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Summary

Drosophila Dscam encodes 38,016 distinct axon guid-
ance receptors through the mutually exclusive alter-
native splicing of 95 variable exons. Importantly,
known mechanisms that ensure the mutually exclu-
sive splicing of pairs of exons cannot explain this
phenomenon in Dscam. | have identified two classes
of conserved elements in the Dscam exon 6 cluster,
which contains 48 alternative exons—the docking
site, located in the intron downstream of constitutive
exon 5, and the selector sequences, which are lo-
cated upstream of each exon 6 variant. Strikingly,
each selector sequence is complementary to a por-
tion of the docking site, and this pairing juxtaposes
one, and only one, alternative exon to the upstream
constitutive exon. The mutually exclusive nature of
the docking site:selector sequence interactions sug-
gests that the formation of these competing RNA
structures is a central component of the mechanism
guaranteeing that only one exon 6 variant is included
in each Dscam mRNA.

Introduction

Alternative splicing is a widespread mechanism for reg-
ulating gene expression and increasing protein diversity
in eukaryotes (Black, 2000; Graveley, 2001). Most meta-
zoan genes encode pre-mRNAs that undergo alternative
splicing. For example, recent microarray analyses sug-
gest that approximately 40% and 74% of Drosophila
and human genes, respectively, encode alternatively
spliced pre-mRNAs (Johnson et al., 2003; Stolc et al.,
2004). Moreover, while most genes are thought to gen-
erate only two alternatively spliced mRNA isoforms,
many genes can encode a much greater repertoire of
mRNA variants (Black, 2000; Graveley, 2001). The most
dramatic example is the Drosophila Dscam gene, which
can potentially generate over 38,000 mRNA isoforms
via alternative splicing (Schmucker et al., 2000).
Alternative splicing can occur through intron reten-
tion, alternative 5’ or 3’ splice site selection, the inclu-
sion or exclusion of cassette exons, the selection of
alternative 3’ terminal exons, and even alternative
trans-splicing (Maniatis and Tasic, 2002). On a genome-
wide level, the most frequent alternative splicing events
involve cassette exons—exons that are either included
or excluded from an mRNA in their entirety (Thanaraj
et al., 2004). Moreover, approximately 10% of cassette
exons exist in pairs in which only one of the two exons
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is included in the mRNA (Thanaraj et al., 2004). In fact,
thousands of genes exist that contain such an ar-
rangement.

Several mechanisms have been discovered that are
used to ensure that the splicing of pairs of alternative
exons is strictly mutually exclusive. First, the splice
sites in the intron separating the two alternative exons
can be spatially arranged such that when splicing fac-
tors recognize one splice site, they prevent the binding
of splicing factors to the other splice site through steric
hindrance. Specifically, the binding of U1 snRNP to the
5’ splice site in the intron separating the two mutually
exclusive exons will prevent the binding of U2 snRNP
to the branchpoint in the same intron. Conversely, the
binding of U2 snRNP to the branchpoint will prevent
the binding of U1 snRNP to the 5’ splice site. In this
way, the spliceosome can recognize only one of the two
mutually exclusive exons. This mechanism has been
shown to occur in the a-tropomyosin (Smith and Nadal-
Ginard, 1989) and o-actinin (Southby et al., 1999) genes.

A related mechanism could operate if the intron sep-
arating the two alternative exons is too small to be effi-
ciently spliced. For example, in Drosophila, introns
smaller than 59 nucleotides cannot be removed by the
spliceosome (Kennedy and Berget, 1997). Thus, the
presence of introns smaller than this lower limit would
prevent the alternative exons from being spliced to-
gether. As a result, only one of the two exons would be
included in the pre-mRNA.

A third mechanism involves a unique arrangement of
splice sites that are recognized by the major and minor
spliceosomes. Most introns are removed by the major
spliceosome, which consists of U1, U2, U4, U6, and U5
snRNPs. However, a small number of introns are re-
moved by the minor spliceosome, which consists of the
U11, U12, U4atac, Ubatac, and U5 snRNPs (Patel and
Steitz, 2003). The splice sites that are recognized by
these two spliceosomes are distinct. Moreover, neither
spliceosome can remove an intron containing a mixture
of major and minor splice sites (Sharp and Burge,
1997). Thus, one way in which alternative splicing can
be mutually exclusive is to use a combination of splice
sites recognized by the two spliceosomes. For in-
stance, if the 5’ splice site of the upstream constitutive
exon and the 3’ splice sites of the two alternative exons
are major spliceosome splice sites and the 5’ splice
sites of the alternative exons and the 3’ splice site of
the downstream constitutive exon are minor spliceo-
some splice sites, the splicing of the alternative exons
is guaranteed to be mutually exclusive. The human
stress-activated protein kinase (JNK 1) gene contains
an alternatively spliced region with this type of organi-
zation (Letunic et al., 2002).

