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XP-1, a Human Protein Related to Rad21/Scc1/Mcd1,
s a Component of the Nuclear Matrix
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matrix [1], nucleoskeleton [2] or nuclear scaffold [3].
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Nuclear matrix is a complex intranuclear network
upposed to be involved in the various nuclear func-
ions. In order to identify the nuclear matrix proteins,
e isolated a cDNA clone from a human placenta

DNA library. This clone was partially represented a
nown cDNA clone HA1237. HA1237 encoded a 631-
mino-acid peptide, which we designated NXP-1.
XP-1 was related to yeast Rad21/Scc1/Mcd1, Xenopus
RAD21, and mouse PW29, and identical with
R21spA isolated from a human testis cDNA library.
e developed a polyclonal antibody to the purified
XP-1 bacterially expressed as a fusion protein with
ST. Western blot analysis with anti-NXP-1 polyclonal
ntibody showed nuclear matrix localization of NXP-1
n HeLa cells. Indirect immunofluorescence staining
lso showed nuclear and nuclear matrix localization
f the NXP-1. Results of in vitro binding assays em-
loying nuclear matrix preparations indicated that
he N-terminal region (16–128 amino acid) of NXP-1
as an important role in nuclear matrix distribution.
2000 Academic Press

Key Words: nucleus; nuclear matrix; nuclear scaf-
old; Rad; DNA repair; cohesin.

It is becoming clear that the cell nucleus contains a
ighly organized fibrogranullar network. Over the past
0 years many investigations have been devoted to
dentifying the nuclear network. Insoluble structures
ave been obtained from nuclei in vitro by different
echniques and are variously referred to as nuclear

Abbreviations used: NXP-1, nuclear matrix protein 1; GST, gluta-
hione S-transferase; PMSF, phenylmethanesulfonyl fluoride; HRP,
orseradish peroxidase; VRC, vanadyl ribonucleoside complex;
ITC, fluorescein isothiocyanate.
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he nuclear matrix is defined as the structure that
emains after salt extraction and nuclease treatment.
t consists of a nuclear lamina, a residual nucleolus,
nd an internal non-chromatin fibrogranullar matrix.
he nuclear matrix has been implicated in a variety of
uclear functions, DNA replication and repair, mRNA
ranscription and processing, and attachment of super-
oiled DNA loops [4–7].
An important function of the nuclear matrix has

een described to be the repair of DNA damage. Major
uestions were whether repair events are confined to
he nuclear matrix compartment, and how they are
istributed in DNA loops associated with the nuclear
atrix. Previous works have suggested that associa-

ion of the DNA with the matrix can influence the
epair function of ultraviolet (UV) light-induced DNA-
reaks and the sensitivity of mammalian cells to ion-
zing radiation [8–11]. These results support the no-
ion that the nuclear matrix is an important site for the
ssembly of an efficient repair complex. But there is no
vidence that DNA repairing enzymes, Rad protein
amily members, associate with the nuclear matrix.

We searched the components of the nuclear matrix
nd named a newly identified nuclear matrix protein
XP-1, where NXP stands for nuclear matrix protein.
XP-1 is related to yeast Rad21 which is involved in

he repair of ionizing radiation-induced DNA double-
trand breaks [12, 13]. HR21spA [14], which is identi-
al with NXP-1, and PW29 [15], a mouse version of
XP-1, were isolated from a human testis cDNA li-
rary and mouse F9 cDNA library, respectively. Re-
ently, it was reported that, yeast Rad21/Scc1/Mcd1
16, 17] and XRAD21 [18], a Xenopus homolog of
XP-1, involved in sister chromatid cohesion in the

ukaryote cell cycle. However, little is known about the
ntranuclear distribution and physiological function of
he mammalian NXP-1/HR21/PW29 in the cell cycle. In
his study, we report the association of NXP-1 with
nterphase nuclear matrix and requirement of the
-terminal region for the interaction.



