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Many splicing regulators bind to their own pre-mRNAs to induce alternative splicing that leads to formation of
unstable mRNA isoforms. This provides an autoregulatory feedback mechanism that regulates the cellular homeostasis
of these factors. We have described such an autoregulatory mechanism for two core protein components, U11–48K and
U11/U12–65K, of the U12-dependent spliceosome. This regulatory system uses an atypical splicing enhancer element
termed USSE (U11 snRNP-binding splicing enhancer), which contains two U12-type consensus 50 splice sites (50ss).
Evolutionary analysis of the USSE element from a large number of animal and plant species indicate that USSE
sequence must be located 25–50 nt downstream from the target 30 splice site (30ss). Together with functional evidence
showing a loss of USSE activity when this distance is reduced and a requirement for RS-domain of U11–35K protein for
30ss activation, our data suggests that U11 snRNP bound to USSE uses exon definition interactions for regulating
alternative splicing. However, unlike standard exon definition where the 50ss bound by U1 or U11 will be subsequently
activated for splicing, the USSE element functions similarly as an exonic splicing enhancer and is involved only in
upstream splice site activation but does not function as a splicing donor. Additionally, our evolutionary and functional
data suggests that the function of the 50ss duplication within the USSE elements is to allow binding of two U11/U12
di-snRNPs that stabilize each others’ binding through putative mutual interactions.

Introduction

Alternative splicing is a post-transcriptional regulatory mecha-
nism that creates a multitude of mature mRNAs from a single
mRNA precursor (pre-mRNA) and is thought to increase the
coding capacity of a genome.1,2 Activation of alternative splicing
events is largely dependent on short sequence elements termed
splicing enhancers and inhibitors that are located near splice sites,
and can be found both in intronic and in exonic locations. These
regulatory elements bind to SR and hnRNP class of proteins that
can regulate positively or negatively the splice site choice in a con-
text-dependent manner.2 Splicing enhancers are essential for both
constitutive and alternative splicing of both the U2-type and
U12-type introns.3,4 Additionally, interactions of spliceosome
components across an exon on adjacent introns in a process called
exon definition influences whether an alternative exon will be
included in the mature mRNA product or skipped.5 Exon defini-
tion interactions have been shown to predominate over intron
definition (i.e. interactions across the intron) when the intron
size is larger than »250 nt,6 and in addition to the U2-depen-
dent spliceosome, such interactions have also been demonstrated
with the U12-dependent spliceosome.7

Besides increasing protein diversity, alternative splicing has
also an important role in regulating mRNA levels. The best char-
acterized mechanism uses alternative splicing for inclusion of
“poison” cassette exons that introduce premature stop codons
(PTC) to mRNA. This triggers the nonsense mediated decay
pathway (NMD), and causes clearance of such transcripts from
the cellular mRNA pool in a translation dependent manner.8

Many splicing regulators, but also core protein components of
the spliceosome use this mechanism in autoregulatory loops,
wherein the cellular levels of a particular splicing regulator pro-
tein will influence the splicing of its own pre-mRNA and act as a
homeostatic mechanism to keep protein levels steady.9-13

Earlier, we have described such a negative feedback loop in
two genes encoding for core protein components that are specific
to the U12-dependent spliceosome (also called minor spliceo-
some).12 Both of these proteins, U11–48K and U11/U12–65K
(also known as RNPC3), are integral components of the U11/
U12 di-snRNP,14-16 which recognizes the 50 splice site (50ss) and
the branch point sequence (BPS) of U12-type introns.17-19 Both
genes contain a novel splicing regulatory element denoted USSE
(U11 snRNP-binding splicing enhancer), which is composed of
a tandem duplication of 50ss sequences of U12-type introns that
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are, however, not used for splicing.12 USSE is recognized by the
U11/U12 di-snRNP which activates an alternative upstream U2-
type 30 splice site (30ss; see Fig. 1A). With the 48K pre-mRNA
this leads to the inclusion of an 8 nt alternative exon that disrupts
the protein reading frame and leads to alternative splicing–non-
sense mediated decay (AS-NMD), while with 65K this leads to
formation of mRNA containing a long 30UTR.11,12 The core
USSE element is evolutionarily highly conserved and can be
found from both 48K and 65K genes in all mammalian species.
Outside the mammalian lineage, the USSE element is wide-
spread, but there is an interesting evolutionary dynamics, in
which the USSE element has been lost from either one, or some-
times from both genes. In bird lineage (Sauropoda), and in some
species of teleost fish the USSE element has been lost from the
48K gene, but retained in the 65K gene. In contrast, insects have
lost USSE from the 65K gene, but retained it in the 48K gene
(excluding Diptera that have apparently lost the element from
both genes). In plants, the USSE element is located in the 48K
gene, but in the 30UTR instead of an internal intron in the cod-
ing region. Thus, the overall USSE architecture in plant 48K
genes resembles that of the mammalian 65K gene.11,12

