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Differential Nuclear Localization and Nuclear Matrix
Association of the Splicing Factors PSF and PTB
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Abstract A monoclonal antibody raised against nuclear matrix proteins detected a protein of basic pl in human
nuclear matrix protein samples of various cellular origin. The ubiquitously occurring (common) nuclear matrix protein
was identified as splicing factor PSF (PTB associated splicing factor). The interaction between the splicing factors PSF
and PTB/hnRNP | was confirmed by co-immunoprecipitation from nuclear salt extracts. However, the nuclear
localization of PSF and PTB and their distribution in subnuclear fractions differed markedly. Isolated nuclear matrices
contained the bulk of PSF, but only minor amounts of PTB. In confocal microscopy both proteins appeared in speckles,
the majority of which did not co-localize. Removing a large fraction of the soluble PTB structures by salt extraction
revealed some colocalization of the more stable PTB fraction with PSF. These PTB/PSF complexes as well as the observed
PSF-PTB interaction may reflect the previously reported presence of PTB and PSF in spliceosomal complexes during
RNA processing. The present data, however, point to different cellular distribution and nuclear matrix association of the

majority of PSF and PTB. J. Cell. Biochem. 76:559-566, 2000.
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The nuclear matrix protein fraction has been
defined as the insoluble material resisting se-
quential treatment ofisolated nuclei with deter-
gents, nucleases, and high-ionic-strength buff-
ers [Berezney and Coffey, 1974]. The proteins
have been considered to represent components
of the fibrillar network identified in various
structural studies of the interphase nucleus.
Furthermore, the nuclear matrix has been de-
scribed as being involved in essential nuclear
processes, such as DNA replication, DNA tran-
scription, RNA processing, RNA transport, or
steroid hormone action. Accordingly, common
nuclear matrix proteins that are shared among
various cell types have been differentiated from
cell type-specific and cell state-specific nuclear
matrix proteins [for reviews, see Stuurman et
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al., 1992; Berezney and Jeon, 1995; Stein et al.,
1996].

In the present study the identification of PSF,
the PTB-associated splicing factor, as a human
common nuclear matrix protein is described. In
addition, the association of PTB to PSF and
their respective intranuclear localization were
investigated.

In the pre-mRNA splicing process non-coding
intervening sequences (introns) are removed
from primary DNA transcripts. The reaction
takes place in nuclear multicomponent com-
plexes termed spliceosomes. In step I (spliceo-
some assembly) several intermediate complexes,
termed E, A, B, and C, are engaged [for reviews,
see Lamm and Lamond, 1993; Kramer, 1996].
PSF and PTB, both binding to the polypyrimi-
dine tract at the 3’ end of introns, are constitut-
ing proteins of complexes B and C [Gozani et
al., 1994]. PSF has been described to be essen-
tial for the following catalytic step II of the
splicing reaction [Gozani et al., 1994]. In steps
IT and III introns are released and exons li-
gated. During these steps PTB, also described
as an isoform of the hnRNP I protein [Ghetti et
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al., 1992], regulates alternative splice site selec-
tion [Gil et al., 1991; Singh et al., 1995; Gooding
et al., 1998].

Several findings have indicated a specific in-
teraction between PSF and PTB. The two pro-
teins have been found copurifying during bio-
chemical fractionation procedures [Patton et
al., 1991; Gozani et al., 1994]. In addition, selec-
tive association of PSF and PTB has been ob-
served in in vitro protein binding assays [Pat-
ton et al., 1993]. In contrast, the present data
shows the different nuclear distribution and
nuclear matrix association of the majority of
PSF and PTB molecules.

MATERIALS AND METHODS
Cells

HeLa S3 and HL-60 (ATCC CRL-1964) cells
were cultured in RPMI medium, supplemented
with 10% fetal calf serum, at 37°C, in a humidi-
fied atmosphere containing 5% CO,. Leuko-
cytes of healthy human donors were purified as
described previously [Holzmann et al., 1997].
Human tissue and tumor samples were kindly
provided by Dr. P. Obrist and Dr. C. Ensinger,
University of Innsbruck, Austria.

Preparation of Monoclonal Antibody mAb CTS32

Six-week-old Balb/c mice were immunized
with a rat liver nuclear protein fraction [Fois-
ner and Gerace, 1993]. Hybridoma cells were
obtained by fusion of spleen cells with myelo-
mas (P3-X63-Ag.8.853). Fusion, cloning, and
hybridoma growth were performed according to
standard protocols [Harlow and Lane, 1988].
Other conditions were as detailed in Gotzmann
et al. [1997]. For immunodetection and immuno-
precipitation hybridoma supernatants were
used.

