The spatial targeting and nuclear matrix binding

domains of SRm160

Stefan Wagner, Simion Chiosea, and Jeffrey A. Nickerson*

Department of Cell Biology, University of Massachusetts Medical School, 55 Lake Avenue, Worcester, MA 01655

Communicated by Sheldon Penman, Massachusetts Institute of Technology, Cambridge, MA, December 31, 2002 (received for review October 9, 2002)

The Ser-Arg (SR)-related protein SRm160 is a coactivator of pre-
mRNA splicing. It bridges splicing factors located at the 5’ splice
site, branch site, and 3’ splice site. Recently, SRm160 has also been
shown to be involved in mRNA export as part of an exon-junction
complex. SRm160 is highly concentrated in splicing speckles but is
also present in long branched intranuclear tracks connecting splic-
ing speckles with sites at the nuclear lamina. In this study we
identified domains of SRm160 important for spatial targeting
within the nucleus and for binding to the nuclear matrix. Using a
series of FLAG- and enhanced GFP-conjugated deletion mutants we
found two contiguous sequences that independently target
SRM160 to nuclear matrix sites at splicing speckled domains: amino
acids 300-350 and 351-688. Constructs containing amino acids
300-350 were also targeted to sites peripheral to speckled domains
where most mRNA originate subsequent to splicing. Sequences
from the N-terminal domain localized proteins to the nuclear
lamina near sites where mRNA leaves the nucleus.
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ince the discovery of RNA splicing (1), its mechanism has

been elucidated by the clever use of in vitro assays (2). Simple
precursor RNAs, usually with one small intron, are added to a
nuclear extract. After the addition of ATP, spliceosomal com-
plexes form, and introns are removed slowly. In marked contrast,
native RNA splicing in cells is far more rapid and efficient,
capable of processing more complicated substrates. Precursor
RNAs as large as 80,780 bases with as many as 175 introns (3)
are rapidly spliced, often in complicated but precise alternative
patterns. The very rapid splicing seen in vivo likely reflects, in
part, the accurate positioning of splicing substrates and factors
by the highly ordered architecture of the nucleus. Most RNA
splicing factors are concentrated in subnuclear structures that
appear as speckled domains when visualized by immunofluo-
rescence microscopy (4). When seen by electron microscopy,
these correspond to interchromatin granule clusters (5) that are
surrounded by regions rich in the perichromatin fibrils that
contain many new transcripts (5, 6). A majority of these tran-
scripts are spliced at or near speckled domains (7), and mech-
anisms have been described for recruiting splicing factors from
these domains to newly activated genes (8, 9).

Evidence that the nuclear matrix has a critical role in RNA
splicing has emerged from studies examining cells expressing a
B-globin pre-mRNA splicing construct (10, 11). This precursor
remains associated with the nuclear matrix after its isolation and
is spliced rapidly after addition of the ATP (11). In contrast to
conventional in vitro splicing reactions, splicing in situ on nuclear
matrix preparations occurs without a lag period, indicating that
spliceosomal commitment complexes are preassembled and fully
functional.

Two strong candidates for factors that might couple splicing
components are Ser-Arg (SR)-related matrix protein of 160 kDa
(SRm160) and SR-related matrix protein of 300 kDa (SRm300),
two high molecular mass SR-related proteins (11-15). These
proteins are bound more tightly to the nuclear matrix than other
SR proteins, are binding partners, and are constituents of in
vitro-assembled spliceosomes. SRm160 serves as a coactivator of
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splicing, bridging the 5’ and 3’ splice sites by interacting with
factors at those sites including U1 small nuclear ribonucleopro-
tein (RNP), U2 small nuclear RNP, SRp75, and SRp20 (13). In
addition, SRm160/300 may serve to attach spliceosomes to the
nuclear matrix. We suggest that SRm160 and SRm300 are key
players in the recruitment of splicing factors to sites of splicing
and in the assembly of presplicing complexes on the nuclear
matrix, contributing to the greater efficiency of splicing in intact
nuclei. Although both proteins participate in splicing reactions,
SRm160 may be the more important for in vitro splicing, being
required for the splicing of some RNA substrates (13, 14).