The need for a tight regulation of minor spliceosome activity
and the role of U12-type introns as regulatory elements has been
highlighted in several recent reports. The removal of U12-type
introns has been shown to be slower or less efficient and to consti-
tute a rate-limiting step for the maturation of mRNAs containing
such introns.20-22 The minor spliceosome is essential for fruit fly
and zebrafish development23-25 and the activity of the minor spli-
ceosome has been proposed to be regulated through the levels of
U6atac snRNA, which can be controlled via the p38MAPK signal-
ing pathway.26 Furthermore, two congenital human diseases have
been linked with specific components of the minor spliceosome:
partial loss-of-function mutations in the U4atac snRNA gene lead
to microcephalic osteodysplastic primordial dwarfism type 1/
Taybi-Linder syndrome (MOPD1/TALS),27,28 while mutations
in the U11/U12–65K protein component lead to isolated growth
hormone deficiency type 1 (IGHD1).29 Additionally, somatic
mutations in the minor spliceosome component ZRSR2 involved
in 30ss recognition have been detected in patients suffering from
myelodysplastic syndrome (MDS).30 Interestingly, IGHD1 muta-
tions in the 65K protein component appear to be compensated by
upregulation of U4atac snRNA levels, suggesting that homeostasis

in the levels of specific components of
the minor spliceosome is necessary for
its proper cellular function.29

The key difference between a typi-
cal splicing enhancer and the USSE
element is that the latter binds to the
U11/U12 di-snRNP, a core compo-
nent of the spliceosome which func-
tions in the splice site recognition of
minor introns. This suggests that the
molecular interactions needed for acti-
vation of the upstream 30ss resemble
standard exon definition interactions,
where U1 snRNP bound to the 50ss
communicate, directly or indirectly,
across the exon with U2AF65/35 or
U2 snRNP bound to the 30 end of the
upstream intron. In the case of stan-
dard exon definition system, this leads
to an activation of the 50ss and splicing
of the downstream intron. With the
USSE, such 50splice site activation is
prevented because the downstream
intron does not contain a suitable
U12-type BPS. Therefore, USSE
shares features from both exon defini-
tion and standard alternative splicing
regulation via exonic splicing
enhancers (ESE). Here, we asked if
this would be reflected in the phyloge-
netic conservation of the overall archi-
tecture of the element, and the
mechanism of activation of the
upstream 30ss in 48K and 65K genes.
We show that both the 30ss - USSE

Figure 1. Evolutionary conservation of the 30ss-USSE distance. (A) Schematic representation of the
USSE regulatory module. (B) Distribution of 30ss-USSE distances in animal and plant species. The differ-
ent phylogenetic groups are colored differentially as indicated in the figure. (C) RT-PCR analysis of 65K
30UTR splicing reporter with different 30ss-USSE distances. Isoforms are labeled on the left side of the
gel picture and the isoform ratio (long isoform/short isoform) quantified below the gel picture. Arrows
point to the location of RT-PCR primers. Forward primer is shared between the two isoforms.
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distance and the 50ss - 50ss distance within the USSE element are
evolutionarily constrained and that these constraints are consis-
tent with the model that USSE uses exon definition interactions
for splice site activation. Furthermore, we identify the U11–35K
protein within the U11/U12 di-snRNP, which is a paralog of the
U1–70K protein, as an activator of the upstream 30ss. Finally, we
provide evidence that the function of 50ss duplication within the
USSE element is to allow simultaneous binding of two U11/U12
di-snRNPs that stabilize each other’s binding through mutual
interactions.

