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The removal of introns from pre-mRNA is performed by the
spliceosome that stepwise assembles on the pre-mRNA before
performing two catalytic steps. The spliceosome-associated
CDC5L-SNEVP™P19-Psod complex is implicated in activation of
the second catalytic step of pre-mRNA splicing, and one of its
members, SNEVP™P19-Psod i also implicated in spliceosome
assembly. To identify interaction partners of SNEVPrp19-Pso4,
we have performed yeast two-hybrid screenings. Among the
putative binding partners was a so far uncharacterized protein
carrying two heterogeneous nuclear ribonucleoprotein K
homology domains that we termed Blom7«. Blom7« is ex-
pressed in all tissues tested, and at least three splice variants
exist. After confirming direct and physical interaction of SNEV
and Blom7a, we investigated if it plays a functional role during
pre-mRNA splicing. Indeed, Blom7« co-localizes and co-pre-
cipitates with splicing factors and pre-mRNA and is present in
affinity-purified spliceosomes. More importantly, addition of
Blom7a to HeLa nuclear extracts increased splicing activity in a
dose-dependent manner. Furthermore, we tested if Blom7«
influences splice site selection using two different minigene
constructs. Indeed, both 5'- as well as 3’-site selection was
altered upon Blom7a overexpression. Thus we suggest that
Blom7e« is a novel splicing factor of the K homology domain
family that might be implicated in alternative splicing by help-
ing to position the CDC5L-SNEVFP™P19-Pso4 complex at the splice
sites.

Pre-mRNA splicing is the removal of intronic, noncoding
sequences from mRNA in a co-transcriptional catalytic proc-
ess. This process is performed by the spliceosome, a large mul-
tiprotein machinery consisting of four small nuclear ribonucle-

oprotein particles (snRNPs> U1, U2, U4-U6, and U5) and more
than 100 different proteins that stepwise assemble on the
pre-mRNA (1, 2).

One distinct subcomplex that is associated with the spliceo-
some is the human CDC5L-SNEVF™P?Ps°* complex (3, 4) or its
highly evolutionarily conserved counterpart in yeast, the Nine-
Teen complex (5-8). The human core complex consists of
SNEVPPIo-Pset CDC5L, PLRG1, SPF27(BCAS2), and Hsp73
(3, 4). Two to three additional proteins are considered as core
members, depending on the study of either AD002 and 3-cate-
nin-like 1 (CTNNBL1) (4) or CCAP6 (3). Several reports high-
light the importance of this complex for the second catalytic
step, because immunodepletion or inhibition of the interaction
between the two subunit members CDC5L and PLRG1 affects
this step the most (3, 9, 10), which is in accordance with its
presence in the C complex (11-13).

However, SNEVF™P19-Psod appears to associate with the spli-
ceosome even prior to catalysis, because it has been identified in
several pre-catalytic complexes as follows: in the A complex
(14), the pre-catalytic BAU1 complex, which can be immuno-
purified after 8 min of in vitro splicing reactions using antibod-
ies to the U4-U6-specific 61-kDa protein (4); the B* complex,
which is immunopurified from splicing reactions after 10 min
using antibodies to SKIP and therefore might represent the
activated spliceosome before catalysis (13); and the B complex,
which can be immunopurified under native, low stringency
conditions using glycerol gradient centrifugation and MS2-
tagged MINX pre-mRNA for affinity purification (15). Because
all of these complexes represent different steps in spliceosome
activation, a pre-catalytic role for SNEV"***"P** has been sug-
gested. Consistently, the inhibiting SNEV®™P'?""5°% self-interac-
tion by peptides mimicking the self-interaction domain results
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in inhibition of spliceosome formation (16). This indicates that
SNEVP™®19Pso% could form a scaffold that allows assembly of
other splicing factors. Another possibility is that the E3 ligase
activity of SNEVF"P1Fs° (17) and its interaction with the pro-
teasome (18, 19) are necessary for spliceosome assembly.
Indeed, the rearrangement of the yeast U4-U6-U5 tri-snRNP is
dependent on ubiquitin (20).

We have previously found SNEVF™P19-Ps°* down-regulated
during cellular senescence (21) to extend the replicative life
span of human umbilical vein endothelial cells upon overex-
pression. Accordingly, we termed it Senescence Evasion fac-
tor (SNEV) (22). To merge the different names of SNEV that
derive from the yeast homologue that were synonymously
termed Pso4 as well as Prpl9, we suggest here to use
SNEVP™P19Pso% Knock-out of SNEVF™P!Ps°* jn mice is early
embryonic lethal, whereas embryonic fibroblasts from het-
erozygous SNEV P19 Pso4*/~ mice show reduced replicative
life span (23) and hematopoietic progenitor defects in prolifer-
ation and self-renewal (24). This effect might be due to its addi-
tional function as a DNA repair factor (25, 26), especially in
interstrand cross-link repair, where it interacts with WRN, the
protein mutated in the premature progeroid Werner syndrome
(27). Furthermore, SNEVF™P¥-Pso% jtelf is ubiquitinated upon
DNA damage (28). SNEVF*P19Fs°? hag also been found in a
protein complex different from the NineTeen complex, con-
taining the xeroderma pigmentosa complementation group
A-binding protein (XAB2)-hSYF1, involved in transcription-
coupled nucleotide excision repair (29). Other members of this
complex are hAquarius-intron-binding protein 6 (IBP160),
hISY1, peptidylprolyl cis-trans-isomerase E (PPIE)-hCyp33,
and a coiled-coil domain containing 16 CCDC16-OMCG1 (29).
Finally, it is a regulator of adipocyte differentiation, as has been
shown using mouse 3T3'L1 cells after adipogenic differentia-
tion (30).

