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We previously purified and characterized a nuclear localization signal (NLS) binding
protein, NBP60, in rat liver nuclear envelopes. In this study, we cloned and sequenced the
cDNA of rat NBP60, and predicted an amino acid sequence comprising 620 amino acids. The
sequence revealed that NBP60 is a rat homologue of lamin B receptor (LBR), and is 79 and
63% identical in amino acids to human and chicken LBR, respectively. Using three fusion
proteins containing different parts of the amino-terminal domain of human LBR, it was
shown that the stretch comprising amino acids 1 to 89, which contains a Ser-Arg rich region
(RS region), binds to nucleoplasmin and that the binding was inhibited by a common
NLS-peptide. These results suggested that the amino-terminal domain of LBR contains an
NLS-binding site. Furthermore, it was shown that the stretch comprising amino acids 1 to
53, which does not contain the RS region or the predicted DNA-binding site, binds to
Xenopus laevis sperm chromatin.

Key words: chromatin binding, heterochromatin, lamin B receptor, NBP680, nuclear

membrane protein.

In eukaryotic cells, at least three domains are distinguish-
able in the nuclear envelope: the outer membrane domain,
the inner membrane domain, and the nuclear pore mem-
brane domain. Each of these domains is associated with
specific macromolecular structures. The inner nuclear
membrane is attached to the nuclear lamina and chromatin
(1). Lamins, which comprise a filamentous protein mesh-
work that lines the nucleoplasmic surface of the inner
nuclear membrane (2-4), may play arole in the attachment
of chromatin to the nuclear membrane as well as in nuclear
organization, because they interact with chromatin (5-7)
or DNA (8-10). However, the nuclear lamina is a discontin-
uous structure that occupies only a fraction of the nuclear
periphery (11), and at some points the lamina is disrupted.
Recently, some integral proteins of the inner nuclear
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membrane were characterized (12-22), and it was found
that one of these proteins, lamina-associated polypeptide 2
(LAP2), interacts directly with chromatin (19). However,
if the inner membrane plays some role in the regulation of
the chromatin functions, other membrane proteins prob-
ably also participate in the interaction.

A nuclear envelope inner membrane protein, LBR, was
first identified in chicken (12, 14) and recently in man (17).
It has been revealed that human LBR (hLBR) possesses a
hydrophilic amino terminal domain, which is exposed to the
nucleoplasm, followed by eight predicted transmembrane
segments (14, 17). The amino-terminal domain of LBR
contains consensus sequences for phosphorylation by
p34°9? protein kinase and protein kinase A (23-25). This
domain is basic and also contains a stretch rich in arginine-
serine (RS) motifs (26) and Ser/Thr-Pro-X-X sequences,
which are frequently proposed to comprise a DNA-binding
site (14). On the other hand, the hydrophobic regions and
carboxyl-terminal domain of LBR are homologous to three
yeast proteins (27-29). One of these, sterol C-14 reduc-
tase, is involved in sterol metabolism (30). Recent work has
shown that RS motifs are found in a variety of splicing
factors and mediate protein-protein interactions between
components of the splicing machinery (31, 32). LBR also
forms a multimeric complex which includes both A and B
type lamins, a specific LBR kinase, and three other proteins
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(p18, p34, and p150) (24, 33, 34). Of these proteins, p34
has been found to be co-isolated with splicing factor 2 (SF2)
(26, 33, 35). Furthermore, the amino-terminal domain of
LBR interacts with human chromodomain proteins homol-
ogous to Drosophila HP1 (heterochromatin-associated
protein 1), a heterochromatin protein involved in position-
effect variegation (36).

In this study, we cloned cDNAs for nuclear localization
signal binding protein (NBP60) of the rat liver nuclear

envelope (37, 38), and established that the protein is a rat,

homologue of LBR. Using three fusion proteins containing
different parts of the amino-terminal domain of hLLBR, we
demonstrated that the stretch comprising amino acids 1 to
89, which contains the RS region, can bind to an NLS-con-
taining protein, and that the binding is inhibited by a
synthetic NLS-peptide, T-peptide. Furthermore, we in-
dicated that the stretch comprising amino acids 1 to 53
interacts directly with demembranated and decondensed
sperm chromatin of Xenopus laevis.