Results

Distance constraints for the alternative splicing activation
via USSE

We have earlier described negative feedback regulation of
U11–48K and U11/U12–65K transcripts via a U11 snRNP bind-
ing splicing enhancer (USSE) that is composed of a duplicated
U12-type 50ss consensus sequence motif (Fig. 1A). The individ-
ual 50ss motifs within USSE are conserved over great evolutionary
distance, and are present in species as distant as mammals and
plants, but the short spacer sequence separating the two motifs is
conserved at the sequence level only in mammals and is more
diverse in other species.12 With both the 48K and 65K tran-
scripts, U11 snRNP binding to the USSE leads to the activation
of an upstream 30 splice site (Fig. 1A). While both 50ss motifs
within the USSE are needed for 30ss activation,12 the mechanistic
significance of splice site duplication and the characteristics
needed for upstream 30ss activation have not been explored.

To ask if the spacing between the 30ss and USSE elements is
evolutionary constrained, we analyzed elements from 195 USSE
sequences of 116 evolutionarily distant species where appropriate
sequence information was available and plotted the distance
between 30ss and USSE, grouped according to the host gene
(48K or 65K) and phylogenetic group (Fig. 1B). We found that
in terrestrial vertebrates (Tetrapoda) the distance between the two
50ss motifs was strictly constrained as the observed distances were
exactly 63 nt or 43 nt in the 48K and 65K genes, respectively,
with few species showing 1 to 2 nt deviations. Fish, insect and
plant species show wider variation; in each case the main peak
was around 34–41 nt from the upstream 30ss. It is notable that
there are only few species showing shorter 30ss - USSE distances
than 30 nt.

We attempted to address the significance of the observed phy-
logenetic distribution using an experimental approach. We used
a 65K 30UTR reporter construct (see Figure 3A, a construct con-
taining the USSE element) and modified the distance between
30ss and USSE, followed by scoring of the upstream 30ss activa-
tion by RT-PCR. We found that for optimal activity, the dis-
tance should be at least 30 nt (Fig. 1C). The level of 30ss
activation showed a linear reduction down to 10–20% of the wt
value with progressive deletions. These data suggest that, in the
mammalian 65K gene, 43 nt is the minimum distance that sup-
ports full 30ss activation, thus providing a putative experimental
explanation to the phylogenetic conservation.

A similar phylogenetic analysis of the spacer length distribu-
tion between the two 50ss-like motifs within a USSE element
revealed that virtually all spacers were 3–9 nt in length, with a
notable preference for spacers of 3, 6, 7, and 9 nt (Fig. 2A). Test-
ing these distances experimentally, we found that spacers deviat-
ing C/¡ 3 nt from the 6 nt found in the wt 65K gene resulted in
essentially wt levels of 30ss activation (Fig. 2B and C), thus reca-
pitulating the observed spacer length distribution in evolution-
arily distant organisms. In contrast, shortening the spacer down
to 0 nt led to an almost complete loss the alternative splicing,
while spacer extension beyond 9 nt up to 30 nt led to a gradual
reduction in the level of 30ss activation. With short spacers, the
experimental results agree with phylogenetic distribution as there
are only 3 cases where spacer length was less than 3 nt (Fig. 2A).
Interestingly, we also note that although spacer lengths of 4, 5
and 8 nt are rarely present in our phylogenetic sample, at least
the 4 and 5 nt long spacers function in vivo at similar levels as
the more common spacers (Fig. 2B). In contrast, while none of
the spacers in the phylogenetic sample exceeded 10 nt, our exper-
imental results revealed only very mild reduction in the 30ss acti-
vation with spacers up to 30 nt in length (Fig. 2C).