To further enhance our understanding of SNE ,we
performed yeast two-hybrid (Y2H) studies to detect novel
interaction partners. Here we report the identification of a pre-
viously uncharacterized KH domain protein that we termed
Bring lots of money 7a (Blom7a). Blom7a interacts with
SNEVP™P19Pso% directly and physically, co-precipitates and
co-localizes with other splicing factors, and is detected in affin-
ity-purified, mature spliceosomes. Addition of recombinant
Blom7a increased the activity of in vitro splicing reactions,
whereas its overexpression in HeLa cells changes the splice site
selection of reporter constructs, suggesting that Blom7« is a
novel splicing factor involved in alternative 3'- and 5’-splice site
selection.

vPrplQ»Pso‘L

MATERIALS AND METHODS

Y2H Assays—Directed Y2H assays were performed using the
MATCHMAKER GAL4 Two-hybrid System.3 (Clontech)
according to the manufacturer’s guidelines. Therefore, the
cDNAs of SNEVP™P!9°Pso% and SNEVF™P!?Pso% deletion con-
structs were inserted into the bait vector pGBKT7 (Clontech)
in-frame with the GAL4 DNA binding domain and a c-Myc
epitope. As ¢cDNA library for identification of novel putative
interactors, the pACT2 plasmid-based human aorta cDNA
library was used (Clontech). Blom7« and its deletion mutants
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were inserted into the vector pGADT7 (Clontech) providing
the GAL4 activation domain and the hemagglutinin (HA) tag.
All constructs were amplified in Escherichia coli and sequence-
analyzed to confirm correct proteins. The constructs were co-
transformed into Saccharomyces cerevisiae strain AH109
(Clontech) by LiAc co-transformation. We selected interac-
tion-positive clones by growth on high stringency SD (synthetic
dropout) medium (4X SD: —Trp—Leu—His—Ade; SD medium
lacking four components: tryptophan, leucine, histidine, and
adenine hemisulfate).

Sequence Analysis—For the determination of the sequence
architecture and the prediction of molecular function of
sequence segments, the protein sequences of the BLOM?7 iso-
forms have been processed as described previously (31). In
brief, more than 30 sequence-based methods for the prediction
of nonglobular segments have been applied, including low com-
plexity regions, post-translational modifications, subcellular
translocations signals, as well as comparisons with six libraries
of known sequence domains and repeats.

Recombinant Protein Expression, Purification, and Genera-
tion of Antibodies—His,-SNEV PP19Pso% yag expressed in Sf9
insect cells and affinity-purified on a Ni**-NTA column as
described recently (32). Blom7a-His, was cloned into pET-
30a(+) vector (Novagen) according to standard procedures
using EcoRI and Notl restriction sites. After recombinant
Blom?7 expression using the overnight express autoinduction
system 1 (Novagen), the Ni*>"-NTA purified protein was used
for generation of antibodies according to standard procedures.

Co-immunoprecipitation—ColP was performed by incubation
of in vitro translated HA-Blom7« (TNT-T7 coupled reticulocyte
lysate system, Promega) and purified His,-SNEV?™P!9Ps% for 1 h
at 4 °C, followed by incubation with Ni**-NTA-agarose beads
(Qiagen, Germany) for 1.5 h at 4 °C. The beads were pre-equil-
ibrated with TBST buffer (150 mm NaCl, 20 mm Tris-HCI, pH
7.5,and 0.1% v/v, Tween 20). The beads were washed five times
with TBST buffer and eluted by boiling with SDS-PAGE sample
buffer for 10 min. After SDS-PAGE, precipitated HA-Blom7«
was detected using anti-HA antibody (Covance) and anti-
mouse peroxidase conjugate as secondary antibody (Sigma).

Alternatively, for precipitation of endogenous proteins, pro-
tein A-agarose beads (Roche Diagnostics) coupled (coupling in
1X PBS, 1 h at room temperature) with mouse anti-Blom7«
antibody and negative control beads coupled with mouse
anti-HA antibody (Covance) were incubated with the nuclear
extract (prepared as described in Ref. 33) in CoIP-buffer (50 mm
Tris, pH 7.5, 150 mm NaCl, 0.2% Triton X-100) for 2 h at 4 °C.
The beads were washed four times with CoIP-buffer, and pro-
teins were separated by SDS-PAGE. The detection of precipi-
tated SNEV PrP19-Pset yag done by Western blotting with a
polyclonal anti-SNEV PrP19-Psed pabhit antibody (Prp19 - 866).

GST Pulldown Assay—GST-SNEVF™P9Ps0t yag expressed
and purified as described (16). For the pulldown assay, equal
amounts of the purified proteins (0.5 ug) were mixed together
and incubated for 2 h at 4 °C in ColIP-buffer (200 mm NaCl, 25
mM Tris-HCI, pH 7.4, 0.5% Triton). Glutathione-Sepharose 4B
beads (Amersham Biosciences), equilibrated with ColIP-buffer,
were added, followed by incubation for 2 h at 4 °C. The beads
were washed three times with CoIP-buffer, and proteins were
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eluted with SDS-PAGE sample buffer. After SDS-PAGE, co-
precipitated Blom7a was detected using anti-His, antibody
(Qiagen, Germany).

Cell Culture—HeLa cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 4 mm L-glutamine and 10%
(v/v) fetal calf serum. HEK-293 (human embryonic kidney 293)
cell line was grown in Dulbecco’s modified Eagle’s medium/
Ham’s medium supplemented with 4 mm L-glutamine and 10%
fetal calf serum.

FRET Microscopy—SNEV"P'*"P** and Blom7« inserted into
pECEP-N1, pECFP-C1, pEYFP-N1, and pEYFP-CI, respectively,
were transiently co-transformed into COS-1 and HEK-293 cells by
Lipofectamine™ 2000 (Invitrogen) according to the manufac-
turer’s guidelines. After 24 h, FRET images from living cells
were generated by the MicroFRET method as described (34).
Photos were captured on a Nikon Diaphot TMD microscope
with a cooled charge-coupled device camera (Kappa GmbH,
Gleichen, Germany), with the yellow fluorescent protein (YFP),
cyan fluorescent protein (CFP), and FRET filter sets (Omega
Optical, Brattleboro, VT), under identical conditions and pro-
cessed with Scion Image software version beta 4.0.2 (Scion, Fre-
derick, MD). The images were aligned by pixel shifting abd
inverted, and the background was subtracted. Images from the
YFP and CEFP filter sets were multiplied with their previously
assessed correction factors (0.19 for YFP and 0.59 for CFP) and
subtracted from the FRET filter set picture. The remaining sig-
nals were multiplied by 3 for better visualization, and they rep-
resent the corrected FRET.