Finally, the splicing of two cassette exons may not
be truly mutually exclusive, but rather may simply ap-
pear to be so. This could occur if the two alternative
exons are not a multiple of three nucleotides. If neither
or both exons are included, premature termination co-
dons will be introduced into the mRNA and those iso-
forms will be subject to degradation by the non-sense-



Cell
66

Exon 6

Exon 9

B
< R
2@ S & © .
& e, F F O e & e u @ @
& & ¢ e & £ & O o & & 4@ 3
@q}'b o {36"‘ e‘?}' < & & W (,‘\d? o Q.‘\@ Q@(“ 5903‘ @D\\ &e\& ng:"’}
o Q Q Q o Q o Q ‘ Q o s # A2 : A .

@
o

Figure 1. The D. melanogaster Dscam Gene and Insect Phylogeny
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(A) Organization of the D. melanogaster Dscam gene. Dscam contains 115 exons, 95 of which are alternatively spliced. The exon 4, 6, and 9
clusters contain 12, 48, and 33 alternative exons, respectively, that each encode variable immunoglobulin domains. The exon 17 cluster
contains two exons that encode alternate versions of the transmembrane domain. The exons within each cluster are alternatively spliced in
a mutually exclusive manner. The exon 6 cluster is enlarged to depict its organization.

(B) Dendrogram of the phylogenetic relationship among the insects used in this study. The tree represents the estimated evolutionary distance
of each organism in millions of years. These organisms represent four major orders of Insecta—Diptera, Lepidoptera, Hymenoptera, and

Coleoptera—which are each shaded in different colors.

mediated decay pathway (Jones et al., 2001). As a re-
sult, mMRNAs containing one and only one exon will be
stable and the splicing of such pre-mRNAs will appear
to be mutually exclusive, though in reality it is not.
The Drosophila melanogaster Dscam gene contains
95 mutually exclusive alternative exons arranged into
four clusters. The exon 4, 6, 9, and 17 clusters contain
12, 48, 33, and 2 exons, respectively (Figure 1A). De-
spite the fact that each alternative exon is flanked by
splice sites, the alternative exons have not been ob-
served to be spliced together. Thus, a powerful mecha-
nism(s) must exist to ensure that multiple alternative
exons are not included in the Dscam mRNAs. Interest-
ingly, none of the known mechanisms can explain the
mutually exclusive splicing of the Dscam exon 4, 6, and
9 clusters. First, although the steric hindrance of
snRNP binding could prevent adjacent alternative ex-
ons from being spliced together, it could not do so for
nonadjacent exons. Second, all of the introns separat-

ing the alternative exons are larger, and in many cases
significantly larger, than the lower limit for intron size.
Third, the dual spliceosome mechanism is not involved
for Dscam because all of the splice sites in the gene
conform to the major splicecosome consensus se-
quences. Finally, the NMD mechanism cannot be suffi-
cient either. In the exon 4 cluster, all 12 exons are a
multiple of 3. As a result, regardless of the number of
exons included, no change in reading frame would oc-
cur. In contrast, for the exon 6 and 9 clusters, the alter-
native exons are not divisible by 3. However, the NMD
mechanism appears unlikely because transcripts con-
taining one exon, four exons, seven exons, etc. should
be insensitive to NMD. However, mRNAs containing
multiples of 3 exons have not been detected. Thus, the
mechanism involved in the mutually exclusive splicing
of Dscam must be novel.

| have used comparative genomics to identify two
classes of conserved sequence elements that appear
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to play a role in the mutually exclusive splicing of the
Dscam exon 6 cluster. The first element is the docking
site and is located in the intron between constitutive
exon 5 and the first exon 6 variant. The second type of
element is called the selector sequence, one of which
is located upstream of each exon 6 variant. This ex-
traordinarily complex alternative splicing event appears
to involve mutually exclusive RNA base-pairing interac-
tions between the docking site and one of the 48 selec-
tor sequences. Thus, an elegant and novel mechanism
appears to play a critical role in the mutually exclusive
splicing of the exon 6 cluster of the insect Dscam
genes.

Results

Comparison of the Dscam Gene

from 16 Insect Species

Comparative sequence analysis was used to identify
RNA sequence elements that could potentially be in-
volved in the regulation of Dscam alternative splicing.
The sequences of the Dscam genes of 16 different insects
were extracted from GenBank as either preassembled
genes or as individual sequence reads from the trace
archives that were subsequently assembled into a con-
tig covering the gene. The organisms analyzed con-
sisted of 13 Dipteran species, including 11 Drosophila
species (D. melanogaster, D. simulans, D. yakuba,
D. erecta, D. ananassae, D. pseudoobscura, D. persim-
ilis, D. willistoni, D. mojavensis, D. virilis, and D. grim-
shawi) and two mosquito species (Anopheles gambiae
[malaria mosquito] and Aedes aegypti [yellow fever mos-
quito]), the Lepidopteran Bombyx mori (silk worm), the
Hymenopteran Apis mellifera (honeybee), and the Col-
eopteran Tribolium castaneum (red flour beetle; Figure
1B). Together these organisms encompass four major
taxanomic groups of insects that last shared a common
ancestor at least 300 million years ago (Powell, 1997).
As described previously for five of these species (Gra-
veley et al., 2004), the Dscam genes of each organism
can each potentially generate tens of thousands of iso-
forms by alternative splicing, though the exact number
of alternative exons differs in most species.