Most copies of SRm160 and SRm300 are concentrated in
speckled domains. However, as visualized by immunoelectron
microscopy, SRm160 but not SRm300 is also present in long
intranuclear tracks that frequently connect to the interchromatin
granule clusters (J.A.N., K. M. Wan, G. Krockmalnic, and S.W.,
unpublished data). These tracks suggest a role for SRm160 in
intranuclear transport, perhaps of mRNA after splicing. This
hypothesis is supported by work showing that in vitro, SRm160
remains bound to mRNAs after splicing (13) at sites 20-24
nucleotides upstream from exon—exon junctions in an exon-
junction complex (EJC) also containing the mRNA export
factors DEK, RNPS1, Y14, Aly/REF (16-18), and Magoh (19).
SRm160 also stimulates 3'-end cleavage, a prerequisite for
mRNA release to the cytoplasm (20). Its overexpression causes
the premature release and cytoplasmic accumulation of intron-
containing species (20).

In this study we have identified domains of SRm160 important
for spatial targeting within the nucleus and for binding to the
nuclear matrix. We find two contiguous sequences conferring
SRm160s localization in splicing speckles and binding to the
nuclear matrix. We have identified sequences that target fusion
constructs to sites peripheral to speckled domains and sequences
in the N-terminal domain that target SRm160 to sites at the
nuclear lamina. These represent the origin and cytoplasmic
transition point for most mRNA export from the nucleus.

Materials and Methods

Expression Vectors. The FLAG epitope, MDYKDDDDK, was
cloned between the HindIIl and BamHI sites of the pCDNA 3
vector (Invitrogen). The cDNA coding for human SRm160 (13)
was inserted in frame to FLAG between the BamHI and EcoRI
sites. All FLAG-SRm160 and enhanced GFP (EGFP)-SRm160
constructs were derived from digested fragments of the origi-
nal FLAG-SRm160 plasmid. For EGFP constructs either
pEGFP-C1 or pEGFP-C3 vectors (CLONTECH) were used. For
expression of VP22 fused to SRm160s nuclear matrix targeting
signal (NMTS), the NMTS sequence coding for amino acids
300-688 was amplified by PCR (sequences for the primers are
available upon request) and cloned in the KpnI and Xba sites of
pVP22 (CLONTECH).

Abbreviations: SR, Ser-Arg; SRm160, SR-related matrix protein of 160 kDa; SRm300, SR-
related matrix protein of 300 kDa; RNP, ribonucleoprotein; EJC, exon-junction complex;
EGFP, enhanced GFP; NMTS, nuclear matrix targeting signal.
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Table 1. Amino acid domain analysis of SRm160 spatial targeting and nuclear matrix binding

Nuclear matrix

Protein SRm160 F/P P/F preparation
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A series of FLAG-SRm 160 deletion mutants and a series of SRm160 domains fused to the C terminus of EGFP are presented. The
localization of the protein expressed in HeLa cells is noted for cells that were fixed and then permeabilized (F/P), permeabilized
and then fixed (P/F), or after a nuclear matrix preparation prior to fixation. ND, not determined.

Cell Culture and Transfections. HeLa cells were grown in DMEM
(GIBCO/BRL) supplemented with 10% FBS to ~60% conflu-
ence on 18-mm circular coverslips. Transfections were per-
formed by using 1.5 pug of DNA and 7.5 ul of Superfect
transfection reagent (Qiagen, Hilden, Germany) per coverslip.

Immunocytochemistry. To prepare cells for immunocytochemis-
try, three different methods were applied.
Fixation/permeabilization. Cells were washed in PBS before fixation
with 4% formaldehyde in cytoskeletal buffer (CSK, 10 mM
Pipes, pH 6.8/300 mM sucrose/100 mM NaCl/3 mM MgCl,/1
mM EGTA) for 15 min. To improve antibody penetration, the
cells then were permeabilized by using 0.5% Triton X-100 in
CSK for 5 min. All steps were performed at 4°C.
Permeabilization/fixation. After washing in PBS, cells were incu-
bated in 0.5% Triton X-100 in CSK for 10 min. This step removes
soluble proteins, both cytoplasmic and nucleoplasmic. Then,
cells were fixed in 4% formaldehyde in CSK. All steps were
performed at 4°C.

