bind ELAV with
reduced affinity (Fig. 2G,H). Cleavage of the pA2-ivs
m1–3 RNA is not affected at ELAV concentrations that
inhibit cleavage of the wild-type pA2-ivs RNA (Fig. 3E,
cf. lanes 9 and 8,5).
Next, we wanted to verify that ewg substrate RNA is

processed in a neural mode in neuronal nuclear extracts.
Consistent with our expectation, wild-type substrate
pA2-ivs is not cleaved in neuronal nuclear extract pre-
pared fromDrosophila heads (Fig. 3F, lanes 2–4), whereas
cleavage of mutant pA2-ivs m1–3 substrate RNA is re-
stored due to reduced ELAV binding (Fig. 3F, lanes 6–8).
Introducing mutation m1–3 into pA2-ivs does not in-
crease cleavage efficiency (Fig. 3B, cf. lanes 2,3 and 5,6).
Deleting the AAUAAA pA complex recognition se-
quence in pA2-ivs abolishes cleavage (Fig. 3F, lanes 10–
12). ELAV immunodepletion of neuronal nuclear extract
resulted in loss of cleavage activity (data not shown).
This could be explained by a further reduction of the low
processing activity for the pA2-ivs substrate, or, alterna-
tively, ELAV immunodepletion might also deplete pA
factors (see Fig. 6E, below).
Taken together, our results from the in vitro cleavage

assays clearly demonstrate a direct role for ELAV in in-
hibiting 3�-end processing. To test if ELAV binding to the
ewg transcript in vivo is critical for regulating splicing of
intron 6, mutation m1–3 was introduced in the tcgER
construct and transgenic fly lines were established.
Splicing of intron 6 in the mutant m1–3 is abolished in

photoreceptors (Fig. 4B, cf. lanes 1 and 3) and in adult
brains (data not shown) as assayed with semi-quantita-
tive RT–PCR. Complete loss of splicing and concomi-
tant increased use of pA2 in mutant m1–3 is further veri-
fied with 3� RACE and detection of VSV or HA tags by
Southern analysis (Fig. 4C, cf. lanes 1 and 3).
The ability of m1–3 mutant transgenes to rescue vi-

ability is only ∼42 ± 5.6% (n = 7 independent insertions ±
S.E.) and is comparable to a deletion of exon J (43 ± 7.65
rescue, n = 8). These data demonstrate genetically that
ELAV function in ewg intron 6 processing is abolished in
the mutant m1–3.

Figure 4. Inhibition of 3�-end formation at pA2 in neurons de-
pends on ELAV binding in vivo. (A) Schematic of ewg intron 6
as present in tcgER reporter gene. (B) Splicing of ewg intron 6
analyzed by RT–PCR with eye disc RNA from wild-type and
m1–3 (mutations in AU4–6 motifs) tcgER in wild-type (+) or
elavedr mutant background (e). A fragment from Appl tran-
scripts was amplified as standard. Graphic illustrations of ewg
splice products are shown on the right. (C) Southern blot probed
with either a 32P-end-labeled HA or VSV oligonucleotide to vi-
sualize 3� ends of transcripts from wild-type and m1–3 tcgER
amplified by 3� RACE from eye disc RNA in wild-type (+) or
elavedrmutant background (e) as indicated in Figure 4B. Graphic
illustrations of PCR products are shown on the right and indi-
cate the different 3� ends and pA sites.
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Deletion of AAUAAA at pA2 permits nonneuronal 3�
splice site choice in neurons

Binding of ELAV near the pA2 site could interfere with
CPSF/AAUAAA-mediated recognition of the pA site
(Willusz et al. 1990; Gilmartin and Nevins 1991; Keller
et al. 1991). We therefore wanted to test if abolishing
3�-end formation at the pA2 site was sufficient to yield
the neuronal splicing pattern of intron 6, which is splic-
ing of exon H to J without inclusion of exon I. Thus, we
established transgenic fly lines containing a deletion of
the conserved AAUAAA sequence in the tcgER reporter,
which would eliminate poly(A)-complex formation and
3�-end formation.
Because usage of a pA site is also determined by se-

quence context, we verified that deletion of the
AAUAAA sequence in tcgER �pA2 reporter renders it
nonfunctional by Southern analysis after 3� RACE. No
transcripts terminating at pA2 were detected in the
�pA2 mutant (Fig. 5C; no upper band in lanes 3,4 was
detected with the HA probe).
Next, we compared splicing of intron 6 in parental and