Preparation of Nuclear Matrices and
Subcellular Fractions

Nuclear matrices were isolated as described
elsewhere [Gerner et al., 1998]. In brief, iso-
lated nuclei were exposed to vanadyl ribonucleo-
side complexes, detergents, DNAse I, and high-
ionic strength buffer, finally yielding the
insoluble nuclear matrix protein pellet. For
preparation of subcellular fractions, cells were
homogenized in 10 mM HEPES/NaOH, pH 7.4,
10 mM NaCl, 3 mM MgCl,. After adjusting to
0.25 M sucrose and 0.35% Triton X-100 nuclei
were pelleted through a 10% sucrose cushion,

and the supernatant referred to as cytosol. For
further fractionation, pelleted nuclei were sus-
pended in PBS containing either 0.7 M NaCl, or
0.2% sodium deoxycholate and 0.4% Tween 40
(detergents; Sigma, St. Louis, MO), or 40 pg/ml
DNAse I and/or 50 ng/ml RNAse A. Centrifuga-
tion at 700g for 5 min yielded the supernatant
and pellet fractions.

Immunoprecipitations

For microsequencing, isolated HeLa cell nu-
clei were extracted with 1% Triton X-100, 1%
SDS in 500 mM Tris/HCI pH 8.0, 1.5 M NaCl,
50 mM EDTA. After pelleting insoluble mate-
rial, the supernatant was diluted 10-fold and
incubated with CTS32 hybridoma supernatant
at 4°C for 14 h. Following additional 3 h incuba-
tion with anti-mouse IgM agarose beads (Sigma)
the beads were collected by centrifugation,
washed, and proteins recovered in sample
buffer. For co-immunoprecipitation experiments
the 0.7 M salt extract of HeLa cell nuclei was
used directly, or after adjusting to 0.4 M salt by
addition of 50 mM HEPES pH 8.0.

Electrophoresis

High resolution two-dimensional electropho-
resis was performed according to Hochstrasser
et al. [1988] in the Mini-Protean system (Bio-
Rad, Richmond, CA). Proteins were dissolved in
10 M urea, 4% CHAPS, 0.5% SDS, 100 mM
DTT supplemented with 2% (v/v) ampholytes
pH 7-9. NEPHGE (Non-equilibrium pH-gradi-
ent electrophoresis) was performed at 540 Vh
in 70 X 1 mm polyacrylamide (4%) rod gels
containing 8.6 M urea, 0.03% Nonidet P-40,
0.08% CHAPS, and 2% carrier ampholytes (1.2%
pH 3.5-10, 0.4% pH 7-9, and 0.4% pH 9-11, E.
Merck, Germany). IEF and SDS-PAGE (10%
polyacrylamide), silver staining, blotting, and
immunostaining were performed as previously
described [Gotzmann et al., 1997]. Monoclonal
antibody 7G12 against PTB/hnRNP I was a
kind gift of Dr. G. Dreyfuss, University of Penn-
sylvania, Philadelphia, PA.

Microsequencing of Proteins

Immunoprecipitated proteins were separated
by SDS-PAGE and electroblotted. The antigen
was hydrolyzed with trypsin (Promega, Madi-
son, WI) according to Aebersold et al. [1987].
Peptides were separated by reversed-phase-
HPLC on a 1.0 X 250 mm Vydac C-18 column
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(Hewlett-Packard, Waldbronn, Germany) at
40°C with a flow rate of 50 pl/min, using the
Hewlett-Packard 1090 HPLC Series II system
(Hewlett-Packard) and analyzed by means of
the Hewlett-Packard G1005A protein sequenc-
ing system (Palo Alto, CA). Database searches
were conducted, using the GCG software analy-
sis package at http://www.at.embnet.org/.

Immunofluorescence Microscopy

HeLa cells grown on coverslips were perme-
abilized with 0.3% Triton X-100 in PBS. Cells
were fixed with 2% formaldehyde either imme-
diately (Fig. 4A) or after 5 min treatment with
250 mM NaCl (Fig. 4B) or 5 min treatment with
detergents and 15 min with nucleases (Fig. 4C).
Slides were first incubated with mAb CTS32
(undiluted hybridoma supernatant) and a rab-
bit polyclonal anti-PTB antibody (diluted
1:1,000 in PBS, a kind gift of Dr. M. Garcia-
Blanco, Duke University Medical Center,
Durham, NC), followed by incubation with the
respective Texas-red and FITC labeled second-
ary antibodies (Jackson, West Grove, PA; di-
luted 1:200 in PBS). Samples were viewed in a
Zeiss Axiophot microscope, equipped with the
MRC 600 laser scanning device (Bio-Rad).