Cell Staining and Immunofluorescence Analyses—HeLa cells
were washed with PBS and fixed for 5 min in 3.7% (w/v)
paraformaldehyde in CSK buffer (10 mm Pipes, pH 6.8, 10 mm
NaCl, 300 mm sucrose, 3 mm MgCl, and 2 mm EDTA) at room
temperature. Permeabilization was performed with 1% Triton
X-100 in PBS for 15 min at room temperature. Cells were incu-
bated with primary antibodies diluted in PBS with 1% (v/v) goat
serum for 1 h, washed three times with PBS for 10 min, incu-
bated for 1 h with the appropriate secondary antibodies diluted
in PBS with 1% goat serum, and washed three times for 10 min
with PBS. Antibodies used were rabbit anti-SNEVFP19-Psot
antibody Prp19-867 and mouse anti-Blom7a. As secondary
antibodies, TRITC-labeled anti-mouse antibody and fluores-
cein isothiocyanate-labeled anti-rabbit antibody (Jackson
ImmunoResearch, West Grove, PA) were used. Microscopy
and image analysis were performed using a Zeiss DeltaVision
Restoration microscope as described (35).

Purification of Spliceosomes—Human spliceosome com-
plexes were prepared as described (2). Briefly, a mixture of
spliceosomal complexes was assembled on biotinylated,
radioactively labeled RNA. As splicing substrate, adenovirus
(AD1) transcript was used. The substrate was biotin-labeled
and incubated under splicing conditions with HeLa nuclear
extracts in 1-ml reactions at 30 °C for 1 h, forming both active
spliceosomes and assembly intermediates. After incubation the
samples were immediately loaded onto a 2.5 X 75-cm S-500 gel
filtration column, and pooled fractions from the spliceosome
peak were affinity-selected on streptavidin beads (36). Proteins
bound to the beads were washed three times in wash buffer (100
mM NaCl, 20 mMm Tris-HCI, pH 7.5) and then eluted in 0.3 ml of
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elution buffer (2% SDS, 20 mm Tris-HCI, pH 7.5, 20 mwm dithi-
othreitol). Eluted proteins were precipitated with 1 ml of meth-
anol together with 12 g of slipper limpet glycogen carrier and
finally resuspended in 50 ul of elution buffer. This procedure
was repeated 12 times, and the resulting samples were pooled
separately for each of the pre-mRNA substrates. Based on the
staining with Coomassie Blue, we estimate that each fraction
contained ~6-10 ug of protein in total. For the background
control, nuclear extract was incubated without labeled RNA,
followed by gel filtration as described above. Beads were mixed
with the fractions that corresponded to the ones that contained
labeled RNA in the above-described experiment. Beads were
washed, and the bound material was eluted as above.

In Vitro Splicing Assays—Nuclear extracts used in the splic-
ing assays were obtained commercially from Computer Cell
Culture Center (Mons, Belgium). Splicing assays were done
using uniformly labeled, capped pre-mRNAs incubated with
nuclear extract as described previously (37). Recombinant pro-
teins were added to the splicing reactions. The adeno-pre-
mRNA was transcribed from Sau3AI-digested plasmid pBSAd1
(38). The splicing reactions were loaded on a 10% polyacrylam-
ide, 8 M urea denaturing gel and run in 1 X TBE to separate the
splicing products. When samples were to be used for the anal-
ysis of splicing complexes, the reactions were loaded onto a
polyacrylamide-agarose composite gel (39) and run for about
5hat 25 mA.

Splice Site Selection Assays—1 ug of expression plasmid was
co-transfected into HeLa cells with 6 ug of the adenovirus E1A
reporter plasmid pMTE1A (40) or with pDC20 (41, 42) in the
presence of 20 ug of lipofectin (Invitrogen). The E1A gene plas-
mid pMTE1A used in the alternative splicing assays was
described previously (40, 43—45). pMTELA was kindly pro-
vided by J. Caceres and pdc20 by Pin Ouyang. The cells were
grown to 60-75% confluence in 60-mm dishes; plasmid DNA
was removed 12-16 h later, and Dulbecco’s modified Eagle’s
medium containing 10% fetal calf serum was added for an addi-
tional 24 h. RNA was extracted using TRIzol (Invitrogen) for
total RNA isolation. 5 ug of total RNA was analyzed by RT-PCR
with Superscript II reverse transcriptase (Invitrogen) and
GoTaq DNA polymerase (Promega). ELIA mRNA detection was
carried out with the exon 1 forward primer 5'-GTTTTCTC-
CTCCGAGCCGCTCCGA-3' and the 5'-end-labeled exon 2
reverse primer 5'-CTCAGGCTCAGGTTCAGACACAGG-3/,
and pDC20 primers were 5'-cgccaaacttgggggaagca-3’ (sense),
5'-cggaactgcctccaactatc-3’ (antisense 1), and 5’-ccagcatgcaag-
tactcaga-3' (antisense 2). Amplified products separated by
urea-PAGE were detected by autoradiography and quantitated
by PhosphorImager analysis (BAS2000; Fujix) (42))