�pA2 tcgER-expressing transgenes in photoreceptors. In
neurons, intron 6 is spliced, and transcripts that include
exon I are extremely rare and mostly below detection
limits (Fig. 5B, lane 1; but see also lane 1 in Figs. 1C, 4B).
With reduced ELAV levels, splicing of intron 6 is reduced
to very low or undetectable levels (Fig. 5B, lane 2; but see
also lane 2 in Figs. 1C, 4B). Deletion of the AAUAAA
sequence from pA2 results in a significant population of
transcripts that include exon I in wild-type photorecep-
tor neurons (Fig. 5B, lane 3). When ELAV levels were
reduced, inclusion of exon I became the major splice
product in the pA2 deletion mutant (Fig. 5B, lane 4).
Replacing the AAUAAA sequence with an unrelated se-
quence had exactly the same effect as the deletion (data
not shown).
These experiments show that the inhibition of pA-

complex formation in itself is not sufficient to com-
pletely mimic ELAV-mediated effects on intron 6 splic-
ing. One reason for the increased inclusion of exon I
could be the increase in the amount of transcripts avail-
able for splicing caused by the removal of the pA2 site. In
this scenario, ELAV levels could become limiting and
allow the inclusion of exon I. To examine this possibil-
ity, splicing of intron 6 was analyzed in developing pho-
toreceptor neurons by RT–PCR in flies with one, two, or
four copies of the tcgER transgene. No inclusion of exon
I could be detected with increased transcript levels (Fig.
5D). Also, removing of pA1, the proximal intronic poly-
adenylation site as in tcgER �7, did not result in in-
creased inclusion of exon I (Fig. 1C, lane 3). Thus tran-
script saturation is unlikely to be the cause for exon I
inclusion in wild-type photoreceptors. Another possibil-
ity is that ELAV does not inhibit recognition of the pA2
site, but rather components of pA complex together
with ELAV are necessary to achieve authentic neuronal
intron 6 splicing. The following experiments were un-
dertaken to test if ELAV binding competes with one of
the poly(A) complex components involved in pA-site rec-
ognition.

ELAV binding to ewg RNA does not compete
with dCstF64 binding

Processing of the 3� end is initiated by binding of CPSF to
the AAUAAA sequence and stabilization by CstF
(Willusz et al. 1990; Gilmartin and Nevins 1991; Keller
et al. 1991). Because ELAV-binding sites potentially
overlap with the expected position of dCstF64 binding to
ewg RNA at pA2 (G/U-element; Fig. 6C), we wanted to
test if ELAV physically inhibits dCstF64 binding. We

Figure 5. The AAUAAA pA recognition sequence is required
for neural 3� splice site choice. (A) Schematic of ewg intron 6 as
present in tcgER reporter gene. (B) Splicing of ewg intron 6 ana-
lyzed by RT–PCR with eye disc RNA from wild-type and �pA2
(AAUAAA deleted at pA2) tcgER in wild-type (+) or elavedrmu-
tant background (e). A fragment from Appl transcripts was am-
plified as standard. Graphic illustrations of ewg splice products
are shown on the right. (C) Southern blot probed with either a
32P-end-labeled HA or VSV oligonucleotide to visualize 3� ends
of transcripts from wild-type and �pA2 tcgER amplified by 3�

RACE from eye disc RNA in wild-type (+) or elavedr mutant
background (e) as indicated in B. Graphic illustrations of PCR
products are shown on the right and indicate the different 3�

ends and pA sites. (D) RT–PCR from eye disc RNA from wild-
type flies containing one, two, or four copies of wild-type tcgER
transgenes. A fragment from Appl transcripts was amplified as
a standard, and a fragment amplified from the 5� end of the
reporter transcript (eeF/R) shows the amount of transcripts.
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therefore cloned CstF64 from Drosophila into a UAS
vector, added a HA tag at the C terminus, and estab-
lished transgenic fly lines. Expression of correct-sized
dCstF64-HA (54 kD) was verified by overexpressing
transgenes in eye imaginal discs with a GMR-GAL4
driver (Fig. 6A).
Next, we tested whether an additional protein can be