The Docking Site

Multiple sequence alignment of the Dscam genes from
these 16 species revealed a number of conserved in-
tronic elements, the majority of which were located in
the exon 6 cluster. The most highly conserved element
in the entire Dscam gene, which is greater than 60,000
bp in D. melanogaster, is located in the intron between
the constitutive exon 5 and exon 6.1 and will be referred
to as the docking site. The docking site is a 66 nt se-
quence element in D. melanogaster that is 90%-100%
identical in the 10 other Drosophila species examined
(see Figure S1 in the Supplemental Data available with
this article online). Moreover, the central 24 nt of the
docking site is nearly invariant in all 16 species (Figure
2). The only exceptions are D. willistoni, which contains
a 2 nt insertion at position 34 of the docking site (Figure
S1), and A. mellifera, which contains two T to C transi-
tions at positions 22 and 28 (Figure 2). A docking site

consensus sequence can be derived from the first 37
nt of the alignment shown in Figure 2.

The Selector Sequences

The second class of conserved elements that were
identified will be referred to as selector sequences. The
initial selector sequences were identified as relatively
conserved sequences in the introns upstream of some
of the exon 6 variants. Examples of several of these
elements are shown in Figure 3. Some of these ele-
ments are related to one another. For instance, the se-
lector sequences upstream of exons 6.5, 6.19, and 6.43
all contain the sequence CAGGCAG, while the selector
sequences upstream of exons 6.28, 6.36, and 6.44 con-
tain sequences that deviate from CAGGCAG by only
one nucleotide. However, this is not universally true
since the exon 6.12 selector sequence does not contain
this motif. By searching the remaining exon 6 cluster
for sequences that are similar to but not identical to
the initially identified selector sequences, a potential
selector sequence was identified upstream of each
exon 6 variant that was also similar in other Drosophila
species. An alignment of the selector sequences lo-
cated upstream of all 48 D. melanogaster exon 6 vari-
ants, together with some flanking sequence, revealed
that all of the selector sequences overlap with one an-
other to a certain extent (Figure 4A). This alignment was
used to generate a consensus selector sequence (Fig-
ure 4B). Importantly, this consensus sequence does not
resemble any known splicing regulatory elements or
splice site sequences.

Docking Site:Selector Sequence Interactions
Strikingly, the central 28 nt of the consensus selector
sequence is complementary to the docking site con-
sensus sequence (Figure 5). Moreover, all 48 predicted
D. melanogaster selector sequences are complemen-
tary to the docking site (See Figure 6A for two examples
and Figure S2 for all 48 structures). Because the selec-
tor sequences all overlap with one another to some ex-
tent, the docking site is predicted to interact with only
one selector sequence at a time. Thus, the docking site:
selector sequence interactions would simultaneously
juxtapose exon 5 with the exon 6 variant that is to be
included and could explain how the alternative splicing
of these 48 exons is mutually exclusive.

The interactions between the selector sequences
and the docking site are supported by a number of ob-
servations. The docking site is nearly invariant, consis-
tent with the notion that it engages in multiple mutually
exclusive interactions. Any mutation in the docking site
would affect the interaction with most, if not all, of the
selector sequences and therefore interfere with the
splicing of the entire exon 6 cluster. In contrast, muta-
tions within a selector sequence would only affect the
splicing of the downstream exon 6 variant. Consistent
with this, the selector sequences are much less con-
served than the docking site. Nonetheless, orthologous
selector sequences that contain nucleotide differences
can still form similar interactions with the docking site.
As an example of this, the predicted secondary struc-
tures that the docking site forms with the D. melano-
gaster exon 6.5 and 6.12 selector sequences and the
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D.me;'anogaster AAATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTGAGA

D.simulans ARATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTGAGA
D.yakuba ADMATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTGAGA
D.erecta AAATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTATGA

D.ananassae AAATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGA-AAGA
D.pseudoobscura ARATTGAARAACTGCCTGAATGTTGGGATAGGGTACTCGACAACGATGCGA

D. persimilis APATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAACGATGCGA
D.mojavensis AAMATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCAATGA
D.virilis ARATTGAARACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTATGA
D.grimshawi AAATTGAAAACTGCCTGAATGTTGGGATAGGGTACTCGACAATGCTATGA
A.gambiae ADA- - -CAAATTGCCTGAATGTTGGGATAGGGTACCCTGTGTTGCGTG- -
A.aegypti AAA- - -CARATTGCCTGAATGTTGGGATAGGGTACCCTGTGTTGCGTG- -
B.mori AAAT- - - CACTTGCCTGAATGTTGGGATAGGGTACCCTGCAGAGCTTTGA
A.meliffera --AT- -AAAA- - - CCTGAATGCTGGGACAGGGTACCCCTGCGGGCACGCG