EXPERIMENTAL PROCEDURES
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Cell culture and immunostaining were carried as described previ-
usly [19]. In entire experiments, HeLa cells were grown asynchro-
ously in F12 medium containing 10% fetal calf serum at 37°C.
Purified rat liver nuclei (10 mg) were mixed with complete

reund’s adjuvant and injected to BALB/c mouse six times with
-week intervals. After immunization, the mouse was bled and the
ntiserum was used for immunoscreening of cDNA library. Two
istinct cDNA clones, H2 and H4, were cloned by conventional im-
unoscreening of 1.6 3 104 independent clones of a lgt 11 human

lacenta cDNA library. Inserts that were released by EcoRI diges-
ion were subcloned into the vector pBluescript II KS(1) (Stratagene
loning Systems, La Jolla, CA) and were further analyzed by se-
uencing. Homology search was performed using BLAST programs
ith GenBank and EMBL databases.
High salt isolation of nuclear matrix was carried out essentially as

escribed by He et al. [20]. After a wash with PBS, cells were ex-
racted with cytoskeletal buffer (CSK; 10 mM Pipes, pH 6.8, 100 mM
aCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, supplemented
ith leupeptin, aprotinin, and pepstatin (1 mg/ml each), 1 mM
MSF, 1 mM DTT, 20 mM vanadyl ribonucleoside complex (VRC),
nd 0.5% (vol/vol) Triton X-100). After 3 min at 4°C, the cytoskeletal
rameworks were separated from soluble proteins by centrifugation
t 5,000 3 g for 3 min. Extraction buffer (CSK buffer containing 250
M ammonium sulfate) was added to the samples, and the mixture
as incubated for 5 min at 4°C, and then centrifuged. Chromatin
as solubilized in DNA digestion buffer, same as CSK buffer except

or containing 200–500 U/ml of RNase-free DNase I, for 40 min at
7°C. This treatment removed all the DNA and histones from the
ucleus. The pellet was further washed with the digestion buffer,
nd then centrifuged. The remaining pellet was considered the nu-
lear matrix. In some experiments, 5 mM CaCl2 was substituted for
mM EGTA in the CSK, Extraction and DNase I digestion buffers.
For in situ extraction, cells grown on coverslips were washed three

imes with ice-cold PBS and then treated with ice-cold CSK buffer for
min, followed by extraction buffer for 5 min and DNase I digestion

uffer for 40 min. The cells were washed with the digestion buffer
nd then fixed in 4% paraformaldehyde in PBS for 15 min.
The recombinant fusion protein lacking amino-terminal region of
XP-1 (denoted pGST-442–631) was generated by digestion of
GST-NXP-1 with ClaI and BamHI, followed by filling-in and reli-
ation. Purified recombinant GST-fusion proteins of NXP-1(442–
31) were used to generate polyclonal antiserum.
For the filter binding assays, we prepared additional fusion protein

onstructs in a pGEX-2T-derived plasmid (pGEX-2TK). pGEX-2TK-
42–631 was generated by ligation of the fragment excised from
GST-442–631 into pGEX-2TK vector. pGEX-2TK-16–128 and
GEX-2TK-128–442 were generated in similar ways. Approximately
–5 mg of fusion proteins was added to 1 ml of glutathione-Sepharose
eads and then washed twice in kinase buffer (20 mM Tris pH 7.5, 12
M MgCl2, 1 mM DTT). Labeling reactions were carried out in the

inase buffer, containing 50 mCi of (g-32P)ATP (3000 Ci/mmol) (Am-
rsham Pharmacia Biotech Inc.) using protein kinase (A kinase)
atalytic subunit (P2645 Sigma Chemical Co.) at 4°C for 30 min. The
eactions were terminated by the addition of 10 mM sodium phos-
hate (pH 8.0), 10 mM sodium pyrophosphate, 10 mM EDTA and 1
g/ml BSA. The elution was performed with 30 mM glutathione in