detected after UV cross-linking in nuclear extracts from
flies expressing dCstF64-HA (from heads of elav-GAL4/
UAS dCstF64 flies) compared with wild-type flies. No
clearly distinguished additional protein at the size of
dCstF64-HA can be detected when resolving the 32P pro-
tein adducts (Fig. 6A, cf. lanes 5 and 4), although a pro-
tein with the same molecular weight size is detected.
Therefore, we used IP with an anti-HA antibody to iden-
tify 32P adducts on dCstF64 as a result of binding to ewg
RNA (Fig. 6B, lane 3).
To verify that dCstF64 binds ewg RNA pA2-ivs at the

expected position (G/U-element, Fig. 6C), segmentally
labeled substrate RNAs were generated and used for UV
cross-linking with neuronal nuclear extract containing
dCstF64-HA. Segmentally labeled substrate RNAs were

generated by dividing pA2-ivs into two parts and tran-
scribed separately by T7 RNA polymerase in vitro from
suitable sites, which were found immediately after the
AAUAAA sequence and after the first tandem AU4–6

motif in pA2-ivs. One of the transcripts was 32P-labeled
and ligated to an unlabeled part resulting in full-length
pA2-ivs substrate RNA (Fig. 6C).
No major differences are observed when comparing

the cross-linking patterns of pA2-ivs RNAs A–C, except
that the 55-kD band is absent with substrate B (Fig. 6D,
lanes 8–10). As noted previously, however, cross-linking
of both ELAV and dCstF64-HA is obscured by similar-
sized proteins (Figs. 2C, 6A) and thus IP was used to
identify binding to RNA.
IP with anti-HA antibodies identifies 32P adducts on

dCstF64 from RNA pA2-ivs C (Fig. 6D, lane 16), which
includes a G/U-rich sequence element expected to bind
dCstF64 (MacDonald et al. 1994). ELAV cross-links
prominently to pA2-ivs B (Fig. 6D, lane 2), to a lesser
extent to pA2-ivs C (Fig. 6D, lane 3), and weakly to pA2-
ivs A (Fig. 6D, lane 1).
Next, RNA pA2-ivs C was used in UV cross-linking

Figure 6. dCstF64 binds to ewg pA2 in the presence of ELAV. (A) Western showing expression of dCstF64-HA in eye discs using
GMR-GAL4 driver from 0, 1, or 2 UAS transgenes (lanes 1–3, respectively), and UV cross-linking of pA2-ivs RNA in neuronal nuclear
extract prepared from wild-type fly heads (−, lane 4) and fly heads expressing dCstF64-HA with elav-GAL4 driver (+, lane 5). (B) UV
cross-linking of �8 RNA in neuronal nuclear extract containing dCstF64-HA and IP with anti-HA antibodies (lane 3). Control IP was
done with protein A/G beads alone. The arrow marks dCstF64-HA and the arrowhead points toward ELAV. (C) Schematic of seg-
mentally 32P-labeled pA2-ivs RNAs used in UV cross-linking assays in D and E. A G/U-rich sequence element as a putative dCstF64-
binding site is indicated below pA2-ivs. (D,E) UV cross-linking assays with partially 32P-labeled pA2-ivs RNAs in neuronal nuclear
extract containing dCstF64-HA, and IP with anti-ELAV and anti-HA antibodies. Added recombinant ELAV (0.16 µM, 0.32 µM, and 0.64
µM) to UV cross-linking extracts and labeled RNA are indicated above the panel. As a control, UV cross-linking reactions with pA2-ivs
C or pA2-ivs were incubated with protein A/G beads alone (D, lanes 7,20; E, lanes 1,12). The arrow marks dCstF64-HA and the
arrowhead points toward ELAV. (F) Coimmunopreciptation of ELAV and dCstF64 from neuronal nuclear extract expressing UAS
dCstF64-HA with elav-GAL4 driver. (Lanes 1–3) IP with anti-ELAV antibodies and detection of dCstF64-HA (arrow) with anti-HA
antibodies. (Lanes 4–6) IP with anti-HA antibodies and detection of ELAV (arrowhead). (Lanes 2,5) Control IP was with protein A/G
beads alone. Twenty-five percent input of nuclear extract proteins is shown in lanes 1 and 4.
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assays to test whether addition of recombinant ELAV to
nuclear extracts competes with dCstF64 binding to RNA
pA2-ivs. A fivefold increase of ELAV in the nuclear ex-
tract did not reduce 32P adducts on dCstF64 (Fig. 6D,
lane 19; final concentration of endogenous and recombi-
nant ELAV together is ∼0.8 µM). Despite RNase treat-
ment after UV cross-linking, we observed coimmunopre-
ciptation of ELAV with dCstF64 when increasing ELAV
levels (Fig. 6D, lanes 18,19). Addition of recombinant
ELAV did not change cross-linking of major proteins (Fig.
6D, cf. lanes 10 and 11–13).
When increasing ELAV levels with RNA pA2-ivs C, it