T.castaneum ’CT'I'GTTAAATTTACCTGAATGTTGGGATAGGGTAC CCTTGCTTCTCAAAC

e

Figure 2. The Docking Site

The nucleotide sequence alignment of the docking sites of 15 insects. The most common nucleotide at each position is shaded. The docking
site consensus is represented as a pictogram (bottom). The height of each letter represents the frequency of each nucleotide at that position.
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GCAG D. melanogaster
GGC&G D. simulans

TAGGCA 'C D. melanogaster TCAGGCAGTTTT D. melanogaster
'C D. simulans C D. simulans
C']‘AGGCAGT'I‘T’I‘A D. yakuba TCAGGCAGCTTT D. yakuba
TTGEGGCAGTTTAR D. erecta TCGEGCAGTTTT D. erecta
TTAAGCAGTTTCE D. ananassae TC GTTTA D. ananassae
TTGGGCAG IC D. pseudoobscura T'I",'I"I‘ D. pseudoobscura
TTGGGCAGTTTTC D. persimilis T D. persimilis
TCBGGCAGTAATT D. willistoni TCAGGCAG{I'TT C D, willistoni

D ananassae
CAG D. pseudoobscura
G‘GCAG D. persimilis

5 \C TAGGGCTG D. mojavensis GAGGQAG&GTTC D. mojavensis TCAGGCAGTTTTT D. mojavensis TCAGGC&GTTTT D. mojavensis
TG CAACATARGGCTT D. virilis TAGGCAGTTTTC D. virilis TCAGGCAGTTTTR D. virilis C
TCCCAACATAGGGCAT D. grimshawi TAGACAGTTTTC D. grimshawi TCGEGCAGTTTTG D. grimshawi TGAGG GTTTC D. grimshawi
TCAGGCAGTATT A. gambiae
Exon 6.5 Exon 6.19 Exon 6.28 £ 6.43
Selector Sequence Selector Sequence Selector Sequence XON O

Selector Sequence

Figure 3. Conservation of Selector Sequences

Alignment of eight of the selector sequences and their locations with the exon 6 cluster are depicted. The most common nucleotides at each
position are shaded.



Mutually Exclusive Splicing of Dscam
69

A
6.24 GTCATTGTCGAGAGCTCTT------- TACATCCAATAC - - TCAGGCAGT
6.47 GGCTTTTCCAGTACCCATTATCAGGTTAGTCCAACH - - - TCGGGCATATC- - - CAATTAGACAGAGG
6.22  CAGCTCAATCGTATCC--------- AATCCCAGCTT - - TTAGG- - - TARACACTTAAGATTTA
6.17 CAGCTGTCAGGACTT-------- G-TCECAGCAE - - TTAGGCAGTAAATCG
6.34 TTCAG--CCC----==-=-=~ TTAGACCAACA - - - TCAGGC
6.10 GTGEGTTTCCC--------- TTTCCCAACAT CATCAGACAGTTTT
6.4 GGETAAACCC------~-~-=-~ A-ACCCAACAC- - TTAGGC
6.6 GTCAGTCCCT---------- TCCCATC- - - - TCAGGCA
6.38 GGCATTTCC---~---=--~ GGTGECAGTTT - - TTAGETTATATACARTTTTTTGGTT
6.33 G---QC-===—imm= TTGAACCAACA - - - TCAGGCTTGGTTTTCGATTTCCTTTTA
6.15 TGCCC--------~ TCCACCAACAT - - TCA
6.8 TeeT---- ===~ AGGCCCAACAT- - TCAAG
6.14 GTCGTTTCATTCT-ATCCCAGCAT - - TCAGATAGTAGATTTT
6.35 TCCT-----=--~ ATCCCATACAT - - TCCAATGTCCGCGATAGATT
6.9 TACTTTAAATTAAAATCCARACACATTCAGTCAGTTGC - - - - - - - - AATAAGGGA
6.1 TCA---==---=- AGTCECAATCG- - TT-GECTATCTTCACTTCTTA
6.41 CTCAGGCGTTCCCCGTTECCATCATT - AGGTAAGTTTCAGCAAA - - - CAGGCTTCTAGGTT
6.3 CC--mmmmmm= TATCCCAACTG- -A-RAGG- - - TGTTC-CTTTCGA
6.31 TTGGGAATCAGTGTCAATAT - - TCAGGCAGTTGTATGGAGTTGTTAGAGC
6.37 GGTAA- - - -GCCEA- - - -CATTCAGGCAGTT- - - - - - - - - - AGTAR
6.29 GGTGATTCTGCTCAGHA - - CATTCAGGGAGTTTTA - - - - - - - AGTTATGGCT
6.32 TCTTTATGATTCCCACAT - - TCAGACAGTT
6.39 TGTTGATAAACCCAATTT - - TCAGTCAGTTTTCA
6.23 GAGTGCCCTGGTTGCCTTATTCATGTAGTTTT - - - CAT--- - - - GGTCT
67 TATCCCTGACTTTCAC- T'T - CGGCAGTTTACAAT- - - - - - TGAGTTAGG
6.42 GCCTTGATCECGTCGTAATCAGGCAGTTTTCATAGAGATT
6.12 TGCTCAACTTCCAACATTTGGGCAGATTTC
6.26 CCCCATCEATTTCCACTCAGGCAGTTTTC - ACTAGACTTCGGTT
6.2 ACCCAGACCA - - AC- TTGCGCCAGTTTCCAAT - - - - - - TGAGATTGCTCGC
6.16 CCCTGT- - CCAACATTCAGGTATTTCTTAGCAT - - - - - - GGC
6.19 CTCTGTCTT- - - CGTC - AGGCAGTTTTCAAAGTTCCTTTAGCTGATAGGT
6.25 TGTCGAGTT- - - CCIT - GGGCAGTTTTCAAT - - - - - CTCAG- - CACGGGTT
6.20 CATTGCTGAGTACAGTECAGGCAGGTTTTCATG - AGATTGGG
6.21 CATTGTTGAGTACAATCAGACGEGTTTTCCATTTACATAGAATGTTTAGAAGC
6.5 TTTATGCCCAACT - - TCAGGCAG - - GTCTAGA
6.36 ACCCCGCAAGCACATTCAGTCAGTTTAT - - - - - - - TGTTTGCGTTTAGCT
6.13 AACACCAA- -T- - TCAGACTGTTTTTTTTATTG
6.27 ATCCCAAGTTCGTTCAGGCAGA--C-------- TTCARACTGA--CTT
6.28 ATCCETACGCATTTAGGCAGTTTTCCGGTTTACTTAG
6.44 ACCCABRACCTATTCAAGCAGTTA- - ----- -~ ATTARGCGAC
6.40 ACGETG- - -T- - TCA- ACTGGTTCTGTTAGGGTTCAAATAGA
6.43 TTTAGCATCAGGCAGTTTTC
6.30 CCARCATTCGGGGAGTTTTCAAT
6.48 CCARCATTCAGGEAGCAAATAGCAT - -TTCARATAGGGATCTTA
6.45 GITCAGGCAG------------ CTTAGAAGGC--T
6.18 TTCAGGCAGTTTT-------- CTTAAAAAGA - - TCTTCTTAAGCA
6.11 GGGCGETATTCGAA- - - - - TTCAG- -GAC
6.46 BGGTAGCCAATA- --------- AGTAGA---CTTA
B