RESULTS

Detection of a Human Common Nuclear
Matrix Protein

For the characterization and identification of
nuclear matrix proteins, monoclonal antibodies
were prepared against a rat liver nuclear pro-
tein fraction [Foisner and Gerace, 1993]. One of
the resulting hybridomas produced an IgM-
class antibody, termed mAb CTS32, that recog-
nized in immunoblotting experiments a protein
with an apparent molecular weight of 100 kDa
in total cell lysates of cultured human cells
(Fig. 1A). Furthermore, the antibody efficiently
precipitated the protein from SDS-solubilized
cell fractions. Subcellular fractionation analy-
sis revealed that the antigen was exclusively
found in nuclei or nuclear matrices (Fig. 1A).

Further analysis of nuclear matrices isolated
from various human cell lines, hematopoietic
cells, and normal and tumor tissues showed
that the antigen was expressed at significant
levels in all samples examined (Fig. 1B). There-
fore, the antigen was classified as a common
nuclear matrix protein and in accordance with
designations used in other studies [Korosec et
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Fig. 1. Detection of a human common nuclear matrix protein
by mAb CTS32. A: Cell fractions and an immunoprecipitate
from SDS-soluble nuclear fractions of Hela cells as indicated
(asterisks mark IgM chains). B: Nuclear matrices prepared from
various cells and tissues. C: Subcellular localization of the
antigen in intact cells. Confocal microscopy of interphase HelLa
cells stained with mAb CTS32 (left) and for DNA with propidi-
umiodide dye (right). Scale bar = 5 pm.

al., 1997; Holzmann et al., 1997, 1998; Gerner
et al., 1998, 1999] termed human nuclear ma-
trix protein 613 (hNMP 613).

In order to investigate the intracellular distri-
bution of the antigen we performed confocal
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immunofluorescence microscopic analysis of
HeLa cells using mAb CTS32. The protein ap-
peared in speckles randomly scattered through-
out the nucleus, being excluded from nucleolar
regions (Fig. 1C). Thus, the staining pattern
was reminiscent of non-nucleolar nuclear ma-
trix proteins.

Identification of the Antigen

For sequence analysis, the antigen was im-
muno-precipitated from a nuclear lysate under
stringent conditions. By microsequencing two
internal amino acid sequences, MGYMDPR and
FGQGGAGPVG, were obtained that were iden-
tical to published sequences of the human splic-
ing factor PSF. According to Swiss-Prot data-
base entry Nr. P23246, the above sequences
extend from aa positions 600-606 and 667—677
of the human PSF polypeptide, consisting of
707 amino acids [Patton et al., 1993].

After high resolution 2-D IEF of HeLa cell
nuclear matrix proteins, none of the blotted
proteins, ranging from pl 4 to 7.5, were recog-
nized by mAb CTS32 (not shown). Following
separation of basic proteins (pl 7.5-12.0) by 2-D
NEPHGE, a protein spot was detected at 100
kDa, pI 9.5 (Fig. 2). This corresponded to the
calculated pI value and the reported electropho-
retic mobility of PSF [Gozani et al., 1994] and
confirmed the identity of the antigen as human
PSF.

Differential Distribution of PSF and PTB in
Subnuclear Fractions

In protein binding assays PSF has been found
to specifically interact with PTB, a feature de-
termining the name of the protein [Patton et
al., 1993]. In addition, the two proteins have
been described to copurify in spliceosomes [Pat-
ton et al., 1993] and to be components of the
same subgroup of nuclear splicing complexes
[Gozani et al., 1994]. Although these observa-
tions would suggest that similar amounts of
PSF and PTB are present in nuclear matrices,
we only detected comparably faint signals for
PTB in 2D immunoblots of nuclear matrix pro-
tein fractions (Fig. 2B). Therefore, the distribu-

Fig. 2. Position of PSF and PTB in the 2D NEPHGE pattern of
nuclear matrix proteins. Immunodetection by (A) mAb CTS32,
(B) mAb 7G12. Only minor amounts of PTB were detectable.
Additional spots are due to nonspecific cross-reactions of sec-
ondary antibody in long-time exposures (B). Positions of the
antigens are indicated by arrows. C: Silver stain.
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tion of the two splicing factors in subnuclear
fractions was investigated in more detail. Iso-
lated HeLa cell nuclei were treated with vary-
ing combinations of detergents, DNAse-I,
RNAse, high ionic strength salt buffers, and the
resulting soluble and insoluble residual nuclear
fractions were tested by immunoblotting for the
presence of PSF and PTB.