is not possible to distinguish between dCstF64-HA bind-
ing to its expected position and redirection to sites 5� of
the AAUAAA sequence. We thus tested whether elevat-
ing ELAV levels leads to an increase of dCstF64 cross-
linking to RNA pA2-ivs A, which would indicate redi-
rection. Although variably weak cross-linking of
dCstF64-HA to RNA pA2-ivs A can be detected, no cor-
relation with ELAV levels is observed (Fig. 6E, cf. lanes
3–6 and 14–17).
Overexpression of dCstF64-HA or ELAV with GMR-

GAL4 in eye discs did not affect levels of intron-6-spliced
transcripts, suggesting again that dCstF64 is not compet-
ing with ELAV binding and that ELAV levels are satu-
rated (data not shown).
To further confirm the interaction of ELAV and

dCstF64 observed in Figure 6D (lanes 18,19), coimmuno-
preciptation with either anti-ELAV or anti-HA antibod-
ies from nuclear extracts was performed in the presence
of RNase to eliminate RNA-mediated interactions. HA-
tagged dCstF64 can be pulled down from nuclear extract
with ELAV and vice versa (Fig. 6F, lanes 3,6). The lower
pull-down efficiencies for ELAV are likely because of
competition with endogenous dCstF64.

Discussion

Although the ewg gene is ubiquitously transcribed, a sa-
lient feature is the unusual posttranscriptional regula-
tion of this transcription factor. The last intron 6 is only
spliced in the presence of ELAV, as in neurons, or when
ELAV is provided ectopically. This, in turn, leads to the
expression of the major EWG protein isoform sufficient
for full rescue of viability and neuronal function
(Koushika et al. 1999, 2000). In this study, we developed
a rescue reporter transgene, tcgER, that recapitulates
ELAV-mediated regulation of ewg transcripts in neurons
of developing and adult Drosophila flies. We show that
ELAV binds directly to ewg RNA close to an intronic pA
site and inhibits 3�-end formation at this site to promote
neuronal splicing of ewg intron 6.

Direct ELAV binding to AU4–6 motifs in ewg RNA

Several lines of in vitro and in vivo evidence converge to
identify the AU4–6 motifs 3� of pA2 in ewg intron 6 as a
functional ELAV-binding site. Deletions introduced in
tcgER reporter transgenes show that only ∼25% of intron

6 is sufficient for ELAV-dependent regulation. Within
the remaining RNA, ELAV UV cross-links in neuronal
nuclear extracts to AU4–6 motif containing region pA–I,
but not to the flanking sequence or the 3� UTR. In addi-
tion, EMSAs show that recombinant ELAV binds with
nanomolar affinity to ewg RNA pA–I. Mutational analy-
sis further substantiated ELAV’s binding to AU4–6 motifs
in vitro, as U-to-C substitutions considerably reduced
ELAV binding in UV cross-linking assays as well as in
EMSAs. Moreover, AU4–6 motifs are necessary to inhibit
cleavage of substrate RNA in in vitro cleavage/pA assays
with neuronal nuclear extracts or when recombinant
ELAV is added to nonneuronal extract. Finally, tcgER
reporter transgenes with mutated AU4–6 motifs fail to
show the neuronal processing mode of ewg intron 6,
demonstrating the importance of these motifs to ELAV
regulation in vivo.
The ELAV-binding site on ewg RNA consists of sev-

eral AU4–6 motifs, consistent with previously reported
binding preferences of ELAV/Hu proteins to AU-rich se-
quences (Levine et al. 1993; Gao et al. 1994; Abe et al.
1996). Whithin this site individual tandem AU4–6 motifs
contribute to ELAV binding, indicating that several
ELAV molecules bind to ewg RNA. Recently, Hu pro-
teins were found to interact with each other in yeast
two-hybrid assays and coimmunopreciptations, and
could thus potentially form a complex on binding to tar-
get RNA (Kasashima et al. 2002). This is consistent with
our own observations and might indicate that ELAV/Hu
proteins associate cooperatively on target RNA to form a
complex (M. Soller and K. White, unpubl.).