MATERIALS AND METHODS

Buffer—PBS: 10 mM sodium phosphate, pH 7.4, con-
taining 140 mM NaCl and 2.7 mM KCI; Incubation buffer:
50 mM triethanolamine-HCl, pH 7.5, containing 0.5%
Triton X-100, 2 mM MgCl,, 10% sucrose, 0.5 mM DTT, 0.2
mM PMSF, 10 xg/ml of leupeptin and chymostatin, 5 g/
ml of pepstatin A and antipain, and 150 mM NaCl; Buffer
1: 50 mM Hepes-KOH , pH 7.7, containing 0.25 M sucrose,
50 mM KCl, 2.5 mM EDTA, and 100 xg/ml of aprotinin
and leupeptin.

Partial Amino Acid Sequencing of NBP60—NBP60 was
purified from a Triton/high-salt extract of rat liver nuclear
envelopes by nucleoplasmin-Sepharose affinity chromatog-
raphy, followed by hydroxyapatite high-performance lig-
uid chromatography as described previously (37). The
purified NBP60 (30 ug) was electrophoresed in an 8%
polyacrylamide gel containing 0.1% SDS (SDS-PAGE), and
stained with Coomassie Brilliant Blue R-250, and then the
protein-containing gel slices were subjected to BrCN cleav-
age, and lysylendopeptidase and trypsin digestion as fol-
lows. BrCN cleavage: the procedures were as described by
Jahnen et al. (39). The gel slices were dried by lyophiliza-
tion and then treated with BrCN in 70% (v/v) formic acid
for 16 h at 25°C (NBP60/BrCN ratio=1:100, w/w). At
completion of the reaction, BrCN and formic acid were
removed by centrifugal lyophilization in a speed-vac centri-
fuge. The materials in peptide fragment-containing gel
slices were separated by Tricine-SDS-PAGE. The protein
was electrotransferred onto a PVDF filter and visualized
with Amido Black 10B. The materials in the thus separated
five bands were subjected to amino acid sequencing. In situ
lysylendopeptidase (Wako Chemicals, Osaka) and trypsin
(Miles-Seravac, UK) digestion: the gel slices were equili-
brated with 50% acetonitrile containing 200 mM ammo-
nium hydrogen carbonate twice for 20 min at 30°C, and
then brought to near-dryness in a vacuum desiccator.
Proteases at an enzyme-to-substrate ratio of 1: 25 (w/w)
in 200 mM ammonium hydrogen carbonate containing
0.02% Tween 20 were added to the gel slices followed by
incubation for 16 h at 37°C. The slices containing digested
peptides were centrifuged after homogenization, and the
supernatant was collected, dried by lyophilization, and then
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subjected to reverse-phase HPLC on a Silica-base C8
column (4.6 X250 mm, Capcel Pak C8 column; Shiseido,
Tokyo). Peptides were eluted with a linear gradient of 5-
75% acetonitrile containing 0.1% trifluoroacetic acid at
0.5 ml/min. The sequences of the isolated peptides were
determined with a Protein Sequencer 470A (Applied Bio-
systems, USA).

Analysis of cDNA Clones—A rat liver ¢cDNA library
prepared from Fisher 344 rats and constructed in lambda
zap II (Stratagene, USA) was screened with human lamin B
receptor cDNA as a probe (17). cDNA probes, prepared as
below and termed N/C, were **P-labeled using a random-
primed DNA labeling kit (Boehringer Mannheim Bio-
chemica, Germany), and screening was carried out by
standard procedures (40). The purified cDNA inserts were
subcloned into a Bluescript II SK (—) plasmid vector, and
their sequences were determined by the dideoxy chain
termination method (41).