When nuclei were extracted in buffers con-
taining 0.7 M NaCl without prior DNAse treat-
ment, which apparently disrupted nuclear
structures, both PSF and PTB were completely
solubilized (Fig. 3A, lane 2). However, under
any other conditions examined, including those
used for the isolation of the nuclear matrices
(lane 7), PSF was entirely retained in the re-
sidual nuclear pellet fraction. In contrast, the
majority of PTB was released even under mild
extraction with detergents or after treatment of
nuclei with DNAse-I or RNAse.

Stability of the PSF-PTB Complex

The antibody mAb CTS32 was capable of
co-precipitating PSF and PTB, thus allowing
analysis of the stability of the complex. We
immunoprecipitated PSF from 0.7 M salt ex-
tracts of HeLa nuclei (compare to Fig. 3A, lane

A
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2) using mAb CTS32. Upon analysis of the PSF
immunoprecipitate by 2D NEPHGE and immu-
noblotting using antibodies to PSF and PTB we
only identified PSF, whereas no signal was de-
tectable at the position of PTB. This clearly
showed that PSF and PTB were not found in
the same complex under high salt conditions
and confirmed our solubility studies. However,
upon lowering to 0.4 M salt concentration prior
to immunoprecipitation both PSF and PTB were
identified in the precipitates. Thus, under less
stringent conditions PSF and PTB form a stable
complex, supporting previous reports on the
association of the proteins.

To exclude that the interaction of PSF and
PTB was indirectly mediated by DNA or RNA
we immunoprecipitated PSF from DNAse and
RNAse treated nuclear extracts at 0.4 M salt.
As both PSF and PTB were found in the immu-
noprecipitate (Fig. 3B) it may be concluded that
they form complexes also in the absence of
intact DNA and RNA structures.

Intranuclear Localization of PSF and PTB

In order to test whether PSF-PTB complexes
existed also in the nucleus under more physi-
ological conditions we performed double immu-

1 2 3 4 5 6 7
SP SP S P SP S PSP

- s Wy . W= "% PSF

o N o - o - PTB
B

0.7 M SALT 0.4 M SALT 0.4 M SALT + D/RNase

r NEPHGE r NEPHGE r NEPHGE
2 % o
g - g - g -
R T T
» > >
& . -

Fig. 3. Subnuclear fractionation and co-immunoprecipitation
of PSF and PTB. A: Hela nuclei were incubated with various
combinations of detergents, salt, and nucleases, and resulting
soluble (S) and residual nuclear pellet (P) fractions analyzed by
immunoblotting using mAb CTS32 and mAb 7G12. Control
nuclei (lane 1) and fractions upon treatment with 0.7 M salt
(lane 2), detergents (lane 3), DNAse | (lane 4), RNAse (lane 5),
DNAse + RNAse (lane 6), DNAse and RNAse followed by

0.7 M NaCl (lane 7). B: Triton-washed nuclei were extracted
with 0.7 M salt and soluble fractions were used either directly
for immunoprecipitation with mAb CTS32 or after reducing salt
concentration to 0.4 M or after salt dilution and DNAse and
RNAse treatment. The precipitates were analyzed by 2D-
NEPHGE immunoblotting using mAb CTS32 and mAb 7G12.
Positions of PSF are indicated by arrows, those of PTB by
arrowheads.
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nofluorescence microscopy. Confocal images of
cells, fixed immediately after removal of cul-
ture medium, visualized both proteins in speck-
les throughout the nucleus (Fig. 4A). However,
merged images of PSF and PTB revealed that
only minor fractions of PSF and PTP co-local-
ized, as indicated in yellow. Thus, the majority
of PSF and PTB was not found in the same
complexes in proliferating cells.

Next, cells were extracted with 250 mM salt,
a concentration not dissociating PSF-PTB com-
plexes (see Fig. 3B). Apparently, staining of

PTB structures was markedly reduced, suggest-
ing the release of PSF-independent PTB. On
the other hand, resistant speckles of PTB co-
localizing with PSF were evident (Fig. 4B, right
panel).