RESULTS

Identification of Putative Interaction Partners of SNEV" P s0%_
To identify proteins interacting with the recently described
human protein SNEV"P9F°% \ve have performed a two-hybrid
library screening. After excluding that SNEV"?'"P**.Gal4 fusion
has toxic or autoactivating activities (data not shown), the bait
was co-transformed with a human aorta tissue cDNA library
(Clontech). Prey cDNAs were isolated and sequence-analyzed
after selection on high stringency media and termed Blom2 to
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TABLE 1
Putative interaction partners of SNEVP"P19Ps°4 55 identified by yeast two-hybrid screening against a human aorta cDNA library
Clone Protein identification Gene name (amino acid where Y2H fusion protein starts) Description
Blom2 NP_000080 Collagen «2(I) (1063) Extracellular matrix component
Blom3 NP_004083 Enoyl-CoA hydratase (1) Mitochondrial B-oxidation
Blom4 NP_001013861 hEx070 (1) Subunit of octameric vesicle targeting complex (exocyst)
Blom5 NP_000081 Collagen «1(III) (1116) Extracellular matrix component
Blomé6 NP_039268 DDAH 2 (40) Biogenesis of nitric oxide
Blom?7 AAM51855 Similar to KIAA0907 (347)
A Blom7 Is a KH Domain Protein
! Sop 2868 and Present as Different Splicing
| I . rp19-Pso
l L1 IVI | Blom7a Variants—Because SNEVTP19-Psod
P_,]' - was found to be a nuclear protein
1 Stop 4563 (49), the two putative nuclear local-
| L1 y I | | | Blom7p ization signals (pattern 7 at amino
— acids 457 and 551) of Blom7 encour-
1 Stop 3012 Blom? aged us to further investigate this
utative interaction partner. How-
[ | IL_ [T | om7y p p H
32' ever, the cDNA that was contained
in the library plasmid only partly
B 2 " C P1 P2 matched the I.(IAAO907 data base
2 = T L 1 entry suggesting an alternatively
(_E“ 9. . £ s © § m IS © Q w <) E spliced variant of KIAA0907 with an
S § jfg é %%g §§ § g% TESS5T ﬁ SSTw alternative C terminus located to
AIHOFNETHa Ja OTNOOTIT®NO= chromosome 1q22.
7.5 kb= b 200 bp By comparison with expressed
4.4 kb= b " Blom7 sequence tag (EST) data base 3
. L L g splicing isoforms were suggested
2.4 kb= 100 bp
: (Fig. 1A). To confirm expression of
24 kb= Blom?7 splicing variants, Northern
13kb _’. ‘” - GAPDH 50bp  blots using a full-length Blom7a
’ : probe were performed and show
Blom7 mRNA expression in all tis-
D sues tested (Fig. 1C). A band visible
1 69 100 180 235 317 338 549 614 at around 3 kb corresponds to
lLcrR1 [ kH1 | [kH2| LCR 2 | « | Blom7a Blom7a and -y, which due to their
small difference of 130 nucleotides
1 69 100 180 235 317 338 549 564 cannot be distinguished on the mul-
|LCR 1| | KH 1 | | KH 2| | LCR 2 |B| Blom7p tiple tissue Northern blot (Clon-
1 69 100 180 235 317 338 384 tech). The 4.5-kb band corresponds
| LCR 1| | KH 1 | | KH 2| | v | Blom? to Blom7p, whereas the weak band
om7y

FIGURE 1. Blom7 is a novel alternatively spliced protein. A, Blom7 isoforms as identified by RT-PCR and
sequencing; arrows indicate primers for RT-PCRs. C, RT-PCR using two different primer sets to confirm simul-
taneous expression of different variants in three different cell lines. Whereas primer pair 1 (P1) shows the
expected two bands, P2 shows three bands suggesting additional not yet identified splicing variants. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. B, multiple tissue Northern blots confirms ubiquitous expres-
sion of splicing variants in different tissues. D, protein sequence analysis suggests the presence of two KH
domains (KH1 and -2), low complexity regions (LCR), and an alternative isoform-specific C terminus.

Blom?7 (Table 1). These cDNAs coded for Exo70, a subunit of
the exocyst complex, two collagen fragments (the fibrillar
C-terminal regions of collagen «1(III) and collagen «a2(I)), the
N®,N“-dimethylarginine dimethylamino-hydrolase 2 (DDAH
2) that metabolizes N“,N“-dimethyl-L-arginine (L-ADDM) to
citrulline and methylamines (46, 47), and mitochondrial enoyl-
CoA hydratase (48), the enzyme catalyzing the second step in
the B-oxidation. Additionally, Blom7 matched partially the
sequence of the uncharacterized protein KIAA0907 suggesting
an alternatively spliced variant.
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at around 6 kb suggests an addi-
tional yet unknown variant. Fur-
thermore, we used RT-PCR with
primer pair P1 flanking the alterna-
tively spliced sequences resulting in
amplification of the expected frag-
ments when using cDNA of HEK-
293, Saos, or DH145 cells, whereas
primer pair P2 detects at least one additional band, suggesting
even more splicing variants than the three identified by our
approach.

The three splicing variants were submitted to the Gen-
Bank™ data base as Blom7a (AAM51855), Blom7f3
(AAMS51856) that is identical to KIAA0907, and Blom7y
(AAM51857). Putative homologous proteins to Blom7 are
found in higher eukaryotes like chimpanzee (XP_524898.2),
mouse (NP_083090.1), rat (XP_342278.3), dog (XP_851894.1),
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Interaction have been implicated in transcrip-
A tion, regulation of mRNA stability,
348 549 614 translational silencing, mRNA
Blom7o | LCR2 | o | + n localization, and of special interest
in regard to its putative interac-

s s Prp19-Pso4 s
B 1 69 100 180 235 317 338 549 614 - &?NAVZEECInSgNEV ’ »om

+ .