DNA Construction—A human lamin B receptor cDNA
clone was prepared by reverse transcription-PCR (RT-
PCR) using full-length ¢cDNA sequence information previ-
ously described (17). Total RNA was isolated from human
blood with ISOGEN (Wako) and a 7 g aliquot was reverse-
transcribed with Superscript II reverse transcriptase (Life
Technologies, USA). The products were then used as PCR
templates with synthetic oligonucleotide primers: N, 5'-
TATGGATCCTAATGCCAGGNAGGAAATTTGCC-3' as
a 5’ primer; and C, 5-TTAGAATTCAGTCGACAGTAGA-
TGTATGGAAATATACGGTA-3'; K, 5-TTAGAATTCA-
GTCGACTCCTCCAAACTCCAAGTCCTTTG-3, and M,
5-TTAGAATTCAGTCGACATCATTCTCTTTCAATTCA-
AGCTC-3 as 3’ primers (C, K, and M are complementary).
The sequences between the three primers; N/C, N/K, and
N/M were amplified by PCR with Ex Taqg DNA polymerase
(Takara, Otsu), as follows: 94°C for 1 min, 58°C for 1 min,
and 72°C for 2 min for 35 cycles, and then 72°C for 7 min.
The N/K thus obtained was digested with BamHI and
EcoRI, and then the DNA fragments were inserted into the
BamHI/EcoRI site of expression vector pGEX-3X (Phar-
macia LKB Biotech, Sweden). A plasmid containing N/S
was generated by digestion of a plasmid containing N/K
with Sall, followed by self-ligation.

Expression and Purification of Human Lamin B Recep-
tor—Expression plasmids, which encode various regions of
hLLBR (17) fused with glutathione S-transferase (GST),
were transfected into Escherichia coli DE3 (BL21) cells
made competent with RbCl. The E. coli cells were grown in
LB-medium containing ampicillin at 37°C to an A, =0.8.
Expression of fusion proteins was induced by the addition
of 0.1 mM isopropyl-S-D-thiogalactopyranoside (42}, fol-
lowed by incubation for 6 h at 30°C. The bacterial cells were
collected by centrifugation and resuspended in PBS.
Vigorous sonication was performed before centrifugation at
12,000x g for 20 min. The resulting supernatant was
loaded onto a column (1.4X2cm) packed with 2 ml of
glutathione-Sepharose 4B (Pharmacia, Sweden). The col-
umn was washed extensively with PBS, and then bound
GST-fused proteins were eluted with PBS containing 50
mM glutathione. The eluted proteins were stored at —80°C
until use.

SDS-PAGE, Silver Staining, and Immunoblotting—Pro-
teins were separated by SDS-PAGE according to the
method of Laemmli (43). The acrylamide concentration of
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SDS-PAGE. The amounts of N/S-GST protein were esti-
mated by densitometry as described above.

Chromatin Binding Assay—Chromatin binding to immo-
bilized GST-fused proteins was examined by phase con-
trast and fluorescence microscopy. The demembranated
sperm chromatin consisted of Xenopus sperm treated with
lysolecithin to remove the plasma and nuclear membranes
without affecting the highly condensed chromatin. The
chromatin was prepared as described (45). The cytosol
fraction of Xenopus eggs (45) was boiled for 10 min, cooled
in ice-water for 5 min, and then centrifuged at 10,000X g
for 10 min to remove denatured proteins. The resulting
supernatant, heated cytosol, was stored at —80°C until use.
To determine chromatin binding to the immobilized GST-
fused proteins, 1 ¢l of demembranated sperm chromatin
(10,000/41) in buffer 1 was incubated in 10 ul of heated
cytosol at 23°C for 30 min for decondensation of the
chromatin. After the incubation, 0.2 ug of purified GST
was added, followed by incubation for 20 min to reduce
non-specific binding, and then incubation with GST-fused
proteins immobilized on glutathione-Sepharose 4B beads
for an additional 60 min at 4°C. Chromatin bound to the
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beads was determined after staining with a DNA dye:
Hoechst 33342 (Calbiochem-Novabiochem, USA) by
phase-contrast and fluorescence microscopy.