he GST binding buffer. For estimation of labeling efficiency, small
liquots of the reaction mixture were counted, fractionated on 15%
olyacrylamide gels and visualized by autoradiography. GST-2TK
as a single phosphorylation site by A kinase. According to the
rotein motif search, a phosphorylation site by A kinase and several
hosphorylation sites by other protein kinases were found in the
eptide sequence of NXP-1. However, NXP-1 fused with normal GST,
hich has no phosphorylation site by the A kinase, was not signifi-

antly phosphorylated by the kinase (data not shown). Therefore,
419
abeled in the GST-2TK region.
32P-labeled GST-2TK, GST-2TK-16–128, GST-2TK-128–442 and
ST-2TK-442–631 were incubated with isolated nuclei or nuclear
atrix from 3Y1 and HeLa cells in 50 mM Tris-HCl (pH 7.5) at 4°C

or 30 min. The nuclei and nuclear matrix were centrifuged and
ashed twice with 50 mM Tris-HCl (pH 7.5) and 50 mM NaCl. The
inding of 32P-labeled peptides to the nuclei or nuclear matrix was
ssayed using SDS-PAGE and autoradiography.
Gel electrophoresis and transfer of proteins to nitrocellulose mem-

ranes were carried out and the filters were blocked for 2 h in
locking solution (phosphate-buffered saline containing 2% bovine
erum albumin and 0.1% Triton X-100). Filters were incubated with
2P-labeled GST-2TK and GST-2TK-16–128 as described by Kaelin et
l. [21]. Blots were then washed four times for 15 min each
ith PBS containing 0.1% Triton X-100, and subjected to auto-

adiography.

ESULTS AND DISCUSSION

In an attempt to identify structural components of
he cell nucleus, rat liver nuclei were prepared and
sed as immunogens to generate polyclonal antibodies.
he antibodies were used to screen a human placenta
gt11 cDNA expression library. Two positive clones,
2 and H4, were isolated from 1.6 3 104 clones. Based

n sequence analysis, H4 (1.5 kb) was identified as a
artial cDNA of hnRNP M protein. H2 consisted of 350
ucleotides and was identical with a part of an EST
lone registered with the name HA1237 (GenBank/
MBL Accession Number: D38551).
HA1237 was one of 40 new genes (KIAA 0041–KIAA

080) obtained by analysis of randomly sampled cDNA
lones from the human immature myeloid cell line
G1. It contains 3647 bp of cDNA sequence and an
pen reading frame encoding a protein of 631 amino-
cid residues, starting at nucleotide position 185. We
amed the protein encoded by HA1237, NXP-1 (nu-
lear matrix protein-1). We identified a mouse homolog
f NXP-1, PW29, by homology search against the Gen-
ank database. The nucleotide and amino acid homol-
gies were 97% and 94%, respectively, between PW29
nd NXP-1. PW29 protein was purified from the mouse
9 cells with a pokeweed-agglutinin column by Yu et
l. [15], and the cDNA was cloned from mouse F9
DNA library. However, the intracellular localization
f PW29 was not determined. McKay et al. [14] isolated
R21spA (HR21), identical to NXP-1, from a human

estis cDNA library. The database analysis indicated
hat NXP-1 was related to yeast Rad21 (GenBank/
MBL Accession Number: M96437), a double strand
reak-repairing enzyme [12], and the homology scores
ere 23% for total amino acid sequence overall and
8% for the amino-terminal 100 amino acids.
In this study, we developed polyclonal antibodies

gainst purified NXP-1 which was bacterially ex-
ressed as a fusion protein with GST. Western blot
nalysis with anti-NXP-1(442–631) antibodies was
arried out to determine the subcellular localization of
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XP-1 in 3Y1 and HeLa cells (Fig. 1A). A protein of 110
Da was readily detected in the nuclear fraction as
ell as total cell lysate from HeLa cells (Fig. 1). The
bserved molecular weight is similar with 90–110 kDa
f Rad21, 120 kDa of XRAD21 and 120 kDa of PW29.
owever, these apparent molecular weights are not