ELAV inhibits cleavage associated with an intronic
pA site

In this article, we demonstrate that ELAV inhibits cleav-
age of ewg substrate RNA in in vitro cleavage assays in a
sequence-specific and concentration-dependent manner.
We further show that the inhibitory activity of ELAV
resides in its ability to bind RNA. Thus, ELAV is not
inhibitory via titrating any essential component. This is
of particular importance, as ELAV was also found to in-
teract with dCstF64 in nuclear extracts. Although we do
not yet know if the interaction of ELAV and dCstF64 is
direct, inhibition of pA by ELAV cannot be explained by
sequestering pA factors (e.g., dCstF64) from binding to
ewg RNA in vitro. Rather, specificity in the substrate
RNA and assembly of ELAV and CstF64 on ewg RNA
might play a critical role in inhibiting 3�-end processing.
How does ELAV binding mediate inhibition of 3�-end

processing at ewg pA2? In IgM processing, binding of
hnRNP F was found to compete with CstF64 binding to
the regulated pA site, together with a change in RNA-
binding activity of CstF64 during B-cell development
(Edwalds-Gilbert and Milcarek 1995; Veraldi et al. 2001).
Thus, hnRNP F interferes with pA site recognition. Al-
though ELAV- and dCstF64-binding sites potentially
overlap 3� of the ewg pA2 site, competition for binding to
ewg RNA was not observed in this study. Furthermore,
deletion of the AAUAAA pA recognition sequence did
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not result in ELAV-independent neural splice site
choice; instead, the neural specificity in the 3� splice
choice was lost. That the AAUAAA sequence of the pA2
site is important for neuron-specific splicing suggests
that pA factors bind to the ewg pA2 site in neurons and
that this binding also influences 3� splice site choice.
Additionally, overexpression of neither ELAV nor
dCstF64 in neurons changed ewg 3�-end processing, al-
though only about half the amount of all transcripts
splice intron 6 in neurons. This suggests that levels of
both ELAV and dCstF64 are saturating, and that 3�-end
formation and the presence of ELAV are not mutually
exclusive. In contrast, levels of CstF64 have been shown
to be critical for IgM processing in vivo using cell culture
systems (Takagaki et al. 1996; Takagaki and Manley
1998). In summary, our results argue against a role of
ELAV in competing with pA site recognition by CPSF
and CstF.

ELAV and poly(A) factors promote alternative splicing
of ewg RNA

In neurons, splicing of ewg intron 6 is achieved through
inhibition of intronic 3�-end formation at pA2 and distal
3� splice site selection. Figure 7A depicts the sequence
around ewg pA2 with the regulatory elements. A model
of ELAV binding 3� of pA2 together with a partial pA
complex consisting of CPSF and CstF is shown in Fig-
ure 7B.
By what mechanism does ELAV inhibit 3�-end process-

ing to allow splicing? ELAV’s binding in the proximity of
the cleavage site could slow the recruitment of cleavage
factors (CF I and CF II) and/or poly(A) polymerase (PAP)
resulting in a delay of the cleavage reaction. Alterna-
tively, execution of the cleavage reaction could involve a
structural rearrangement that is affected by ELAV bind-
ing. In either case, this intermediate pA complex con-
sisting of at least CPSF and CstF together with ELAV
alters the timing of 3�-end processing to allow for the
assembly of the splicosome to the neuronal 3� splice site
of intron 6 and for splicing to proceed.
Transcription and RNA processing are coupled

through the C-terminal domain of the largest subunit of
RNA polymerase II (pol II; for review, see Proudfoot et al.
2002). Low processivity of RNA pol II could occlude the
availability of a 3� splice site and thus favor intronic
3�-end processing. The short distance of only 164 nt from
the AAUAAA sequence to the 3� splice site of exon I,
however, makes this an unlikely scenario. Furthermore,
ELAV’s ability to inhibit cleavage in vitro in a concen-
tration- and sequence-dependent manner argues against
a role in stimulating RNA pol II processivity to make the
neural 3� splice site available for splicing before 3�-end
processing occurred.
What drives the choice of the neural splice site in ewg