RESULTS

Isolation and Sequencing of cDNA for NBP60—Partial
amino acid sequences of the nine peptides derived on BrCN
cleavage and proteolytic digestion of NBP60 were deter-
mined (Fig. 1B). On sequence analysis, it was revealed that
two peptides completely matched parts of the amino acid
sequence of hLLBR, the others being 70-90% identical in
terms of amino acids. These results suggested strongly that
NBP60 is a rat homologue of LBR. Therefore, we decided to
isolate a rat LBR cDNA clone, analyze the DNA sequence,
deduce the amino acid sequence, and then compare the
latter sequence with those of peptides obtained from
NBP60. A pair of oligonucleotide primers for PCR was
synthesized based on the amino acid sequence of hLLBR.
Human blood total RNA was subjected to RT-PCR, a
product of the expected size being obtained. The product
was sequenced and confirmed to encode hLLBR. It was used

P sl

NBP60 1: RDGEVVRGRWPGS] YYEVEIL LYTVKYKDGTELE S 55
hLBR 1: ADGEVVRGRWPGS[SLYYEVIET LYTVKYKDGTEL 55
cLBR 1: ADGEVVMGRWPGS, LYYEVQVT LYTVKYKDGTELA 55

NBP6O 56:PLK QRKIS G S
hLBR 56:PLT s GB[TISSSPS
cLBR 56:LQS QRKIS ESSPS-

RERSRSRSRSPGRAP QADA 110
-SRSRSRSRSPGRPP QADI 108
RSRSRSRSRSPGRPA R-EH 104

NBP6@ 111:KEMRREILQVK L VSVVNGEPEHMEKSATP RVILSTED 164

hLBR  109:-A-RREV-EVK YNGEPEHIERNDAPHKI-NTQEKFSLS 159

cLBR  105:-DKKKIIQETS TRRYNGEHDSTEENDTSZ% EKLKPDSEE 156

NBP6@ 165:SYIATRYSLRPRREE -RVRGTNLVTRGPVPLGTFQVTTPQRROLEFGGNP 218

hLBR  16@:SYIATQYSLRPRREE EIDSKEEKYVAKE- LAVRTFEVTPIRAKDLEFGGVP 213

cLBR  157:ERVLDQYSLRS RREEE -EIYAEKKI-FEAIKTPE-K-PSSKTKELEFGGRF 206

NBP6Q 219:GALLI CVFL L 273

hLBR  214:GNFLI FLFL L N PPLPAL E WE 268

cLBR  207:GTFML TVLYL PPLPALESLWE 260

NBP6O 274: VFWDIELY 328

hLBR  269: PIGKVVEG LFQGVEFH 323

cLBR  261: TIGKVVE LYFQFELH 315

NBPE@ 329:T v DE AVYDFFIGRELNPR] 382

hLBR  324:5S RSL VYDFFI ELNPR| 377

cLBR  316:D RSLKA LVYDFFTGHELNPR| 370

NBPE@ 383: FFCELRPGLIGWVVINLVHLLAENRVQERSAP VNSFQLLYVV] 437

hLBR  378: FDLKYFCELRPGLIGNVVINLVHLLAEMKIQDRAV VNSFQLLYVV| 432

CLBR  371:IGSFDLKYFCELRPGLIGWVVINLAMLLAEMKIHNQSMPSLISMILVNSFQLLY\ LLYVV] 425

NBP60 438 :PALWFEEALLTTMD %HWFUFHU’F’GDTVWWFT RAFYLVN LEWH 492

hLBR 433: g LTTMDITHDGFGFMLAFGDLVWVPFIYSIFQAFYLVE 487

cLBR  426:D LTTMDITHDGFGFMLAFGDLVMVPFNY SLRAFYLVIG 430

NBP6@ 493:§ EE EE g@@ww N PKLAH T LV WG| 546

hLBR  488:5 WNSQKN DPKLAH G SGWWG| 541

cLBR  481:A ANSQKN& DPKL}S TG cwwo| 534  Fig. 2. Amino acid sequence compar-
ison of rat NBP60 with the human and