onsistent with the predicted molecular weight (70
Da) for NXP-1, Rad21, XRAD21, and PW29. Yeast
ad21 has phosphorylated versions giving bands of
pparently larger size on SDS-PAGE [13]. Yu et al.
uggested that the difference is explained by unusual
lectrophoretic behavior due to the presence of highly
harged segments in the PW29 polypeptide [15].

NXP-1 distributed throughout the nucleus (Fig. 1B)
ithout nucleolus in the interphase cells. McKay et al.

eported that mRNA content of hHR21 was decreased
n G1 phase and increased in S phase and reached

aximum in G2/M phase in synchronized HeLa cells
14]. However, the protein content of hHR21 during the
ell cycle has not been determined. In this report, we
etermined the expression and distribution of NXP-1
rotein in HeLa cells using specific antibody. In Fig.
B, we observed different intensities of nuclear immu-
ostaining from cell to cell, which were considered to
e due to mixed culture of cells in the G1 phase and
/G2 phase.

FIG. 1. Immunochemical analysis of HeLa cells. (A) Total cell
ysate, cytoplasmic fraction and nuclear fraction were prepared from
eLa cells and subjected to Western blot analysis with anti-NXP-
(442–631) antibody. The lanes were loaded with samples derived
rom the same amounts of cells (50 mg protein) as follows: lane 1,
hole cell lysate; lane 2, postnuclear supernatant; lane 3, purified
uclei. Sizes of the bands as estimated by comparison with the bands
f molecular mass markers are indicated in kDa. (B, C, E) Indirect
mmunofluorescent labeling of HeLa cells, detected by the anti-
XP-1 antibody. HeLa cells were fixed with 4% paraformaldehyde in
BS and incubated with the 1st antibody. Subsequently, cells were

ncubated with FITC-labeled anti-rabbit IgG antibody. Bar, 70 mm.
D, F) same fields with C and E, staining with Hoechst, respectively.
420
oechst-stained chromatin, NXP-1 distributed entire
ytoplasm without the core region of metaphase and
naphase chromatin (Fig. 1C–1F). These findings are
onsistent with the release of cohesin complex from the
itotic chromatin [18].
The subnuclear distribution of endogenous NXP-1 in

nterphase nucleus was further characterized in HeLa
ells. Cells were collected from the tissue culture plates
nd nuclei were isolated. We further extracted the
uclear pellet sequentially with buffers containing Tri-
on X-100, ammonium sulfate, and DNase I, finally
btaining the insoluble nuclear matrix. Western blot
nalysis of these fractions using anti-NXP-1(442–631)
or HeLa (Fig. 2A) cells indicated that NXP-1 is a
uclear matrix protein. Release of NXP-1 from the
uclear matrix into the supernatants was apparently
educed when 5 mM Ca21 was added as a substitute for

mM EGTA to the CSK, Extraction and DNase I
igestion buffers. Ca21 possibly promoted binding of
XP-1 to the nuclear matrix, because Ca21 binding
ith PW29 was reported [15]. It is also possible that

he absence of NXP-1 from the supernatants is due to
egradation by a soluble Ca21-activated protease. In