Figure 4. The D. melanogaster Selector Sequence Consensus
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(A) The 48 selector sequences and flanking sequence were aligned together. The most frequent nucleotides in the central portion of the

alignment are highlighted.

(B) The alignment was used to generate a selector sequence consensus.

orthologous selector sequences from ten other Dro-
sophila species are shown in Figure 6A.

Although the docking sites of the non-Drosophila
species have diverged from the Drosophila docking site
to some extent, potential selector sequences exist up-
stream of each exon 6 variant in these other species.
This is particularly striking given the apparent high rate
of recombination within the exon 6 region (Graveley et
al., 2004). The docking site in the honey bee A. mellifera
is the most divergent from the docking site in D. mela-
nogaster and contains two U to C changes in the most
highly conserved portion. However, putative selector
sequences exist upstream of each A. mellifera exon 6
variant and are predicted to interact with the A. mellif-
era docking sequence with a thermodynamic stability
similar to those in D. melanogaster (Figure 6B). Most
importantly, the two nucleotides that are different in the
A. mellifera docking site engage in base-pairing in-
teractions in the majority of the predicted docking

site:selector sequence secondary structures. Many of
the docking site:selector sequence structures in all
species other than the honeybee contain U-A base
pairs at these positions, while C-G base pairs exist at
these positions in the honeybee structures (Figure 6B).
This provides several independent examples of com-
pensatory double mutations that maintain the structural
integrity of the docking site:selector sequence interac-
tions. Together, these observations strongly support a
model in which the selector sequences interact with the
docking site in a mutually exclusive manner.

Discussion

Model for the Mutually Exclusive Splicing

of the Dscam Exon 6 Cluster

Several mechanisms have been identified that serve to
guarantee that pairs of alternative exons are spliced in
a mutually exclusive manner. However, none of the



Cell
70

Docking Site Consensus

CWGM . |

(= &

I

Selector Sequence Consensus

C

i
G

|
C
G
A

A

1l

é{ SIS TAYGT TQTG g

=

3

Figure 5. The Docking Site and Selector Sequences Consensus
Are Complementary

The docking site consensus sequence is complementary to the
central 28 nucleotides of the selector sequence consensus. The
most frequent nucleotide at each position of the selector sequence
is complementary to the docking site.

known mechanisms can explain how the alternative
splicing of genes containing more than two mutually
exclusive exons occurs such that only one exon is in-
cluded. The Dscam gene is an extreme example of this
since the exon 4, 6, and 9 clusters contain 12, 48, and
33 exons, respectively. Here, | have described the
docking site and the selector sequences—two classes
of conserved sequence elements within the Dscam
exon 6 cluster that have the potential to engage in
base-pairing interactions. The mutually exclusive na-
ture of the interactions of the selector sequences with
the docking site suggests that the formation of these
structures is a central component of the mechanism
ensuring that only one of the exon 6 variants is in-
cluded.