intron 6? An interesting alliance between ELAV and
components of the pA complex in choosing the neural 3�
splice site was revealed when analyzing mutations of the
AAUAAA pA complex recognition sequence (�pA2). In
�pA2, inclusion of exon I can occur even in the presence
of ELAV, whereas in the absence of ELAV, inclusion of
exon I is the major splice product. Thus, the ability of the
pA site to initiate the assembly of pA factors in the pres-
ence of ELAV is key to the tight regulation of usage of
the distal 3� splice site in neurons. As a consequence,
exon I is not included in wild-type neurons. In nonneu-
ronal tissue, inclusion of exon I is observed at low fre-
quency, as the few transcripts that escape 3�-end forma-
tion at pA2 are spliced to exon I (Koushika et al. 2000).
Thus, ELAV and factors bound to the pA2 site together
block the 3� splice site of exon I.
In summary, we show that the RNA-binding protein

ELAV can inhibit 3�-end formation without affecting rec-
ognition of the pA site by CPSF and CstF64. ELAV and
components of the pA complex then direct exclusive use
of the distal 3� splice site to promote the neural process-
ing mode. Because bona fide pA sites are frequently
found in introns, binding of pA complex components
could contribute to localize splice sites, and, as shown in
this study, can regulate alternative splicing.

Materials and methods

Fly genetics and recombinant DNA technology

Fly breeding, genetics, transformation, and DNA mutagenesis
were according to standard procedures as detailed in Koushika
et al. (2000), Lisbin et al. (2001), and Sambrook and Russel (2001).
Eye discs devoid of ELAV were generated in mosaic animals by
mitotic recombination using an elav null mutation (elave5) ac-
cording to Stowers and Schwarz (1999). At the end of larval

Figure 7. (A) Sequence context around ewg pA2 up to the 3�

splice site of exon I. (B) Schematic of CPSF, CstF, and ELAV
binding to ewg pre-mRNA. In A, the AAUAAA sequence, tan-
dem AU4–6 motifs, and the AG dinucleotide from the 3� splice
site at exon I are in capital letters. A G/U-rich element is un-
derlined and the polypyrimidine tract is in italics. The cleavage
site is indicated with an asterisk. AU4–6 motifs are in bold and
tandem AU4–6 motifs are aligned to a putative consensus se-
quence evident within the ELAV binding sites.
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development, the elave5 homozygous clones comprise ∼90%–
95% of photoreceptors (data not shown).
DNA clones were fully sequenced before subcloning into

the reporter construct. Details of generation of the reporter
constructs and mutants are available on request. The follow-
ing oligonucleotides (antisense) were used to generate the mu-
tants used in this study: �7-l (CGCCGGCTTAGGACTG
ACGATAAGCTTCCCGCTCTCGAGATCAGCGAATAGCA
CTG), �7-HinDIII-MfeI linker (AGCTTGTAGGATCCATAGTC),
m1 (CAACAATAATTAGAGATGAGAGTTAATTTGAAGTT
AAATTGTTGGC), m2 (TCAATATAGAGTGAGGACAAGC
AGAGAGTGAATATTCTGAGAC), m3 (GAACATAAAGTT
TAAAGTTATAAGATAGAGTGTATAATAGCAGAGTATA
CTTACATAAAC), �pA2-del (GAAGTTAAATTGTTGGCTA
GCATTTCAGTTTACAAAATGTACAAGC), and �pA2-ins
(GAAGTTAAATTGTTGGCAACGTTAGTAGCATTTCAGT
TTACAAAATGTACAAGC). Two to three independent inser-
tion lines fulfilling the expected rescue ability were analyzed for
each construct.
dCstF64 was amplified from genomic DNA (400 ng/reaction)

as two separate overlapping pieces using primers 64F1 (CGAA
GATCTGTTTGTCAACGTTTGCTAAGATTTTGTCG)/64R2
(GGGTAGAGAAGCGCGCAAATCCTGGTCC) and 64F2 (GC
GCTCGGGATGCTCTTCAAGGCCAACC)/64R1 (GGACTA
GTTGCTCGAGCGCTGGGTACTCTTCGCAATCTGC) with
Pwo polymerase (Roche) for 30 cycles (94°C for 30 sec, 58°C for
30 sec, and 68°C for 1 min with an initial denaturation step at
94°C for 30 sec and a final extension at 68°C for 1 min). The
fragments were then added as pieces from a 1% agarose gel to a
second PCR with flanking primers 64F1/64R1 and amplified
with an initial denaturation step at 94°C for 5 min in water
followed by an annealing and extension step at 68°C for 10 min
to synthesize full-length dCstF64 ORF. dCstF64 DNA was then
cloned into a modified pUAST adding a C-terminal HA tag and
the ewg 3� UTR from intron 6 using BglII, XhoI, and SpeI sites
and sequenced before transformation of flies.