FIG. 2. Immunoblot and staining analysis of nuclear matrix
ractions derived from HeLa cells. (A) Cells were sequentially ex-
racted with 0.5% Triton X-100 (CSK), extracted with 0.25 M ammo-
ium sulfate (extraction buffer) and digested with DNase I to remove
hromatin (digestion buffer). Extraction and digestion buffer con-
ained 5 mM CaCl2 (lanes 2–5) or 1 mM EGTA (lanes 6–9). The lanes
ere loaded with nuclear samples derived from 50 mg of HeLa cell
uclei as follows: lanes 1 and 10, whole nuclei; lanes 2 and 6, soluble
upernatants of CSK extraction; lanes 3 and 7, soluble supernatants
f ammonium sulfate extraction; lanes 4 and 8, soluble supernatants
f DNase I digestion; lanes 5 and 9, nuclear matrix. Untreated (B and
) and nuclear matrix (D and E) samples of HeLa cells were fixed
ith 4% paraformaldehyde in PBS and incubated with anti-NXP-1
ntibody. Subsequently, cells were incubated with FITC-labeled
nti-rabbit IgG antibody. Hoechst staining for detection of nuclear
NA was carried out on the same coverslips (C and E). DNase I
igestion solubilized nuclear DNA totally (E). Bar, 40 mm.
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itu nuclear matrix treatment and indirect immunoflu-
rescence analysis with anti-NXP-1 antibody were car-
ied out in HeLa cells. NXP-1 distributed throughout
he nuclear matrix as it was detected in all regions of
ntreated nuclei (Fig. 2B and 2D).
To identify the binding domain of NXP-1 for nuclear
atrix, phosphorylatable GST-fusion constructs of

hree truncated mutants of NXP-1 containing the
-terminal (GST-2TK-16–128), internal (GST-2TK-
28–442) and C-terminal (GST-2TK-442–631) regions
ere generated (Fig. 3). GST-2TK-16–128 was specif-

cally co-precipitated with nuclear matrix fractions
rom HeLa cells (Fig. 4, lane 6). The other two con-
tructs did not reveal a significant association with the

FIG. 3. Schematic representation of NXP-1 deletion mutants.
XP-1(1–631) has a highly conserved region (dotted box), proline

ich (P) region, repeating lysine-glutamate (KE) sequence, and 10
onsecutive acidic amino acid (Ac) residues. The letter “I” stands for
soleucine at position 67. KRKRK starting at the 318th and RKRRK
tarting at the 402nd amino acid were assumed to be nuclear local-
zation signal sequences. Fusion constructs were made between var-
ous portions of NXP-1 and GST-2TK. The numbers represent amino
cid positions within the whole amino acid sequence of NXP-1. GST-
TK encodes the GST attached to a cAMP-dependent protein kinase
hosphorylation site at the C-terminus.

FIG. 4. Coprecipitation with the nuclear matrix. Purified GST-
TK and truncated GST-2TK-NXP-1 mutants were 32P-labeled in
itro with protein kinase A, and incubated with isolated nuclear
atrix from HeLa cells at 4°C for 30 min. Truncated GST-2TK-
XP-1 mutants used as probes (lanes 1–4) and nuclear matrix-
ound GST-2TK-NXP-1 (lanes 5–8) were analyzed by SDS–PAGE
nd autoradiography. Probe samples (lanes 1–4) represent 0.3% of
nput as radioactive counts. Lanes 1 and 5, GST-2TK-NXP-1(128–
42); lanes 2 and 6, GST-2TK-NXP-1(16–128); lanes 3 and 7, GST-
TK-NXP-1(442–631); lanes 4 and 8, GST-2TK. Positions of molec-
lar mass markers are shown at the left in kilodaltons. Arrowheads
nd open circle indicate positions of GST-2TK-NXP-1(16–128) and
ST-2TK-NXP-1(442–631), respectively. Open square indicates po-

ition of GST-2TK-NXP-1(128–442), which is higher than the pre-
icted molecular weight. Since it was detected even in the unphos-
horylated sample (data not shown), the peptide was assumed to
ontribute for lower mobility of NXP-1 protein on SDS–PAGE (Fig.
A). Higher mobility bands were assumed to be partial degradation
roducts.
421
uclear matrix. Recombinant full-length NXP-1 fused
ith GST-2TK was not available because of poor ex-
ression as a soluble form in bacteria.
Filter binding analysis with the truncated fusion