Together, the results revealed a strong correlation between the
evolutionary data on 30ss-USSE and USSE spacer length distribu-
tions and experimentally measured 30ss activation using the 65K
30UTR reporter. This suggests that the evolutionary constraints
observed with the phylogenetic data reflect an evolutionary puri-
fying selection process that removes variants resulting in subopti-
mal 30ss activation. Additionally, the phylogenetic aversion of
short spacers and the observed reduction in alternative splicing
activity provide a strong support to the model where a simulta-
neous binding of two U11 snRNPs (or U11/U12 di-snRNPs)is
needed for upstream 30ss activation. Most likely, a short spacer
leads to a steric clash of the closely spaced U11 snRNPs. Simi-
larly, the observation that a long spacer can support relatively
high level of alternative splicing, suggests that the distantly
located U11 snRNPs can interact by looping out the intervening
long spacer, further supporting the suggestion that both 50ss ele-
ments within the USSE need to be recognized for upstream 30ss
activation.

RS-domain of the U11–35K protein mediates exon definition
interactions

U11–35K is the most likely protein component within the
U11/U12 di-snRNP to mediate the activation of an upstream
30ss. This protein shares the overall domain structure with
the U1–70K protein, including a short RS-domain. In Arabi-
dopsis, it has been shown to interact with various SR-pro-
teins31 and, in human cells, knockdown of the U11–35K
protein leads to a loss of USSE activity.12 Here, we used an
RNA tethering assay based on a bacteriophage l-antitermina-
tor protein N (lN) binding hairpin sequence (BoxB)32 to ask
if U11–35K is necessary and sufficient for the activation of
the upstream splice site. We replaced the USSE element with
four lN hairpin sequences and fused U11–35K and U1–70K
proteins (either full-length protein or isolated protein
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domains) to a V5 tagged lN peptide (Fig. 3A and B). To
ensure that potential activation of the upstream 30ss is not
due to tethering the whole U11 or U11/U12 snRNP, we
used mutated U11–35K protein in which either the RRM or
the RS domain was disabled. The RRM mutation Y94D/
F96D targets residues that are conserved in several RRM
domains of proteins involved in splicing, and have been
shown to be critical for the RNA binding activity with other
RRMs (Fig. 3C).33,34 The RS domain was disabled by replac-
ing all arginine residues in the RS domain to alanines (R-to-
A mutant).

Transient transfections of the fusion protein constructs
together with the lN hairpin reporter into HEK293 cells resulted
in roughly equal expression levels for all fusion proteins, with the
exception of the 35K RS domain, which could not be expressed,
possibly due to instability of the single RS domain (Fig. 3D).
Immunostaining with V5 antibody confirmed near complete
nuclear localization of the expressed proteins, with the exception
of the RS domain mutant which showed a roughly uniform dis-
tribution between nucleus and cytoplasm (Fig. 3E). The results
are consistent with previous reports on the localization of 35K31

and minor spliceosome components.35 The mislocalization of
the RS domain mutant may be due to a failure to shuttle between
nucleus and cytoplasm.36,37 We also confirmed that U11 snRNA
coimmunoprecipitated with the lNV5-tagged 35K and 35K-
RRM, while the Y94D/F96D mutation abolished the binding
completely (Fig. 3F).

RT-PCR analysis revealed that replacement of USSE with
the lN hairpin sequences resulted in complete inactivation of
splicing at the upstream site (Fig. 3G, lane 9). However,
tethering of the wild type 35K and 70K proteins led to a par-
tial restoration of the long isoform levels (Fig. 3G, c.f. lanes
1 and 6 to lane 10). While the RRM domains of neither pro-
tein were able to activate the upstream 30ss (lanes 2 and 7),
tethering of the U1–70K RS domain resulted in strong acti-
vation of the upstream 30ss and near wt levels of the long iso-
form (lane 8). The 35K RS domain could not be tested alone
due to problems with expression or stability, but activation
with the full-length 35K protein containing a mutated RRM
(to abolish binding to U11 snRNA; see Fig. 3F) and loss of
activity with 35K containing mutated RS domain suggest
that the U11–35K protein, and more specifically, its RS
domain mediates the activation of the upstream 30ss.