Nuclear matrix preparation (21, 22). After washing in PBS, soluble
proteins were removed by extraction with 0.5% Triton in CSK
containing 20 mM vanadyl riboside complex (5 Prime — 3
Prime) and 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride
(Roche, Indianapolis) for 5 min. After washing in CSK, the cells
were incubated in extraction buffer [0.5% Triton X-100/10 mM
Pipes, pH 6.8/250 mM ammonium sulfate/3 mM MgCl,/1 mM
EGTA/20 mM vanadyl riboside complex/1 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride] for 5 min. After another
wash in CSK, DNA was extracted by incubation in digestion
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buffer [0.5% Triton X-100/10 mM Pipes, pH 6.8/300 mM
sucrose/50 mM NaCl/3 mM MgCl,/1 mM EGTA/20 mM
vanadyl riboside complex/1 mM 4-(2-aminoethyl) benzenesul-
fonyl fluoride] containing 400 units/ml DNase I (RNase-free,
Roche) at 30°C for 50 min. Except for DNase I digestion, all steps
were performed at 4°C. Finally, the cells were fixed with 4%
formaldehyde in CSK.

Antibody Staining. Nonspecific binding sites were blocked with
TBS-I [10 mM Tris, pH 7.7/150 mM NaCl/3 mM KCI/1.5 mM
MgCl,, 0.05% (vol/vol) Tween 20/0.1% (wt/vol) BSA/0.2%
(wt/vol) glycine] for at least 1 h. All antibodies were diluted in
TBS-I and incubated at 4°C for at least 1 h. To wash unbound
antibodies, cells were rinsed three times in PBS containing
0.05% (vol/vol) Tween 20. Antibody dilutions were as follows:
BICS8 (mouse IgM), 1:20; B4A11 (mouse IgG), 1:20; Y12 (mouse
IgG, kind gift of Ben Blencowe, University of Toronto, Toron-
to), and 1:50; lamin A/C (rabbit IgG, kind gift of Nilabh
Chaudhary and Giinther Blobel, The Rockefeller University,
New York), 1:2,000. The secondary antibodies goat anti-mouse
IgG (7y) + FITC or tetramethylrhodamine B isothiocyanate/goat
anti-mouse IgM (w) + FITC or tetramethylrhodamine B iso-
thiocyanate were from Kirkegaard & Perry Laboratories. Cov-
erslips were mounted with Prolong (Molecular Probes).

Results

SRm160 has sequences responsible for spatial targeting to sites
of RNA splicing and export as well as those responsible for its
binding to the nuclear matrix. To identify these, we constructed
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Fig. 1.

Overlay

EGFP-SRm160 colocalized with endogenous SRm300 in speckled domains. (A) EGFP-SRm160 (red) was expressed in HeLa cells. Cells were permeabilized

and fixed before immunofluorescent staining. (B) Endogenous SRm300 was localized with the B4A11 antibody. (C) EGFP-SRm160 (green) and SRm300 (red) were

colocalized in speckled domains. (Scale bar, 10 um.)

a series of FLAG epitope-tagged deletion mutants and a cor-
responding set of sequence domains cloned as EGFP fusion
proteins (Table 1). Ectopically expressed EGFP-SRm160 (Fig.
14) was concentrated in splicing speckled domains where it
colocalized with endogenous SRm160 (data not shown), with its
binding partner SRm300 (Fig. 1 B and C), and with small nuclear
RNPs detected with the Y12 antibody (data not shown). Thus,
addition of EGFP to the N terminus of SRm160 did not alter its
subnuclear localization.

Surprisingly, all deletion mutants (Table 1) were located
exclusively in the nucleus, suggesting the existence of multiple
nuclear localization signals. Further, the nuclear localization of
the N-terminal domain lacking any SR repeats (FLAG-
SRm160;_99, see Table 1) strongly indicates that the nuclear
retention of SRm160 does not depend on SR motifs. The
SRm160 N terminus up to amino acid 299 (Table 1) did not
target constructs to splicing speckles. Instead they colocalized
with lamin A/C at the nuclear envelope as shown for FLAG-
SRm160;_549 in Fig. 2. This attachment at the nuclear periphery
was loose because permeabilization of cells with 0.5% Triton
X-100 removed the signal (Table 1).