Blom7o [lerq kr1 | [kral| Ceme [ o | R Blom7a-specific C Terminus
338 549 614 and Self-interaction Domain of
Blom7a. | LCR 2 | o | + SNEVPPI9-Psot Are Necessary for
e
=omE |LCR 1| | el | | KH 2| ] LCR2 |B| - contained only the C-terminal half
338 549 564 of Blom7« (amino acids 348 — 614,
Blom7p | LR 2 18] - - as shown in Fig. 24). To test
whether full-length Blom7a still
1 69 100 180 235 317 338 384 interacts with SNEVFrP19-Psod p4
Eomy [Lcr [kH1 | [kH2[[7] - - whether other isoforms are inter-
Blom7-KH 1 69100 180235 317 acting with SNEVI™P17F2% as well,
ol [lcR1 [ ka1 | |KknZ = - directed Y2H experiments were
performed (Fig. 2B). Therefore, the
c¢DNAs coding for the proteins and
C 1 67 91 114 135 206 504 truncated forms were genetically
SNEVwt  [u-box|siDllcRlcc] oL [ wp4o | o % fused to the GAL4 activation do-
& B 4968 508 o main or to the GAL4 binding
AB6 SNEV |SID|LCR|CC| GL | WD40 | + a domain; however, prey and bait
were not switched. After co-trans-
91 114 135 206 504 formation of yeast strain AH109
A90 SNEV Lerlce] oL | WD40 | ) - with vectors containing Blom7« (or
1 67 91 a deletion mutant -splicing variant)
1-90 SNEV - - and SNEVP™PI9Psod (or 3 deletion
mutant), interaction was tested by
! of Sl deo Al growth on high stringency selection
AWD40 SNEV | U-box|SID|LCR]cc| 6L | M m media. No colonies were observed
o 504 with eiFher of the proteins an(‘i Fhe
WD40 SNEV | WD40 - respective second vector containing

FIGURE 2. Blom7a-specific C terminus and self-interaction domain of SNEV?™P9-Ps04
interaction. A, C-terminal half of amino acid 347-614 were isolated from the human aorta cDNA library.
B, Blom7« deletion mutants identify the a-specific C terminus as necessary for the interaction, whereas on the
side of SNEVPP19-Pse4 C the self-interaction domain is necessary as determined by directed yeast two-hybrid
analyses under high stringent conditions. U-box, UFD2-like motif with E3 ligase activity. SID, self-interaction
domain; LCR, low complexity region; CC, coiled-coil domain, GL2, globular domain; LCR1, low complexity region
APG-rich; KH1, -2, KH domain (RNA binding domain); LCR2, low complexity region PS-rich; o, a-specific C

terminus; 3, B-specific C terminus; v, y-specific C terminus.

cow (XP_874767.2), chicken (NP_001026499.1), zebrafish (NP_
997758.1), and Arabidopsis thaliana (NP_566850.3). No ob-
vious homologue was found in Caenorhabditis elegans or Sac-
charomyces cerevisiae, whereas Schizosaccharomyces pombe
contains a weakly similar protein (NP_593203.1).

The three corresponding protein variants and their
domain structure are shown in Fig. 1D. All isoforms bear low
complexity regions as well as two homologous domains to
the KH domain, an RNA-binding motif (50). The second KH
domain is similar to the one of splicing factor 1 (SF1) that
recognizes specifically the intron branch point sequence
(51). The three Blom?7 variants differ only in their C termi-
nus, a phenomenon that has also been described for other
KH domain proteins (52). Proteins containing KH domains

OCTOBER 16, 2009+VOLUME 284 -NUMBER 42

only the GAL4 activation or binding
domain alone (data not shown). As
indicated in Fig. 2B, the Blom7«a
specific C terminus was necessary
for the interaction to full-length
SNEVPP19Pset Op the other side,
the domain responsible for
SNEV'™P19-Pse% homo-oligomeriza-
tion (SID), as identified previously (16), was necessary for
mediating this interaction, although not sufficient, because
the U-box together with the SID domain (1-90 SNEV) alone
did not allow for colony formation. This suggests that either
folding of the truncated protein is not correct or that homo-
oligomerization of SNEVF™P9Psot s necessary for Blom7a
binding.

SNEV'P19Ps0% muteracts Physically and Directly with Blom7a—
To confirm the interactions observed by the Y2H system,
Blom7a was expressed as an HA tag fusion protein from the
pGADT7 Y2H vector using rabbit reticulocyte lysate. His,_
SNEVP™P19-Psod yas purified from insect cells. Both recombi-
nant proteins were incubated together with Ni*"-NTA
beads and after washing separated by SDS-PAGE. Co-pre-
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FIGURE 3. SNEVP™P9-Pse4 physically and directly interacts with Blom7a. A, GST pulldown experiments
using bacterially expressed Hiss-tagged Blom7 and GST-SNEVF™P19Pse4 His -Blom7 is detected by Western
blotting (IB) only when GST-SNEVP™'9Ps°4 s added to the beads. B, in vitro transcription coupled transla-
tion of HA-tagged Blom7 was incubated with insect cell expressed Hisq SNEVP™P'9P594 precipitation was
performed using Ni?*-NTA-agarose beads and is dependent on the presence of Hisg SNEVFP19Ps04 3¢
detected by anti-HA antibody. C, immunoprecipitation of SNEVP™P'9Ps°4 ysing beads covalently coupled
to anti-Blom7 antibodies and detection on Western blots using anti-SNEVF™P'9Ps°4 antibody. Whereas
rabbit IgG coupled beads do not precipitate SNEVP™'Ps°4 anti-Blom7 antibodies result in detection of
SNEVPTP19-Psod ' Western blot using 20 g of Hela cell lysate was separated by SDS-PAGE and detected
using Blom7 antibody.