To compare the ability of 35K in activating the upstream 30ss
to other well-known proteins involved in exon definition interac-
tions that also contain RS domains, we used the same tethering
assay followed by qPCR analysis. We compared the 35K activity
to that of U1–70K RS domain and the SRSF1 full-length protein
in CHO cells. In this assay, the tethered 35K protein was able to
activate the upstream 30ss to a similar level as in the wt USSE
reporter (Fig. 3H). SRSF1 also provided a similar activation
level. In contrast, U1–70K resulted in strong activation of the
upstream 30ss. The strong 30ss activation seen with the U1–70K
is unlikely to result from high expression levels of the tethered
protein. SRSF1 and 35K both show similar 30ss activation levels
despite that SRSF1 shows the highest and 35K the lowest

Figure 2. Evolutionary conservation of the USSE spacer length. (A) Distri-
bution of the spacer length between two 50ss-like motifs within the
USSE elements in animal and plant species. The color coding the differ-
ent phylogenetic groups is the same as in Figure 1B and is indicated in
the figure. (B) RT-PCR analysis of 65K 30UTR splicing reporter with short
(0–6 nt) spacer lengths, as in Figure 1C. (C) RT-PCR analysis of 65K 30UTR
splicing reporter with long (up to 30 nt) spacer lengths.
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expression levels. Rather, it is likely that even the lowest level of
protein expression is already sufficient to saturate binding to the
lN hairpin reporter. Together, our results suggest that the 35K
protein is able to support similar 30ss activation as other RS-
domain containing proteins.

Discussion

In this study, we have investigated an alternative splicing pro-
gram that regulates the levels of two minor spliceosome specific
proteins, 48K and 65K. These proteins are integral components

Figure 3. Tethering of 35K and 70K RS
domains activates alternative splicing.
(A) Splicing reporter constructs used
in this study. In the 4 lN hairpin con-
struct, the 65K 30UTR USSE element is
replaced with the hairpins. Arrows
point to the location of RT-PCR pri-
mers. Forward primer is shared
between the two isoforms. (B)
Domain structures of U11–35K and
U1–70K. Numbers refer to amino
acids. Lines below domain structure
diagrams indicate the expression con-
structs called “RRM” and “RS.“ (C)
Alignment of amino acid sequence of
selected RRM domains from human
splicing-related proteins. Numbers
indicate amino acids, asterisk indi-
cates identical amino acid residues
conserved between members of the
protein family, colon indicates resi-
dues with highly similar and period
with somewhat similar properties.
Arrows point to conserved or similar
aromatic residues that have been
implicated in RNA binding (see text
for details). (D) Western blot showing
the expression levels of different
tagged proteins. (E) a-V5 immunos-
taining of HEK293 cells expressing the
tagged proteins. (F) Northern blot of
RNAs coimmunoprecipitating with
lNV5-tagged proteins using a probe
against U11 snRNA. (G) RT-PCR analy-
sis of 65K 30UTR splicing reporter
cotransfected with the indicated
tagged proteins. Isoforms are labeled
on the left side of the gel image, with
primers as indicated. Note that the
long isoform produces the shorter
amplicon as the reverse primer had to
be placed upstream of the hairpin
site. (H) RT-PCR analysis of 65K 30UTR
splicing reporter cotransfected with a
set of RS domain containing tagged
proteins. The ability of upstream 30ss
activation was assayed by gel electro-
phoresis (top panel) and qPCR (bot-
tom panel). Error bars indicate
standard deviation in a triplicate
experiment. Western blot (middle
panel) using the a-V5 shows the
expression level of different tagged
proteins. Positions of the molecular
weight markers are indicated on left.
In Western blot analyses each lane
contained equal mg amounts of
protein.
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of the U11/U12 di-snRNP and necessary for the initial recogni-
tion of U12-type introns.38 We have earlier shown that the core
USSE sequence (i.e., the duplicated 50ss consensus sequence),
needed for activation of alternative splicing within these genes, is
extraordinarily conserved in plant and animal kingdoms.12 Here,
we show that evolutionary constraints have shaped the overall
architecture of the regulatory module consisting of an upstream
30ss and the USSE element. The distance between the upstream
30ss and USSE falls to a narrow range between »30 and 65 nt in
different species. Experimental shortening of this distance in
mammalian cells leads to a progressive loss of upstream 30ss use.
A similar constraint was also found from the spacer between the
two 50ss sequences within the USSE sequence suggesting that the
precise minimal spacing of the 50ss elements was also necessary
for the activity of the USSE element.