In contrast, all mutants containing at least the first 350 aa of
SRm160 were found in splicing speckles (Table 1). This local-
ization was unaltered after the removal of soluble proteins and
chromatin in nuclear matrix preparations (Table 1). FLAG-
SRm160;_3s0 (data not shown) and EGFP-SRm160;_3s0 (Fig. 34)
partially colocalized with the speckled domain protein SRm300
(Fig. 3 B and C), a binding partner of SRm160, suggesting that
the N-terminal 350 aa of SRm160 are sufficient for speckle
targeting. However, both FLAG-SRm160;_350 and EGFP-
SRm160;_350 were also present in a region adjacent to splicing
speckled domains (Fig. 3 4 and C) that may correspond to the

A B
SRm160 1-240

Fig. 2.

Lamin A/C

recently distinguished “paraspeckles” (23). Both were also de-
tected in nucleoli in up to 50% of all transfected cells (data not
shown). Dissecting the N-terminal domain further showed that
SRm160500-350 was sufficient to target EGFP to the paraspeckle
region adjacent to speckled domains (Fig. 4 A-C). After extrac-
tion to prepare the nuclear matrix (Fig. 4 D-F) there was a
significant loss of fluorescence in nucleoli (compare Fig. 4 4 and
D). Although some EGFP-SRm160309_350 remained in the speck-
led domain itself (Fig. 4D), where it colocalized with endogenous
SRm160 (Fig. 4E), most of the protein was concentrated in the
peripheral paraspeckle region (Fig. 4 D and F).

Interestingly, nuclear matrix binding was abolished completely
for the slightly shorter EGFP-SRm160300_343 (Table 1), empha-
sizing the important role that amino acids 344-350 play in
anchoring to the nuclear matrix. In summary, amino acids
300-350, although necessary for targeting the SRm160 N ter-
minus to speckled domains, were inefficient in anchoring the
EGFP fusion protein to speckled domains. However, we have
identified a second sequence domain toward the C terminus of
SRm160 that mediates localization to speckled domains and
confers stronger binding to the nuclear matrix at those sites. Both
EGFP-SRm160351_6ss (Fig. 54) and the internal deletion mutant
FLAG-SRm160,172-343 (Table 1) were localized to speckled
domains where they colocalized with the endogenous SRm300
(Fig. 5 B and C). Because this sequence domain is rather large
we sought a smaller sequence within this region sufficient for
binding to splicing speckles. However, SRm160 amino acids
351-471, 472-585, and 586-688 were not able to target EGFP
to speckled domains but instead sent it to nucleoli (Table 1 and
data not shown), which suggests that SRm160 amino acids
351-688 constitute a minimal sequence for binding to splicing
speckles at the nuclear matrix. If there is a shorter domain

FLAG-SRM1601_249 colocalized with lamin A/Cat the nuclear periphery. (A) FLAG-SRm 1601249 was transiently expressed in HelLa cells. The cells were fixed

and then permeabilized to permit antibody penetration. (B) Lamin A/Cstaining. (C) FLAG-SRm1601_240 and lamin A/C were colocalized at the nuclear periphery.
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EGFP-SRM160 4 3x,

Overlay

Fig. 3.

EGFP-SRmM1601_350 colocalized with endogenous SRm300 at the nuclear matrix. (A) EGFP-SRm1601_359 was ectopically expressed in HelLa cells. (B) Soluble

proteins and chromatin were removed (21) before detection of endogenous SRm300 with the B4A11 antibody. Both EGFP-SRm1601_350 and SRm300 were
retained at sites on the nuclear matrix at sites of speckled domains (C), although the ratio of the two proteins varied between domains. (Scale bar, 10 um.)

responsible for matrix binding, it only works within the structural
context of the whole SRm160351_¢ss domain. Taken together,
these data show the existence of two contiguous sequence
domains of SRm160 responsible for targeting to speckled
domains.