It is quite intriguing that each of the Dscam mRNAs
isolated from the fly contains only one of the 48 exon 6
variants despite the fact that each exon is flanked by
what appear to be functional splice sites (Neves et al.,
2004; Schmucker et al., 2000; Zhan et al., 2004). Thus,
the mechanism that exists to prevent multiple exon 6
variants from being included must operate with a high
degree of fidelity. We have recently identified a protein
in an RNAI screen that appears to function to prevent
all of the exon 6 variants from being spliced together—
when depleted by RNAI, multiple, even adjacent, exon
6 variants are included in the mRNA and they are accu-
rately spliced together (Y. Savva, J. Park, and B.R.G.,
unpublished data). This finding demonstrates that the
exon 6 variants are in fact capable of being spliced to-
gether but that protein factors exist that function to re-
press this reaction.

Based on these two sets of observations, a model
can be proposed to explain how the alternative splicing
of the exon 6 cluster is mutually exclusive (Figure 7). A
key component of this model is that a protein(s) acts to
both repress the splicing of each exon 6 variant and to
prevent the exon 6 variants from being spliced together.

| propose that the selector sequence upstream of the
exon 6 variant that is to be included interacts with the
docking site and that this interaction somehow relieves
the repression on the downstream exon 6 variant, and
as a result, it can be spliced to exon 5. Finally, the exon
6 variant that is then spliced to exon 5 could only be
spliced to exon 7 because the exon 6 variants down-
stream of the included exon would still be repressed.
As a result, only one exon 6 variant would be included
in the mRNA.

Although the docking site:selector sequence interac-
tions are strongly supported by their evolutionary con-
servation and some compensatory mutations in the
honeybee A. mellifera, this model will obviously need
to be experimentally tested with mutations and com-
pensatory mutations that disrupt and restore the dock-
ing site:selector sequence interactions. Due to the size
(14,000 bp in D. melanogaster) and complexity (48 ex-
ons) of the exon 6 cluster, we have made several
attempts to generate minigene constructs that lack
several of the alternative exons. However, none of the
constructs we have made to date are accurately
spliced in tissue culture cells. Thus, these experiments
may need to be conducted in the fly using the entire
exon 6 cluster or perhaps even the entire Dscam gene.
Nonetheless, once a system is in place, it will be inter-
esting to test whether the strength of the docking
site:selector sequence interactions contribute to the
frequency at which each exon 6 variant is used. At first
glance, however, it does not appear that the predicted
thermodynamic stability of each docking site:selector
sequence interaction correlates with the frequency with
which each exon 6 variant is used in flies (Neves et al.,
2004). Moreover, contrary to what one would expect if
splicing occurs cotranscriptionally and the docking
site:selector sequence interactions are the driving force
of exon 6 selection, the exon 6 variants closest to exon
5 are not chosen more frequently than other exons
(Neves et al., 2004). Thus, the mechanism involved in
selecting a specific exon 6 variant may be distinct from
the interaction between the selector sequence and the
docking site.

It will also be interesting to determine precisely what
the docking site:selector sequence interaction does.
The structures of the docking site:selector sequence
interactions are somewhat reminiscent of those that di-
rect site-specific RNA editing (Reenan, 2001). Though it
is formally possible that some components of the RNA
editing machinery could play a role in Dscam alterna-
tive splicing, RNAi depletion of ADAR does not affect
alternative splicing of Dscam (Park et al., 2004). An al-
ternate possibility is that the docking site:selector se-
quence structures serve as binding sites for a protein
that somehow inactivates the repression of the down-
stream exon 6 variant. An intriguing possibility is that
the interaction juxtaposes the exon 6 variant to a splic-
ing regulatory element upstream of the docking site.
Interestingly, an additionally highly conserved sequence
element is located immediately adjacent to the docking
site that is predicted to form a 20 bp stem-loop struc-
ture that is supported by multiple compensatory muta-
tions (B.R.G., unpublished data). However, the function
and relevance of this stem-loop structure is not imme-
diately obvious.
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6.5 Selector Sequence

AAAUUGAA ACUGCCUGAAGUUGGG AUAGGGUACUCGACMUG
CU GGGACGG!!CUUCAACCGGUAUUU

D. melanogaster

MAUUGAMAC?@????%G{Q??@? AUAGGGUACUGGALAAUG

UGACGGAGUUCMCCCGUGUCU ]

D. simulans

A,
AAAUUGAR “CUGCCUGAAGULJGGG AUAGGGUACUCGACAAUG
NSNS RPNy

U g BACGBACUUGARCEE DAVDE
D. yakuba

u
AAAUUGAAR ACUGCCUGAWWQQ(‘; AUAGGGUACUCGACAALG

Ul aBACESACUUEARCCE UAUDD
D. erecta
u's
AAAUUGAAAACUGCCUGAAGUUGGGA GGUACUCGACAAUG

GACGGACUUCAAGEE CU

D. ananassae

AAAUUGAAAACUGCGUG llJ(‘El'Jk;‘('iCI-r(lip? (?(‘E(EUACUCGACAAUG
GACGGACGACAACCCU CCC

D. pseudoobscura

AAAUUGAAAACUGCCUG UGUUGGGA (IilGGUACUCGACAAUG

P
GACE;GAC ACAACCCU cCCC

D, persimilis
A
AAAUUGAAAACUGCCUGA UGUUGEGAYAGGGUACUCGACAAUG
VLI LLCr e i i el Lii
UGACGGAUU AGAACCCG , ACCCA
D. willistoni