The strict phylogenetic conservation of the 30ss - USSE dis-
tance, particularly in tetrapods, supports the conclusion that U11/
U12 di-snRNP bound to the USSE sequence uses exon definition
interactions to activate the upstream 30ss. The observed 30ss-USSE
distances are identical in nearly all tetrapods, specifically 44 nt
with the 65K genes and 63 nt with 48K the genes and are similar
to the earlier reported minimal distance of »50 nt for exon-bridg-
ing interactions mammalian system.39-41 Consistently, experimen-
tal shortening of the 30ss-USSE distance using human 65K 30UTR
reporter construct leads to progressive loss of the upstream 30ss
activation (Fig. 1C). This observation can be explained by the clas-
sical exon definition model where the shortening of the exon size
below 50 nt can lead to a steric clash with the spliceosomal com-
plexes binding to the 30 and 50 ends of exon.42,43 Together, these
result suggest that the position of the USSE element in respect to
upstream 30ss is dictated by the physical constraints imposed by
exon definition interactions. In contrast, similar distance con-
straints are not apparent for canonical splicing activators (i.e. SR-
proteins) acting through ESE sequences, as indicated by transcrip-
tome-wide profiles of ESE hexamers within exons44-46 and the SR-
protein binding profiles obtained by CLIP-seq for several mamma-
lian47,48 and Drosophila49 SR-proteins.

It is interesting to note that in plants, and to some extend
also in fish and insects, there was substantially more variation
with the 30ss-USSE distance distribution compared to the tet-
rapod species, and more significantly, a clear shift to shorter
distances (Fig. 1B). This may reflect the differences in exon
definition interactions in these species as compared to mam-
malian species. Exon definition has been demonstrated in
plants,50 but genomic data shows that plant introns are typi-
cally shorter than mammalian introns.51 Therefore, it is pos-
sible that plants rely more on intron-definition interactions5

and therefore, the number of components involved in the
few exon definition interactions may be smaller, which in
turn may allow a closer spacing of the spliceosomal com-
plexes at the exon ends.

The most likely candidate within the U11/U12 di-snRNP to
mediate the regulatory exon definition interactions is the U11–
35K protein, which alone is sufficient to activate the upstream
30ss when tethered to the canonical USSE element within the
mRNA (Fig. 3). Sequence-level analysis of the mammalian and

plant system and functional analysis in plants has earlier identi-
fied U11–35K as the functional paralog of U1–70K, which, in
mammals, is known to mediate exon definition interactions
within the major spliceosome. Furthermore, functional analysis
of the 35K protein in plants indicated that the 35K protein is
able to interact with various SR-proteins.15,31,52,53 Here, our
data indicate that the activation of the upstream 30ss was depen-
dent on the presence of a functional RS domain in the 35K pro-
tein, while the 35K RRM alone failed to activate the upstream
30ss. Similar results were also obtained with the U1–70K protein,
with the difference that the U1–70K RS domain was clearly a
more potent activator than the 35K protein. Together, the results
further indicate that the exon definition interactions between
major and minor spliceosome components are similar to those
between components of the major spliceosome only. The activa-
tion could take place via a direct interaction between 35K protein
and U2AF and/or indirectly, mediated by SR proteins as sug-
gested by the data with the Arabidopsis 35K.31 The difference in
splicing activation between 35K and U1–70K is not clear. U1–
70K has two RS domains with a higher level of SR/ED/DR
dipeptide content compared to the 35K protein, both in mam-
mals and in plants,31 but that appears not to be the only determi-
nant of activity, as SRSF1 has a longer and more pronounced RS
domain compared to 35K, yet it does not show a similar increase
in 30ss activation as U1–70K.