In additional experiments, the SRm160 nuclear matrix target-
ing sequences were fused to the herpes simplex virus protein
VP22 also containing a myc tag. As expected, this fusion protein
was readily observed in speckled domains (Fig. 64), colocalized
with endogenous SRm160 (Fig. 6 B and C) and bound tightly to
the nuclear matrix (Fig. 6D). In contrast, the myc-tagged VP22
alone was homogeneously distributed in the nucleus but entirely
lost when subjected to the salt-extraction step of a nuclear matrix
preparation (data not shown). VP22 fusion proteins have been
shown to penetrate cell membranes and move from transfected
cells to the nuclei of nontransfected cells (24). Thus, we expected

A B

EGFP-SRm160 3(.350| Endogenous SRm160

to find the fusion protein in all cells after transient transfection.
However, no movement to untransfected cells was observed for
VP22 tusions with the nuclear matrix targeting sequences of
SRm160 (SRm160309-350 and SRm1603s51_6sg). Considering the
strong nuclear matrix binding of the protein and the lack of
nuclear-cytoplasmic shuttling of the full-length protein (J.A.N.,
K. M. Wan, G. Krockmalnic, and S.W., unpublished data), it is
likely that the SRm160 nuclear matrix targeting sequences tether
the fusion proteins and suppress the distinctive VP22 spreading
to adjacent cells.

The availability of a draft human genome (3, 25) has enabled
us to investigate the SRm160 genomic context. The gene for
SRm160 is located on chromosome 1, spans a genomic sequence
of ~27 kb, and consists of 16 exons. Because functional domains
often coincide with exons we looked for those exons encoding
SRm160 speckle targeting and nuclear matrix binding sequences.

Overlay

EGFP-SRm160 4 55,

Endogenous SRm160| Overlay

Fig.4. Amino acids 300-350 targeted SRm160 to sites on the nuclear matrix and peripheral to speckled domains. EGFP-SRm 160300-350 Was transiently expressed
in Hela cells. EGFP-SRm160300-350 (A) in fixed cells was concentrated in and around speckled domains (overlay, C) as visualized by the B1C8 antibody for SRm160
(B) but was also visible in nucleoli. (D) EGFP-SRm300300_350 remained bound after the removal of soluble proteins and chromatin in a nuclear matrix preparation.
The protein partially colocalized with endogenous SRm160 in speckled domains (E) but was more concentrated in regions adjacent to speckled domains (F). (Scale
bar, 10 um.)
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Fig. 5.

Overlay

EGFP-SRm160351_6gg colocalized with endogenous SRm300 in splicing speckles. EGFP-SRm160351_6gs Was expressed in HelLa cells. The cells were

permeabilized before fixation. Endogenous SRm300 (B) colocalizes with EGFPSRmM160351-63s (A), although the ratio of the two proteins varied between domains
(overlay, C). EGFP-SRm160351-683 Was nuclear matrix-associated and the entire amino acid 351-688 domain was required for this targeting. (Scale bar, 10 um.)

Interestingly, the SRm160 weak nuclear matrix binding sequence
almost exactly matches exon 7.

Discussion

We have identified the sequences within the splicing coactivator
SRm160 that target it to the splicing factor-rich, speckled
domains of the nucleus. These consist of two contiguous se-
quence domains of SRm160: amino acids 300-350 and 351-688.
Both sequences are characterized by an unusual high content of
arginine, proline, and serine: 88% for SRm160309_350 and 64%
for SRm160s3s1_6ss. SR domains have been reported to be
sufficient for speckle localization for a subset of SR proteins
(26-28). Although the SRm160 speckle targeting sequences
contain some SR repeats, these are less clustered, more disperse,
and scattered in smaller domains. Moreover, half of the SRm160
SR repeats, including the most prominent stretch from amino
acids 277 to 292, are located in the N-terminal part of the protein,
which is not involved in speckle binding. Thus within the context
of SRm160, SR repeats alone may not be sufficient for speckle
association, and other sequences besides the 5 SR repeats within
SRm160300-351 and the 10 SR repeats within SRm160351_3s must
support speckle targeting.