AAAuueAAAAcuGch:uGAAUWueemunsaauacuceacmue
VL]
UUGALGGG p UACAACCCUAU
D. mojavensis

AAAUUGAAAACUGCCUGAAUGUUGGGAUAGGGUACUGGACAAUG
CGGA 4 UAGAAGECUA AUCA

D. virilis

AAAUUGAAAACUGCCUCAAUBUUGGEAUACGRUACUCGACAAUG

ACGGG 4 UACAACCCUAUACCA

D. grimshawi

6.4 Selector Sequence

15 ) ey BN

UG 4 ACULGD CGUCCCAL, GGGAGEECEGU

ALIAAAACCUGAALIGEQ;GGAGAGGGUACGGCUGGGGGCAGGCG
G

A. meliffera

6.9 Selector Sequence

AUAAAACCUGAAU?&UGGGAGAGGGUAC CCUGCGGGCACGCG

NI

UGEACUUBEEACEUUBLEEE UG CEACEELEE
o

A. meliffera

6.12 Selector Sequence
AAAUUGAAAACUGCCUGAAUGUUGGGAYAGGEUACUCBACAAUG
CUUU,GACCEEUUUACAACEIU, LOCEU
D. melanogaster
ARAUUGAAAACUGCEUGAAIGUUGGGAUAGGBUACUCGACAAUG
CULUAGACGEEUUUACARCENL, COCEY
D. simulans
AAAUUGAARACUGCCUGAAUGUIGEGAUAGGRUACUCGACAAUG
LEpe Ve
éAcGGGUUUAéAAccuu cuce
D. yakuba

AAAUUGAAA"‘GUGCCUGAAUGUUGGGAUAGGGUACUCGACAAUG
RSN PIRY)

GACGGGUUUACAAGEUU GCUGG

D. erecta

AAAUuGAAAACUGCCUEAAUGUUGGGAu AGGGUACUCGACAAUG
Lhriiriad

CUUUAGUAGGACUUACAACCCUG Nj.lCUCA
D. ananassae

AMUUGAAAACUGGCUGA.‘M')GU\IJG'(‘EGALIJ A GGGUACUCGACAAUG
1 i )
CUUUUGACGGGUUUACGACCCUA CUCA

D. pseudoobscura

AMUU?JM/M\\'T"-L‘JGCCUGM\UGUUGGGAU A GGGUACUCGACMU\"

CUUUUGACGEBUUUACGACCEUA iu A

D. persimilis
ARAUUGAARAC UeoCUGAAUGUUGGCAUAGGGUACUCGACAAUG
ClUL, L EGEACUUACAACEAGALUL

D. willistoni
A
AARUUGAAACY GECUGAAUGUUGE ¢ uAGGéJAcucsACAAuG
CUUUGA UEGADUUACAALE AUCEE
Ul @
cu . )
D. mojavensis

MAUuw\xl\{\Acuslc!cuemsuuGGGAUAGGGUALULuACMUG
CUUUGBACGGACUUCAACUCUCUU

D. virilis

u
AI\AUUGAAAACUGCCUGAAUGUUGGGA AGGGUACUCGACAAUG
GUGGACUUACAACUCA CUCCA

D. grimshawi

6.5 Selector Sequence

AUAAAACCUG ! : ﬁl’l&GG »?(E(P(IJCUGGGGGCACGCG
UGGAUA C

A. meliffera

6.10 Selector Sequence

AUAAAAC(IILIJGAA UGGGAGAGGGUACCC(‘DLIH%(;,{I}?QCA('IG(';
UGBAGHU L ccuuéﬁcccuueceencc%cccéue
A. meliffera

Figure 6. Conservation of the Docking Site:Selector Sequence Secondary Structures

(A) The RNA secondary structures of the proposed interactions between the docking site and the exon 6.5 and 6.12 selector sequences are
shown for each Drosophila species. Although the precise structure is not absolutely conserved in each species, similar structures have the

potential to form.

(B) The RNA secondary structures of the docking site with the exon 6.4, 6.5, 6.9, and 6.10 selector sequences from A. meliffera are shown.
These examples demonstrate that the two nucleotides in the docking site that are invariant in all other species (shaded in green) engage in
base-pairing interactions with the selector sequences. These compensatory mutations provide additional evidence supporting the proposed

docking site:selector sequence interactions.
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Figure 7. Model for the Mechanism of Dscam Exon 6 Mutually Exclusive Splicing

A model of the Dscam exon 6 cluster is depicted in which only variable exons 6.36, 6.37, and 6.38 are shown. A key component of this model
is that a splicing repressor functions to prevent the exon 6 variants from being spliced together (green oval). In order for an exon 6 variant to
be included in the Dscam mRNA, the selector sequence upstream of the exon must interact with the docking site. For example, if exon 6.36
is to be included (left), the selector sequence upstream of exon 6.36 will interact with the docking site. Likewise, if exon 6.37 is to be included,
the selector sequence upstream of exon 6.37 will interact with the docking site. By some unknown mechanism, the docking site:selector
sequence interaction inactivates the splicing repressor on the downstream exon and, consequently, activates the splicing of the downstream
exon 6 variant to exon 5. Subsequently, the exon that is joined to exon 5 can only be spliced to constitutive exon 7 because the remaining
exon 6 variants are actively repressed by the splicing repressor. As a result, only one exon 6 variant is included in the mRNA.