In addition to the 30ss-USSE distance, the other conserved
distance was the spacer length within the USSE element. We
have earlier suggested that the duplication of the U12-type 50ss
sequence in the USSE element may be a compensation mecha-
nism to allow stable recognition of the USSE by the U11/U12
complex.12 Earlier work has shown that the U11/50ss interaction
is significantly stimulated by a simultaneous U12/BPS interac-
tion.17 Because the USSE elements in both the 48K and 65K
genes lack a downstream BPS sequence, the duplication of 50ss-
like motifs may be a compensation to allow stable binding of
U11 snRNP to the 50ss-like motifs.12 This could take place by
two different mechanisms. Either the duplicated 50ss sequences
provide a higher affinity platform for a binding of a single U11/
U12 complex, or alternatively, the two U11/U12 complexes are
simultaneously bound to the two 50ss sequences within the USSE
and their binding is stabilized by a yet to be discovered mutual
interaction. The experimental and phylogenetic data support the
latter possibility. Specifically, spacer lengths of less than 3 nt are
not able to fully support the upstream 30ss activation, suggesting
that there is a minimal distance of 3 nt between the two 50ss-like
motifs needed to accommodate the binding of two snRNP com-
plexes to the USSE element. Accordingly, shortening the distance
below 3 nt leads to a steric clash or inability of the two RNA-
bound complexes to orient themselves in a way that allows
mutual stabilizing interactions. Interestingly, given that the mini-
mal distance of 3 nt is much less than the apparent need of
»40nt for exon definition interactions, these data also suggest
that a potential steric clash in exon definition is not due to the
size of the U11/U12 di-snRNP complex. Consistently, work on
isolated exon definition complexes has demonstrated the associa-
tion of U4/U6.U5 tri-snRNP with U2 bound to the upstream
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30ss,54 which may explain the observed distance constraints
observed in exon definition.

Finally, our experiments show that lengthening of the spacer
sequence up to 30 nt leads to only gradual loss of the 30ss activa-
tion. This observation provides a strong support to the hypothe-
sis that two U11/U12 di-snRNPs are needed for stable mRNA
binding in the absence of U12/BPS interaction, and further sug-
gests that the two distantly bound snRNPs can maintain the
mutual stabilizing interactions, most likely by looping the inter-
vening RNA segment. The apparent contradiction with the phy-
logenetic data showing relatively strict spacer length distribution
can be explained by the requirement for optimal binding activity
with the regulatory cassette. However, our data also suggest that
there may be additional USSE-like regulatory sequences besides
the ones found from the 48K and 65K genes. Earlier genome-
wide bioinformatics searches with rather conservative spacer
length cutoff failed to identify additional phylogenetically con-
served elements,12 but now more such regulatory elements may
be awaiting for discovery.

Materials and Methods

Phylogenetic analysis
The USSE sequences were identified from genomic databases

by BLAST searches that initially identified the genes encoding
for 48K and 65K proteins in these species. These sequences were
subsequently subjected to a detailed sequence searcher to identify
the USSE elements as described earlier.12 The obtained sequences
containing USSE elements were aligned using the MUSCLE
algorithm,55 and the lengths of the 30ss-USSE element and the
USSE spacer were determined manually. The list of the species
used in this study is presented in Table S1.

Cell culture
HEK293 (Fig. 3D, E, F and G) and CHO (for characteriza-

tion of USSE distance constraints in Fig. 1 and 2, and for RS
domain activity analysis in Fig. 3H) cells were maintained in
DMEM supplemented with FBS, penicillin and streptomycin.
Transfections were performed using Lipofectamine 2000 follow-
ing the manufacturer’s recommendations. Transfected splicing
reporter amounts were kept low so as not to saturate splicing
pathways. 100 ng was transfected in 12-well format or 200 ng in
6-well format, and total DNA amounts were adjusted to those
recommended in the standard protocol; for the RNA tethering
assay, the remaining DNA amounts was made up of lNV5-
fusion constructs to ensure sufficient protein expression levels.
24 h after transfection, cells were harvested by trypsinization and
each sample was divided into RNA and protein preparations.
Trizol reagent was used for RNA extraction. For protein analysis,
the cells were suspended in lysis buffer (25 mM Tris-HCl pH
7.5, 100 mM KCl, 1 mM EDTA, 0.5 mM DTT, protease
inhibitor cocktail), sonicated 3 £ 30 sec using Bioruptor Twin
sonicator, and cleared by 10 min 13 000 rpm centrifugation in
an Eppendorf centrifuge.