There have been other candidates for speckle domain target-
ing sequences. Examples are the RNA recognition motif (RRM)
in the polypyrimidine track binding (PTB)-associated splicing
factor (PSF) (29), the “ForkHead-associated” domain of the
protein phosphatase-1 regulator NIPP1 (30), and the TP repeat
domain of the splicing protein SF3b (155) (31). In contrast to

A VP22-SRm160 300.688 B Endogenous SRm160 C

Fig. 6.

other SR proteins, SRm160 does not contain an RRM. Neither
SRm160 speckle targeting domain showed any sequence simi-
larity to the ForkHead-associated domain. The SRm160 speckle
targeting domains contain only three TP repeats compared with
27 for the speckle-directing motif of SF3b (155), and these were
not sufficient to target the EGFP-SRm16047,_sg5 fusion protein
to splicing speckles. Taken together, the comparison with known
speckle targeting sequences suggests that both SRm160 speckle
determinants are previously uncharacterized motifs. SRm160
appearance in speckled domains correlated with binding to the
nuclear matrix. Both speckle targeting sequences were also
anchored to the nuclear matrix, whereas the SRm160 N-terminal
domain, which did not localize to speckles, was solubilized by
detergent permeabilization.

NMTSs have been described for the transcription factors
AML-1 (32), YY1 (33), PIT-1 (34), and other nuclear proteins
such as the kinase anchoring protein AKAP95 (35), the Epstein—
Barr virus nuclear antigen leader protein (EBNA-LP) (36), and
the glucocorticoid receptor (37, 38). No consensus sequence for
these NMTSs has been found, and they have no significant
similarity to the SRm160 NMTS. The lack of a consensus
sequence for nuclear matrix binding may reflect the binding of
these proteins to unique partners in different matrix-associated
complexes.

Localization of sites of RNA splicing by fluorescence in situ
hybridization, shows that a majority are clustered at or near
speckled domains (7). It has been suggested that this splicing
occurs in perichromatin fibrils that surround the interchromatin

VP22-SRm160 300-688
Nuclear Matrix

Qverlay D

The fusion protein VP22-SRm160300-6sg Was tightly bound to the nuclear matrix in speckled domains. (A) VP22-SRm160300-6ss, a fusion of the nuclear

matrix targeting sequences of SRm160 with VP22, was expressed in HelLa cells. The cells were permeabilized before fixation. As shown in C, VP22-SRm160300-6ss
(A) was colocalized with the endogenous SRm160 (B) in speckled domains. (D) After a nuclear matrix preparation, VP22-SRm160300-6ss remained with the nuclear
matrix. VP22 alone did not localize to speckled domains and was not retained in nuclear matrix preparations (data not shown). (Scale bars, 10 um.)
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granule cluster lying at the heart of the speckled domain (39).
Interestingly, all SRm160 deletion mutants containing only the
weaker speckle targeting sequence (amino acids 300-350) were
also found in regions adjacent to splicing speckles (Fig. 4). When
fused to EGFP, this sequence directed the fusion protein to sites
peripheral to speckled domains (Fig. 4). These correspond to
sites enriched in perichromatin fibrils and with new transcripts
and abundant RNA splicing. This amino acid domain of SRm160
would represent a targeting signal that is specific for this location
in the nucleus, a site centrally important for gene expression.
Similar regions peripheral to speckled domains have been found
recently to contain three proteins, PSP1, PSP2, and p54/nrb,
that traffic between these paraspeckles and the nucleolar
periphery (23).

SRm160 remains preferentially and stably associated with the
exon—exon product and not with the intron-lariat product after
splicing (13). This has suggested a possible involvement of
SRm160 in mRNA transport after the excision of introns. More
recently, SRm160 has been found on spliced mRNAs at sites
20-24 nt upstream from exon—exon junctions in an EJC also
containing the mRNA export factors DEK, RNPS1, Y14, Aly/
REF (16-18), and Magoh (19). Y14 and the mRNA export
factor REF continuously shuttle between nucleus and the cyto-
plasm (40, 41), whereas SRm160 is exclusively located in the
nucleus (J.A.N., K. M. Wan, G. Krockmalnic, and S.W., unpub-
lished data). The targeting of all N-terminal domains of SRm160
to the nuclear periphery suggests a possible role of the SRm160
N terminus in the subnuclear transport of spliced mRNA to
specific sites near nuclear pores, where SRm160 would leave the
complex. SRm160 is also present in long intranuclear tracks that
are sometimes branched and frequently terminate near the
nuclear pores (J.A.N., K. M. Wan, G. Krockmalnic, and S.W,
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