YFP-

FRET

FIGURE 4. Blom7«a co-localizes with SNEVP™P'9-Ps% and other splicing factors within the nucleus.
A, FRET analysis was performed using ECFP-SNEVP™9-P04 and EYFP-Blom7 constructs. Positive FRET sig-
nals were obtained in punctate structure in the nucleus after co-transfecting COS-1 and HEK-293 cells.
B, EGFP-Blom7a is recognized by anti-Blom7 antibodies by indirect immunofluorescence microscopy
after transfection of Hela cells. C, co-localization of EGFP-Blom7« with endogenous SNEVPP19Ps°4 stained
by anti-SNEVP™19-P>% antibody was observed. Bars represent 5 um. D, co-localization of endogenous
Blom7 with endogenous SNEVP'P19Ps°4 stained by anti-SNEVP'P'9Ps°* and anti-Blom7 antibody. DAPI,
4’,6-diamidino-2-phenylindole. E, Blom7 antibody pre-blocked with recombinant Blom7« does not give
immunofluorescent signals above background.
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cipitated Blom7a was detected
using anti-HA antibody, whereas
no band was detectable when
omitting SNEVFP9Fset (Fig 34),

To test if the interaction is direct
and not bridged by factors present in
reticulocyte lysates, we performed
GST pulldown assays using GST-
SNEVP™19-Pso% and His,-Blom7a re-
combinantly expressed and purified
from E. coli. Indeed, GST-SNEV'™P19-
psoa cO-precipitated Blom7, whereas
GST alone did not (Fig. 3B).

To test if nonrecombinant, en-
dogenous proteins interact, Blom7
and SNEV'P19Pso% yere co-precipi-
tated from nuclear extracts of HeLa
cells. Beads covalently coupled with
polyclonal anti-Blom7 mouse anti-
body were incubated with nuclear
extracts. SNEVF™P19Pso% yag de-
tected after co-precipitation using
anti-Blom?7 antibody but not using
pre-immune IgG (Fig. 3C). To test
the specificity of our Blom7 anti-
body, we performed a Western blot
on HeLa cell lysate showing a prom-
inent band at the expected 64 kDa
and additional bands that might
represent the alternatively spliced
isoforms (Fig. 3D).

Interaction of Blom7a and
SNEVPPI9Pso% Oceyrs in the Nu-
cleus—To visualize the cellular
location of the Blom7a and
SNEVPrP19-Psod  jnteraction, we
applied several microscopic tech-
niques. After expression of ECFP
and EYFP fusion proteins of
SNEVP™P19Pset and Blom7a in
HEK-293 cells, we performed
MicroFRET analysis on living cells
(53). FRET signals localized to cell
nuclei in dot-like structures (Fig.
4A), whereas EYFP Blom7+y (miss-
ing the a-specific C terminus)
showed no interaction. As addi-
tional negative controls, we co-
transfected SNEVF™P9-Psot ECFP
together with unfused EYFP, and as
positive control, an EYFP-ECFP
fusion protein was used (data not
shown).

Because our Blom?7 antibody was
raised against full-length Blom7q,
the individual isoforms are not dis-
tinguished by immunofluorescence
microscopy. Therefore, we overex-
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FIGURE 5. Blom7 « associates with pre-mRNA splicing factors. A, co-localization of Blom?7 is detected using antibodies against endogenous Sm proteins;
B, SC35, arrowheads indicate two dots of co-localization. DAPI, 4',6-diamidino-2-phenylindole. C, precipitation of Blom7 (lowest panel) from nuclear extract (NE)
co-precipitates CDC5L as well as Sm proteins, whereas irrelevant IgG does not. 20% input of nuclear extracts that were added to anti-Blom7-Ab-protein A beads
(aBlom?7) or to IgG-loaded beads as negative control were separated by SDS-PAGE and analyzed by Western blotting. D, Blom7a is present in affinity-purified
mature spliceosomes, in the CDC5L spliceosome-associated complex purified by anti-CDC5L or anti-Skip antibodies, and S100 extracts as probed by anti-
Blom?7 antibodies. Asterisks indicate bands of Blom7« that might have been post-translationally modified. E, anti-Blom7 antibody co-precipitates pre-mRNA
and splicing intermediates from in vitro splicing reactions in a time-dependent manner further supporting that Blom7 is present in spliceosomes. In vitro
splicing assays were separated on denaturing polyacrylamide gels after precipitation with anti-Blom7 antibody. Splicing reaction using HeLa nuclear extract
(NE) without precipitation was loaded as positive control, and as negative control, irrelevant IgG was used.

pressed EGFP-Blom7c«, which is well detected by our anti-
Blom?7 antibodies (Fig. 4B). Indeed, co-localization of EGFP-

Blom7a Is a Novel Subunit of the Spliceosome—To test if
the interaction of Blom7 with SNEVP™P1-Pso% gccyrs in the

Blom7a and endogenous SNEVF™P19Pe% w35 observed within
the nuclei in a speckle-like pattern (Fig. 4C).

Using both antibodies against both, Blom7« and SNEV™P*-
pso4, co-localization within the cell nucleus is similarly
observed, although the signal is more diffuse throughout the
nucleoplasm (Fig. 4D). However, cytoplasmic staining was also
observed to a low extent using the anti-Blom7 antibody.

OCTOBER 16, 2009+VOLUME 284 -NUMBER 42

context of pre-mRNA splicing, we co-stained Blom7a with
Sm proteins (Fig. 54) and SC35 (Fig. 5B), two other canoni-
cal pre-mRNA splicing factors, and observed co-localization
for Y12, whereas SC35 only shows 2—4 single co-localized
dots per cell within the nuclei. Furthermore, anti-Blom7«
antibodies co-precipitate Sm proteins detected by Y12 anti-
body as canonical pre-mRNA splicing factors, as well
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FIGURE 6. Blom7« is functionally involved in pre-mRNA splicing. A, addition of recombinant GST-Blom7« enhances in vitro splicing reactions as compared
with standard splicing reactions or after addition of GST alone as control. B, this enhancement is dose-dependent, because increasing amounts of GST-Blom7 «
increase the ratio of lariat to pre-mRNA band as well as the joined exons. Asterisks indicate additional bands specific for Blom7« addition. G, lariat to pre-mRNA
ratios were calculated from three independent experiments adding increasing amounts of recombinant Blom7«; untreated nuclear extracts as well as addition

of GST were used as controls. NE, nuclear extract.

as the SNEVP™P19Psot complex member CDC5L (Fig. 5, C
and D).