Plasmids
For USSE mutational studies, the pGL4.13-F65K vector

was used as a starting point.12 In wt plasmid, the distance
between 30ss and USSE motif is 44 nt, and the distance
between 2 U12-type 50ss of USSE is 6 nt. PCR based muta-
genesis was used to modify distances between upstream 30ss
and USSE, and between the two U12-type 50ss motifs within
the USSE.

To manipulate distance between 30ss and USSE motifs
into 34, 24, 14 and 0 nt, plasmids pGL4.13–65K-del10nt,
-del20nt, -del30nt, and -del44nt were constructed by deletion
of 10, 20, 30, and 44 bp, respectively, in the sequence
between 30ss and USSE element. Plasmids pGL4.13–65K-
insUSSE-3nt, ¡6nt, ¡9nt, ¡12nt, ¡15nt, ¡18nt, ¡21nt,
¡24nt and pGL4.13–65K-delUSSE-1nt, ¡2nt, ¡3nt, ¡4nt,
¡5nt and ¡6nt plasmids were constructed by inserting 3, 6,
9, 12, 15, 18, 21, 24 and deleting 1, 2, 3, 4, 5, and 6 nt,
respectively, in the sequence between two U12-type 50ss
motifs of USSE. After deletion and insertion, the final distan-
ces between two U12-type 50ss of USSE were 0, 1, 2, 3, 4, 5,
6 (wt), 9, 12, 15, 18, 21, 24, 27 and 30 nt.

For hairpin tethering studies, the USSE element in
pGL4.13-F65K vector was replaced with four BoxB hairpin
sequences.32 U11–35K, SRSF1 and U1–70K proteins were
tagged with V5 and lN epitopes32 and deletion mutants were
constructed as follows: U11–35K RRM contained amino acids
1–152; RS, 153–246; U1–70K RRM, 1–230; RS, 231–437.
Y94D/F96D mutant was constructed by PCR mutagenesis by
changing U11–35K residues Y94 and F96 to aspartates, and R-
to-A mutant was created by replacing all arginine residues in
the above defined RS domain by alanines using gene synthesis
services (GenScript).

Antibodies
Western blotting, immunoprecipitation and immunocyto-

chemistry were performed with monoclonal mouse anti-V5 anti-
body (R96025 from Life Technologies).

RT-PCR and qPCR
RNA was treated with RQ DNaseI (Promega) and cDNA

synthesis was carried out with random primers and RevertAid
reverse transcriptase (Fermentas). Primers used in multiplex PCR
and qPCR are listed in Table S2. RT-PCR products were
resolved on a 3% Metaphor agarose gel. Images were taken by a
LAS3000 imager (Fuji) and analyzed by Aida image analyzing
software (Raytest). qPCR was performed in a LightCycler 480
Real-Time PCR System (Roche) in 384- well format. PCR
efficiencies (E) of the different primer pairs were taken into
account and the isoform ratios were calculated using the formula:
Short/LongDE(long)Ct(long)/E(short)Ct(short).

Coimmunoprecipitation
Cells were transfected and harvested as above, except IP lysis

buffer was 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 10% glyc-
erol, 1% NP-40, 2 mM EDTA and protease inhibitors. Lysate
was precleared by incubation with Protein G Dynabeads (Life
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Technologies) for 1 h, then incubated with fresh beads and
mouse anti-V5 (Life Technologies) for 2 h, and washed
three times with IP lysis buffer. Bound material was released
with Proteinase K treatment at 60 �C for 45 min, phenol-chloro-
form extracted and run on 8% urea-PAGE. Northern blotting
with U11 specific probe was done as described earlier.12
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