NBP60 S47:FVRHPNYLGDLIMALAWSTPCGFNHITPYFYVEY REARDEHQLRRKYG| 601 chicken lamin B receptors. Amino acids

ALBR  542:FVRHPNYLGDLTMALAWSLPCGFNHILPYFYILYFTMLLVHREARDENYHICKK 596 which are identical in rat NBP60, and

cLBR  535:FVRHPNYLGDIIMALAWSLPCGFNHILPYFYVIYFICLLVHREARDEHHCKKKYG 589 human and chicken lamin B receptors are
boxed. The human lamin B receptor amino

NBP6® 602:L CQRVPY-RI}FPYI-Y------ce oo mmmmee e 620 acid sequence was taken from Ref. 17, and

hLBR 597 :VAWEKYCQRVPY-RIL|- FPYI-Y=-me oo mem oo om e e e 615 the chicken lamin B receptor sequence

CcLBR  590:LAWERYCQRVPYTHISLHLLEHSTYLICKLKYTSHLCTNSVCYLGFKH 637 from Ref. 14.
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for subsequent rat liver cDNA library screening to isolate
rat LBR clones. Three cross-hybridizing clones were iso-
lated from 3% 10° plaques of a lambda Zap II rat liver
cDNA library. All three clones contained a part of the lamin
B receptor cDNA. The longest clone thus obtained, termed
p3X2 (Fig. 1A), contained a ¢cDNA insert of about 2.8 kbp,
including a short stretch of a poly(A) tail. However, this
clone did not contain a nucleotide sequence corresponding
to the 5'-end of the open reading frame of hLLBR (17).
We then rescreened the same c¢DNA library with an
about 1 kbp fragment from the 5" end of clone p3X2, and
isolated another cDNA clone, termed pMID (Fig. 1A). The
nucleotide sequence was identical over an about 2 kbp
region with that of clone p3X2. The clone contained a
5’-extension of about 250 bp compared to p3X2. However,
the nucleotide sequence determined has not yet reached the
initial ATG codon. We therefore synthesized a pair of
oligonucleotides, predicted from the amino acid sequence of
a peptide derived from rat NBP60, for PCR. The amino acid
sequence was the same as that of the amino-terminal region

A LBR amino-terminal domain
1 RS region 208

Fusion proteins

GST-NM
1 53
GST-Ns |
1 89
GsT-NK
1 211
B CBB C Immunoblot
1 2 3 4 1 2 3 45
=

Fig. 3. Expression of GST-tusion proteins of amino-terminal
domain fragments of hLBR. A: The diagram shows the nucleoplas-
mic amino-terminal domain of hLBR, and those of the three GST
fusion proteins that were expressed in E. coli and contain different
portions of the domain. GST is not drawn to scale. The numbers of the
first and last amino acids of hLLBR in each fusion protein are given. B:
GST and GST fusion proteins were expressed in E. coli and purified
by using glutathione-Sepharose beads. These proteins (1 xg each)
were separated by SDS-PAGE, followed by CBB R-250 staining.
Since the molecular weight of GST is 26 K (lane 1), the calculated
sizes of the GST fusion proteins are: 32.1 K (lane 2), 36.1 K (lane 3),
and 50.1 K (lane 4), respectively. C: Proteins shown in B (lanes 1 to
4) and purified NBP60 (lane 5) were transferred to a nitrocellulose
filter, and then incubated with anti-NBP60 antiserum (1 : 500, w/w).
The bars at the left of B and C indicate the positions of marker
proteins of 66.3, 43, and 28.7 K, from top to bottom.
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of hLBR in 6 out of 7 amino acids. An antisense nucleotide
corresponding to the 5"-end region of the nucleotide encod-
ed by pMID was synthesized. Then, PCR was carried out on
the same cDNA library using these primers. A product of
the expected size, a 150 bp fragment, was obtained. This
product contained nucleotide sequences corresponding to
five peptide sequences found in rat liver NBP60.