In the opposite direction, we tested affinity-purified spliceo-
somes containing A, B, and C complexes assembled on biotin-
ylated pre-mRNA as described previously (12) as well as anti-
CDC5L and anti-SKIP immunoprecipitates. Indeed, Blom7«
and smaller isoforms are detectable in the spliceosome as well
as in the precipitates of anti-CDC5L and anti-SKIP (Fig. 5C),
which is a SNEVP®!9Ps°* complex-associated protein (4).
Blom7a bands at 64 kDa were observed as well as a band at
around 39 kDa representing Blom7+y. The purified spliceosome,
however, shows a triple band at around 64 kDa that might rep-
resent post-translational modifications of Blom7« after inte-
gration into the spliceosome (Fig. 5D).

Finally, Blom7« also directly or indirectly associates with
pre-mRNA. In time course immunoprecipitations of in vitro
pre-mRNA splicing reactions using anti-Blom?7 antibodies,
Blom?7 co-precipitated pre-mRNA immediately, whereas after
30 min splicing intermediates start to appear (Fig. 5E). Using
preimmune serum as control, no pre-mRNA or splicing inter-
mediates were precipitated.

Blom7a Modulates the Pre-mRNA Splicing Activity of
Nuclear Extracts—To test if Blom7 is also functionally involved
in pre-mRNA splicing, we first tested if addition of recombi-
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nant GST-Blom?7 expressed and purified from E. coli alters the
in vitro splicing reaction. Surprisingly, addition of GST-
Blom7a increased the ratio of pre-mRNA to lariat, suggesting
acceleration of the splicing reaction (Fig. 6A) in a dose-depend-
ent manner (Fig. 6, Band C), whereas neither GST alone nor the
C-terminal nor the N-terminal half of Blom7« affected the
splicing reaction as compared with nuclear extracts alone. Fur-
thermore, two more bands appear to be specific for Blom7«
overexpression (Fig. 6, A and B), suggesting that Blom7 might
be involved in alternative splicing. However, it cannot be ruled
out that these bands are unspecific and due to RNase activity,
because no sequence analysis was performed.

Blom7a Is Involved in Splice Site Selection—Because of the
previous result and because KH domain proteins have been
found to display alternative splicing activity (54), we also tested
Blom7« in this regard. Therefore, we co-transfected EGFP-
Blom7a together with an E1A splicing reporter minigene
resulting in various splice isoforms to test for 5'-splice site
selection (Fig. 7A). EGFP-Blom7« and its deletion mutants
locate to the cell nuclei, but only the full-length protein shows a
dotted distribution (Fig. 7B). As control, EGFP alone did not
lead to alterations in the ratio of E1A splicing variants as com-
pared with E1A-only transfected cells.

AV N
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FIGURE 7. Overexpression of Blom7« alters 5’-splice site selection of E1A minigene. A, scheme of the
alternative splice products derived from of E1A minigene, showing the three most prevalent forms of 13S, 125,
and 9S. B, transfection of HelLa cells with EGFP-Blom7« shows nuclear localization, although a dot-like structure
is only observed for full-length Blom7a. C, co-transfection of EGFP-Blom7« together with E1A minigene pro-
motes formation of the 13S splice variant, whereas reducing 12S and 9S in comparison with the “E1A-only” and
empty vector control. ASF-SF2 was used as positive control (n = 9). One representative gel of the alternative
splicing analysis is shown. Neg, negative. D, neither the KH domains nor the C-terminal half (AKH) significantly

alters splice site selection. U.S., unspliced

EGFP-Blom7a overexpression induces a significant increase
in 13S and loss of the 9S isoform, whereas a less pronounced
decrease in 12S is observed after transfection with increasing
plasmid amounts (Fig. 7C), suggesting that full-length Blom7«
is involved specifically in the selection of alternative 5'-splice
sites and favoring proximal splicing of 13S over distal to 9S.

Neither the KH domains alone nor the C-terminal half alone
resulted in a significantly altered splicing pattern (Fig. 7D) in
three independent experiments using triplicates each time.
ASF-SF2 served as a positive control for alternative 5'-splice
site selection (40, 43, 45).
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B7-AKH

GFP

To test the effect of Blom7a on
3'-splice site selection, we addition-
ally tested the pDC20 minigene
construct harboring a calcitonin-
dhfr chimeric pre-mRNA (41, 42)
that gives rise to two different splic-
ing isoforms (Fig. 8A4). Overexpres-
sion of Blom7«a markedly represses
the proximal splicing, whereas
EGEFP alone does not alter the splice
site selection in comparison with
nontransfected cells (Fig. 8B). In
contrast, ASF-SF2 shifts the balance
to the proximally spliced variant as
observed previously (41), indicating
a specifically different function of
Blom7a. Again, neither overexpres-
sion of the C- nor N-terminal half of
Blom7a significantly alters splice site
selection (Fig. 8C). Taken together
these data suggest that Blom7« inter-
acts with SNEVP™PPPs% and is a
novel pre-mRNA splicing factor also
involved in regulating splice site
selection.

B7-KH

ASF/SF2
Blom7a
Blom7-AKH
Blom7-KH

0138 [E12S m9S

DISCUSSION

To identify novel SNEVF*P1o-Fsot.
interacting proteins, we performed
a Y2H library screening. Besides its
ability to interact with itself (16), we
here identified several putative
interacting proteins. Even if striking
as odd interaction partners, a
link between enoyl-coenzyme A
hydratase and SNEV P9 Ps°* might
indeed exist, because small interfer-
ing RNA-mediated SNEV?'P19-Psot
knockdown increases B-oxidation
slightly but significantly for 8% in
differentiated murine 3T3-L1 prea-
dipocytes (55). Similarly, an interac-
tion of SNEVF™P9-Psot with collag-
ens is possible, because splicing
factors have been co-purified with
collagens in a stable isotope labeling
with amino acids in cell culture
experiment aiming at identification of factors involved in cell
adhesion (see supplemental material in Ref. 56).