RNA extraction and RT–PCR

RNA extraction and RT–PCR were done as in Koushika et al.
(2000). RT for 3� RACE on RNA from 30 eye discs was done
with 10 pmole of primer AP [GGCCACGCGTCGACTAG
TAC(T)17; Invitrogen], and nested PCR was on 10% of the RT
reaction with anchor primer AUAP (GGCCACGCGTCGAC
TAGTAC) and 5F for 22 cycles (94°C for 30 sec, 60°C for 40 sec,
and 72°C for 120 sec with an initial denaturation step at 94°C
for 30 sec and a final extension at 72°C for 5 min) on 10% of the
RT reaction and with a second nested primer (6F or 5R) for 10
cycles on 10% of the first PCR reaction. RT for 3� RACE on
RNA from in vitro cleavage reactions was done the same except
that denaturation was at 60° C for 5 min, annealing of the
AP-G primer (10 fmole, containing a 3� guanosine) was at 50°C
for 10 min, and extension was at 46°C for 30 min. For nested
PCR, primers KS T3F (GGGAACAAAAGCTGGGTACAAT-
TGC)/AUAP were used with 10% of the RT reaction for 30
cycles (94°C for 30 sec, 54°C for 30 sec, and 72°C for 20 sec
with an initial denaturation step at 94°C for 30 sec) and then
F6i2 (CAAGTCAATTGCAAAAGAGGGAGAATGAAAAAGC
AAC)/AUAP for 15 cycles on 4% of the first PCR reaction.
Sequencing was done with primer F6i3 (GCGATTGTTGT
GATTTTAATATAATTTTACCTT). Control RT was done
with 10 fmole of primer R6int8 (AACATAAAGTATAACTC
GAGGACAAGCAAAAAATGTATATTCTGAG) and PCR for
30 cycles with primers KS T7F/R6int8.
Primers were eeF (GGGAGAAAATCGAAGCAGAGAGC),

eeR (GGAAGTGTTGCCGGCACTTTGC), VSV-R (ACTTGC

CCAGGCGGTTCATCTC), ApplF2 (GCGGCCAATCCCAAC
CTAGAGACC), ApplR2 (AAACTGCAGCACAATGGGATGG
TGTGTTGTGAC), or as in Koushika et al. (2000).

Electrophoretic mobility shift assays

GST-fusion proteins were produced in E. coli according to the
manufacturer’s instructions and cleaved off the GST moiety
with PrecissionProtease (Amersham) and stored in protease
cleavage buffer after removal of the protease. Gelpurified RNA
in 50 µg/mL tRNA (Roche) and 1 U/µL RNasin (Roche) was
heated for 5 min at 65°, renatured at RT, then mixed with an
equal volume of recombinant protein to a final concentration of
50 mM Tris-HCl (pH 7.5), 40 mM KCl, 20 mM KGlutamate, 15
mM NaCl, 25 µg/mL tRNA, 0.5 mM DTT, 50 µg/mL BSA
(acetylated) in a total of 10 µL, and incubated at room tempera-
ture for 20 min. Five microliters reaction with 2 µL 50% glyc-
erol were loaded on 4% (80:1 acrylamide/bisacrylamide) poly-
acrylamide gels and run at 4°C at 200 V in 0.5× TBE.

Nuclear extract preparation

Fly heads were collected by freezing flies in liquid nitrogen,
shaking vigorously, and then sieving (Fisher). Heads were stored
at −80°C.
The protocol for nuclear extract preparation from fly heads is