roteins as phosphorylated peptide probe indicated
hat the N-terminus of NXP-1(GST-2TK-16–128) asso-
iated with a nuclear matrix protein of 28 kDa (Fig. 5,
anes 1–4). There was no specific binding of GST-2TK
Fig. 5, lanes 5–8), GST-2TK-128–442 and GST-2TK-
42–631 (data not shown). The nuclear matrix protein
f 28 kDa may serve the association of NXP-1 to nu-
lear matrix. A possibility remains that the tagging
ith GST or phosphorylation causes some artificial
ffect on the binding of NXP-1 to nuclear matrix. How-
ver, when expressed in HeLa cells, among the GFP
usion constructs, only the one containing 16–128
mino acids of NXP-1 was localized in the nuclear
atrix (data not shown). These results suggest that
XP-1 employs the N-terminal region for binding to

he nuclear matrix.
Schizosaccharomyces pombe strains have been used

o analyze pathways of spontaneous and double strand
reak-induced intrachromosomal mitotic recombina-
ion. Rad21 and Rad22 are involved in the repair of
onizing radiation-induced DNA damage [22]. Mckay et
l. [14] reported that mRNA of hHR21spA, which was
elated to Rad21, expressed in human cells and the
evel of hHR21spA transcripts was not altered by ex-
osure of normal diploid fibroblasts to 10 Gy ionizing
adiation. They suggested possible roles for hHR21spA
n V(D)J and meiotic recombination in testis and thy-

us, respectively, based on the relatively abundant
xpression of this gene in these organs. Recently, sev-
ral lines of experiments revealed that the Rad21 is
dentical with a subunit of cohesin complex, SCC1/

CD1, which is involved in sister chromatid cohesion
n mitosis and meiosis [16, 17]. Losada et al. [18] re-

FIG. 5. Filter binding assay. Nuclear matrix proteins were sep-
rated by SDS–PAGE and transferred onto membrane as described
nder Experimental Procedures. Membrane was then incubated
ith 32P-labeled GST-2TK-NXP-1(16–128) (lanes 1–4) or 32P-labeled
ST-2TK (lanes 5–8). Membrane was washed and bands were visu-
lized by autoradiography. Lanes 1 and 5, nuclei from HeLa; lanes
and 7, nuclei from 3Y1; lanes 2 and 6, nuclear matrix from HeLa;

anes 4 and 8, nuclear matrix from 3Y1. Arrows indicate the 28-kDa
rotein detected in all nuclear and nuclear matrix preparations.
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nvolved in sister chromatid cohesion. The functional
omains for cohesion in the Rad21 family proteins
ave not been identified yet.
In the present study, we showed that NXP-1 associates
ith the nuclear matrix through the N-terminal region.
lthough there has been no report about the subnuclear

ocation of Rad21 and its homologs, Rad21 is also as-
umed to be attached to the nuclear matrix in yeast based
n the greater resemblance of the N-terminal 100 amino
cids than other portions between Rad21 and NXP-1. The
-terminal region of yeast Rad21 has an essential func-

ion for DNA repair, and hence the mutant which has a
ingle amino acid substitution, Ile67-Thr, performs insuf-
cient DNA repair [12, 13]. These results provide clues as
o the physiological function of NXP-1 as well as the
ignificance of the nuclear matrix in DNA repair. There
re characteristic amino acid sequences, such as proline-
ich sequences, repeating lysine-glutamate sequences,
nd 10 consecutive acidic amino acids in the carboxyl-
erminal region of NXP-1 (Fig. 5), which are not shared
y Rad21. These sequences may serve a novel function of
XP-1. It was repeatedly reported that the nuclear ma-

rix, nuclear scaffold, and nucleoskeleton associate with a
pecific DNA region, such as MAR/SAR [23–26], centro-
ere [27] and telomere [28]. Whether NXP-1 interacts
ith these DNA regions remains to be studied.
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