If cells were extracted in buffers containing
detergents and nucleases, conditions which solu-
bilize most of PTB and retain PSF in the pellet
(see Fig. 3A), we detected only a faint staining
of PTB in the nucleus, whereas the speckle type
staining pattern of PSF was preserved (Fig.
4C). Unlike PSF staining, PTB staining was

MERGED

Fig. 4. Differential localization of PSF and PTB in HeLa cells. Double immunofluorescence microscopy using mAb
CTS32 and a polyclonal antibody to PTB. Single and superimposed (merged) confocal images of stained PSF and PTB,
with colocalizing PSF and PTB in yellow. A: Permeabilized cells. B: After extraction with 250 mM salt. C: After
treatment with detergent and nucleases. D: Isolated nuclear matrices. Scale bars = 5 pm.
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almost completely lost after extraction under
more stringent conditions applied during the
preparation of the nuclear matrix (Fig. 4D).

In conclusion, our data indicates that PSF
forms stable nuclear structures, highly resis-
tant to detergent/high salt, while the majority
of PTB is found in PSF independent structures,
easily extractable. Nevertheless, a fraction of
PTB seems to be more firmly associated with
PSF structures, which might be important for
spliceosome formation.

DISCUSSION

The finding that metabolically active com-
plexes or constituents are preferentially bound
to the nuclear matrix has been taken as indica-
tive for a role of the nuclear matrix in diverse
nuclear processes [Stuurman et al., 1992; Be-
rezney and Jeon, 1995]. The cell-state and cell-
type dependent association of distinct compo-
nents, as e.g., PCNA or hnRNPs [Gerner and
Sauermann, 1999], to the nuclear matrix has
also shown the dynamic nature of the conceived
nuclear framework. A function of the nuclear
matrix in DNA transcription and RNA process-
ing has been indicated by reported association
of transcription factors, newly synthesized RNA,
splicing factors, hnRNPs, and snRNPs to the
nuclear matrix [Stuurman et al., 1992; Be-
rezney and Jeon, 1995]. The present identifica-
tion of PSF, a major factor of active spliceo-
somal complexes, as common nuclear matrix
protein gives further evidence for a role of the
nuclear matrix in RNA processing.

Another aspect is the observed difference in
the subnuclear localization of two splicing fac-
tors known for their specific interaction [Patton
et al., 1993; Gozani et al., 1994]. By microscopic
examination and nuclear fractionation studies,
PSF was exclusively detected in the nuclear
matrix. In contrast, only low amounts of PTB
were found in the nuclear matrix. The bulk of
PTB was localized in PSF independent nuclear
structures, which were readily solubilized by
treatment of cells or nuclei with detergent, salt,
and nucleases.

The non-matching patterns of punctuate PSF
and PTB seen in the confocal microscope would
agree with currently discussed interpretations
of such phenomena [for review, see Singer and
Green, 1997]. As the functional requirement of
both, PSF and PTB, in splicing reactions has
been established [Patton et al., 1991] it may be
concluded that only the small amount of PSF

and PTB structures which were found to co-
localize in the nucleus are involved in splicing
reactions. It is unclear at present, which func-
tion the individual structures of PTB and PSF
may fulfill. There might be a highly dynamic
exchange of PTB between the PSF containing
complexes and the PSF independent struc-
tures, leading to a steady state equilibrium
with the majority of cellular PTB not being
associated with spliceosomal complexes. Alter-
natively, those complexes containing either PSF
or PTB might represent different types of spli-
ceosomal complexes at various intermediates of
splicing assembly. The speckled appearance of
PSF may be taken as indicative for its associa-
tion with the nuclear matrix, as observed in
case of other nuclear matrix proteins [Blencowe
et al., 1994; Chabot et al., 1995]. Therefore, a
potential function of PSF might be to link PTB
to the nuclear matrix at the sites where spliceo-
somes are to be assembled. The punctuate ap-
pearance of PTB, however, may be due to the
presence of bulk PTB in interchromatin gran-
ule clusters, reassembly and storage sites, re-
ported for other metabolically non-engaged
splicing components [Huang and Spector, 1996;
Mattern et al., 1999].

It may, therefore, be concluded that depend-
ing on the biological state of the cells, PTB
molecules may be recruited from nuclear stor-
age sites to nuclear matrix associated metaboli-
cally active splicing sites. Putatively, this popu-
lation might be anchored to nuclear matrix
bound PSF.
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