adapted from Spikes and Bingham (1992) and So and Rosbash
(1997). All procedures are done on ice or at 4°C. One gram of
heads was homogenized in 7 mL of buffer A [15 mM HEPES at
pH 7.6, 10 mM KCl, 5 mM MgCl2, 350 mM sucrose, 0.1 mM
EDTA, 0.5 mM EGTA, 1 mM DTT, 1 mM PMSF (0.2 M in
isopropanol), 1 µg/mL leupeptin] with 10 strokes with the loose
pestle and 1 stroke with the tight pestle in a Dounce homog-
enizer. The homogenate was then passed through a 10-mL
Polyprep column (Bio-Rad), adjusted to 10 mL total volume,
overlaid on 3 mL of buffer B (same as A, but with 800 mM
sucrose) in a 14-mL polypropylene centrifuge tube and spun for
5 min at 16,000g in a Sorvall HB-4 (swing out) rotor. The super-
natant was completely removed, avoiding the top of the two
layers.
Nuclei were then dissolved in 300 µL buffer C [20 mMHEPES

at pH 7.6, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5
mM DTT, 1 mM PMSF, 1 µg/mL leupeptin, 25% (v/v) glycerol
(Ultrapure, GIBCO)] by vortexing, a small magnetic stirrer was
added, and nuclei extracted by vigorous stirring for 30 min on
ice. The supernatant was adjusted to 0.5 mL, nuclei were pel-
leted 10 min at 16,000g and the supernatant removed, avoiding
the top layer and the pellet. Dialysis was done for 3 h with three
changes in buffer D [20 mM HEPES at pH 7.6, 100 mM KCl, 0.2
mM EDTA, 0.5 mM DTT, 1 mM PMSF, 1 µg/mL leupeptin,
20% (v/v) glycerol], the extract spun for 10 min at 16,000g, and
aliquots were flash frozen in liquid nitrogen for storage at
−80°C. Protein concentration was ∼5 mg/mL. DTT, PMSF, and
leupeptin were added immediately before use.
Kc cells were grown in D22 media and nuclear extract was

prepared according to Dignam et al. (1983).

UV cross-linking assays and immunoprecipitations

In a total volume of 10 µL, 1–10 fmoles of capped RNA was
incubated in 40% (v/v) nuclear extract, 1 mM ATP, 5 mM cre-
atine phosphate, 2 mM MgAcetate, 20 mM KGlutamate, 1 mM
DTT, 20 U RNasin (Roche), and 5 µg/mL tRNA at room tem-
perature for 25 min. Heparin was added to 25 µg/mL, incubated
for 5 min, and UV cross-linked on ice at 254 nm for 20 min in
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a Stratalinker (Stratagene), followed by digestion with RNase
A/T1 mix (Ambion) at room temperature for 15 min.
IPs were done in a final volume of 120 µL using 10 µL mono-

clonal anti-ELAV antibodies 7D or anti-HA antibodies 5D3
(Roche), 20 µL protein A/G beads (Santa Cruz Biotechnology),
and 10 µL nuclear extract or UV cross-linking mix in NET 150
or 500 (150 or 500 mM NaCl, 0.5 M Tris-HCl at pH 7.5, 0.01%
NP-40) at room temperature for 2 h.

Splinted ligation of RNAs

Gel-purified PCR products generated with Pwo polymerase
(Roche) were used for in vitro transcription of RNAs by T7
polymerase. After gel purification RNAs were ligated according
to Moore and Query (2000) using DNA bridging oligos Glig2
(GAGGACAAGCAAAAAATGTATATTCTGAGACCAACAA
TAATTAAAAATAAAAATTAATTTGAAGTTAAATTGTTG
GC) and Glig3 (TAAAAATTAATTTGAAGTTAAATTGTTG
GCTTTATTTAGCATTTCAGTTTACAAAATGTACAAGCA
AATATTTTAAGG; start of the 3� fragment is underlined).

In vitro cleavage/polyadenylation assays

In a total volume of 20 µL 1–5 fmoles of capped and gel-purified
RNAwere incubated in 40% (v/v) nuclear extract, 0.1 mMATP,
0.5–2 mM 3�dATP (Sigma; neutralized with KOH), 5 mM
creatine phosphate, 0.6 mM MgAcetate, 1.5 mM DTT, 40 U
RNasin (Roche), 5 µg/mL tRNA, and 1.5% (v/v) PEG8000 (from
frozen aliquots) at room temperature (24°C–27°C). Recombi-
nant ELAV [diluted into 40% (v/v) PrecissionProtease cleavage
buffer] was added to the cleavage assay to a final volume of 5%
(v/v). Reactions were quenched in stop buffer (100 mM Tris at
pH 7.5, 10 mM EDTA, 1% SDS, 150 mMNaCl, 300 mMNaAc),
phenol-chloroform extracted, and ethanol precipitated.
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