Are competing base-pairing interactions a common
mechanism that evolved to negotiate the splicing of
genes containing multiple mutually exclusive exons? At
first glance, it does not appear so. Conserved elements
similar to the docking site and selector sequences are
not readily apparent in either the exon 4 or exon 9 clus-
ters of Dscam, nor in other genes containing multiple
mutually exclusive exons (C. elegans unc-32 and
D. melanogaster Myosin heavy chain, ATP«, GluCle,
slowpoke, hephaestus, and Thiolester containing pro-
tein Il). Thus, the use of competing base-pairing in-
teractions may be unique to the Dscam exon 6 cluster.
Moreover, additional experimental and comparative ge-
nomic work from our laboratory suggests that the
mechanisms of mutually exclusive splicing of each
cluster in Dscam are quite possibly different (J. Kreah-
ling and B.R.G, unpublished data). This suggests that
multiple distinct and independent mechanisms to en-
sure the mutually exclusive splicing of clusters of three
or more exons may have evolved multiple times. This is
not entirely surprising, however, since multiple, distinct
mechanisms are known to exist to guarantee that only
one exon is included when only two alternative exons
need to be chosen from.

Curiously, vertebrate genes that contain a region with
more than two mutually exclusive exons have not been
identified. This suggests that the vertebrate spliceo-
some may have lost the ability to negotiate pre-mRNAs
containing more than two mutually exclusive exons. Al-
ternatively, insects and worms (and perhaps other
metazoans) may have evolved the ability to cope with

the challenge of including only one alternative exon
among a multitude of possible choices after they last
shared a common ancestor with higher eukaryotes.
Due to the fact that multiple mutually exclusive exons
can be successfully used to generate such a tremen-
dous diversity of proteins from a single gene, it is strik-
ing that genes with this organization are not more com-
mon in general and appear to be all together absent
from vertebrates.

Experimental Procedures

Gene Assemblies

The sequences of the Dscam genes from D. melanogaster, D. pseu-
doobscura, D. virilis, A. gambiae, and A. mellifera have been pre-
viously described (Graveley et al., 2004; Schmucker et al., 2000).
The sequences of the Dscam genes for the other Drosophila spe-
cies (D. erecta, D. yakuba, D. ananassae, D. simulans, D. persimilis,
D. willistoni, D. grimshawi, and D. mojavensis [http://flybase.org/
blast/]), the mosquito A. aegypti (http://mosquito.colostate.edu/
tikiwiki/tiki-index.php), the silk worm B. mori (Xia et al., 2004), and
the red flour beetle T. castaneum (http://www.hgsc.bcm.tmc.edu/
projects/tribolium/) were assembled from thousands of individual
raw sequence reads available from the NCBI trace archives. Seed
sequencing reads were identified by BLAST searches using the se-
quence of the most closely related organisms. These seed se-
quences were then used to search the trace archives to identify
overlapping sequence reads. These overlapping sequences were
manually assembled into larger contigs using the Pustel sequence
alignment program in MacVector until the entire gene was eventu-
ally assembled.

Sequence Alignments
Initial alignments of the 16 Dscam genes were performed using
Multi-PipMaker (http://pipmaker.bx.psu.edu/cgi-bin/multipipmaker;


http://flybase.org/blast/
http://flybase.org/blast/
http://mosquito.colostate.edu/tikiwiki/tiki-index.php
http://mosquito.colostate.edu/tikiwiki/tiki-index.php
http://www.hgsc.bcm.tmc.edu/projects/tribolium/
http://www.hgsc.bcm.tmc.edu/projects/tribolium/
http://pipmaker.bx.psu.edu/cgi-bin/multipipmaker

Mutually Exclusive Splicing of Dscam
73

Schwartz et al., 2000). The alignments of specific regions between
species were further refined using the ClustalW program in Mac-
Vector, as were the alignments of the selector sequences to one
another. The consensus sequences of the docking site and selector
sequences were derived using WebLogos (http://weblogo.berkeley.
edu/; Crooks et al., 2004). The observation that the selector se-
quences are complementary to the docking site occurred through a
combination of staring at the sequences for months and sheer luck.

Secondary Structure Predictions

The structural models of the interactions between the docking site
and the selector sequences were generated using Mfold (Zuker,
2003).

Supplemental Data
Supplemental Data include two figures and can be found with this
article online at http://www.cell.com/cgi/content/full/123/1/65/DC1/.
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