However, we selected one so far uncharacterized candi-
date, Blom7q, for further analysis, due to putative nuclear
localization signals and KH RNA-binding motifs. KH
domains are a widespread RNA or single-stranded DNA-
binding motif identified by sequence similarity searches to
heterogeneous nuclear ribonucleoprotein K (hnRNP K) (57).
They are highly conserved, found in archaea, bacteria, and
eukaryotes (57, 58), and are involved in a variety of different
RNA-processing steps.

=

ASF/SF2
Blom7a
Blom7-AKH
Blom7-KH
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FIGURE 8. Blom7« also influences 3’-splice site selection of the pDC20 minigene. A, scheme of the alternative splice products deriving of pDC20 minigene,
showing the two splicing variants (proximal and distal). B, representative gel of the co-transfection of Blom7a and pDC20. Whereas EGFP-ASF-SF2 increases the
proximal splice variant, Blom7a favors selection of the distal splice site, and ratios of distal to proximal variants are shown below the lanes calculated from nine
independent transfections. C, again, only full-length Blom7« alters the selection of splice sites, whereas neither the N- nor the C-terminal parts are sufficient to do so.
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Among the most prominent members of KH domain pro-
teins is the fragile X syndrome protein FMR1 (59), where muta-
tions in KH domains result in developmental defects (60), ribo-
somal protein S3 (61, 62), or the zipcode-binding protein 1
(ZBP-1), implicated in mRNA subcellular localization (63). Sev-
eral KH domain proteins also interact with single-stranded
DNAs, like DDP1 (64), far upstream element-binding protein
(65), and hnRNP K (66, 67). A number of these proteins contain
multiple KH domains, which are suggested to increase the usu-
ally weak RNA protein affinity of single KH domains (50).

Several KH domain proteins are also established pre-mRNA
splicing factors, like hnRNP K itself (68), Nova proteins (54, 69,
70), Drosophila P-element somatic inhibitor protein (71, 72),
KSRP (73), and splicing factor 1 (SF1), that specifically recog-
nize the intron branch point sequence UACUAAC in the
pre-mRNA transcripts during spliceosome assembly (51).
Indeed, one of the KH domains of Blom7« is classified as SF1-
type KH domain. Therefore, after confirming direct interaction
with SNEVFPI9Pso% we tested if Blom7a also co-localizes and
co-purifies with other splicing factors, although Blom7«
escaped identification by the major proteomic spliceosome
analyses conducted so far (3, 4, 11-13).

Because we indeed found association to the spliceosome, we
tested if Blom7a might play a functional role in pre-mRNA
splicing. Indeed, it accelerated in vitro pre-mRNA splicing
using HeLa cell nuclear extracts. By immunodepletion of
Blom7, however, we did not see a decrease in splicing activity,
which might be due to residual Blom?7 in the nuclear extract
(data not shown).

KH domain proteins like Drosophila melanogaster Kep1 (74)
and SF1 contribute to splice site selection (51, 75, 76). There-
fore, we also tested if Blom7« is involved in regulating alterna-
tive splicing events using two different reporter minigene plas-
mids. Indeed, Blom7a overexpression regulates 5'-splice site
selection of the E1A-containing cassette (43). The effect on
5'-splice site selection is similar to that of ASF-SF2. In contrast,
the effect on 3’-splice site selection was opposite to ASF-SF2
favoring exon skipping in the calcitonin-dihydrofolate reduc-
tase chimeric minigene plasmid pDC20 (41).

Regulation of alternative splicing is supposed to mainly take
place at the level of E and A complex assembly but is still pos-
sible in B complexes (77). We speculate that alteration of splice
site selection by Blom7a might be influenced as early as in the E
complex, because pre-mRNA is co-precipitated with Blom7
from the start of the splicing reactions. There, U1 snRNP binds
to the 5'-splice site, and the branch site is recognized by SF1-
mBBP, which interacts with U2AF65 (78). These, together with
the smaller subunit of U2AF, U2AF35, and SR proteins, deter-
mine the 3'-splice site as “exon definition complex” (79) and
bend the pre-mRNA (80).

Because Blom73 (KIAA0907) is supposed to bind to U2AF65
(81), according to a large scale Y2H interactome study (81), we
hypothesize that Blom7a might bind intronic mRNA as well,
because it only differs by 60 C-terminal amino acids from
Blom7. This binding might occur near the branch site due to
SF1-like KH domain of Blom?7, allowing for U2AF interaction
and thus influencing 3'-splice site selection by altering the
specificity of the exon definition complex.
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The function of the interaction of Blom7a with
SNEVP™P19-Psot ‘however, is unclear. Blom7a might recruit
SNEVP™P19-Pso% ¢ the E or A complex alone, where only the
other members of the CDC5L-associated complex assemble
on the SNEVP™P19-Ps°* homo-oligomer as a platform. Indeed,
such a stepwise assembly seems possible because interfering
with SNEVF"P19-Pso% gelf_interaction interferes with spliceo-
some assembly (16).

Furthermore, in the A complex only SNE and not
CDC5L has been identified (14), whereas in the BAU1 complex
SNEVPP1Pset i joined by CDC5L together with CDC5L-
SNEVP™PIPse complex-associated SKIP and hSyF3 (4). All
members of the CDC5L-SNEVP™P?Ps** complex have been
observed only in the B* complex (4). By addition of Blom7a to
in vitro splicing reactions, this assembly might be enhanced,
resulting in higher splicing activity in vitro.

By guiding the assembly of the spliceosome to specific sites
on the pre-mRNA, this might further result in alternative selec-
tion of splice sites. However, several caveats to this hypothesis
remain as follows: the interaction between Blom?7 isoforms and
U2AF65 has yet to be confirmed in the context of pre-mRNA
splicing, and the kinetic behavior of Blom7 during spliceosomal
activation and re-arrangement must be determined. Further-
more, the consensus sequence(s) to which the KH domains of
Blom7a are binding have to be determined to understand if and
how it is involved in exon definition. Finally, it will be of great
interest to determine target mRNAs that are alternatively
spliced by Blom7« and its isoforms.

VPrpl9»Pso4~
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