Amino Acid Sequence Deduced from cDNA—The 1,860-
nucleotide-long open reading frame of the cDNA construct-
ed from pMID and pNM2 encodes a protein of 620 amino
acid residues with a calculated molecular weight of 70.6 K.
This molecular weight is in close agreement with the
relative molecular mass of NBP60, 60 K, estimated on
SDS-PAGE. The amino acid sequences of all nine BrCN and
proteolytic peptides of NBP60, determined by Edman
degradation, completely matched those deduced from
c¢DNA clones with the sole exception of Glu® (see below)
(Fig. 1B). The amino acid sequence of rat NBP60 thus
obtained showed 79 and 63% amino acid identities with
human and chicken lamin B receptor, respectively (Fig. 2).
The molecular weight of NBP60 calculated from the amino

123 45 67 8 910
] a
~ -
| e
“an -
s
-
R S——————————

Fig. 4. Binding of LBR amino-terminal fragments to nucleo-
plasmin-Sepharose. The recombinant proteins and a rat liver
nuclear envelope extract were incubated with nucleoplasmin-Sepha-
rose gel beads, and then the bound (lanes 1, 3, 5, 7, and 9) and
unbound (lanes 2, 4, 6, 8, and 10) fractions were subjected to SDS-
PAGE and stained with silver. Lanes 1 and 2, GST alone (300 ng);
lanes 3 and 4, GST-N/M (300 ng); lanes 5 and 6, GST-N/S (300 ng);
lanes 7 and 8, GST-N/K (200 ng); lanes 9 and 10, the Triton/high-
salt extract fraction of rat liver nuclear envelopes containing NBP60
{1.2 1g). The asterisk in the figure shows a band derived from GST-
N/K, with the loss of the RS region, on proteolytic degradation.
Arrowheads from left to right show bands of GST, GST-N/M, GST-
N/S, GST-N/K, and rat NBP60, respectively. The bars at the left of
the blot indicate the positions of the same marker proteins as in Fig.
3.
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acid sequence was also close to those of these receptors. We
concluded, therefore, that the sequence of the cloned cDNA
represents that of NBP60, and the protein is a rat homo-
logue of hLBR. The amino-terminal domain of NBP60
contains four Ser/Thr-Pro-X-X motifs (Ser”*, Ser®®, Thr!#,
and Thr'*®), and a Ser-Arg-rich stretch from Ser™ to Ala®®
(RS region). Consensus sites for phosphorylation by p34¢dc?
kinase (Ser”’, Thr'?*, and Thr?*), protein kinase A (Ser®),
and calmodulin-dependent kinase II (Thr*®, Thr'¥, and
Ser'®') were also present in the amino-terminal domain.
Following the amino-terminal domain, there were eight
stretches of hydrophobic amino acids, Phe?*'*-Cys?3%,
LeHZSB_GlyZBB’ Argam_nean’ Phe331_Ala351’ PheSQO_Ala4ll,
Val*'5-Val**’, Val**’-Leu**®, and Leu®*"-His®"’, that could
potentially serve as transmembrane segments as in other
LBRs.

Expression of Human Lamin B Receptor—To charac-
terize the nucleoplasmic amino-terminal domain of lamin B
receptor, a set of peptides representing different parts of
the protein were expressed in E. coli cells as GST fusion
proteins (Fig. 3A). The N/M portion (residues 1-53) does
not contain the RS region, which was shown to mediate
protein-protein interactions (31-33). The N/S portion
(residues 1-89) contains the N/M portion and the RS
region. The N/K portion (residues 1-211) contains the
whole amino-terminal domain of LBR. The expression of
full-length hLLBR of our clone in E. coli cells has not been
successful so far. The expressed fusion proteins were
purified on glutathione-Sepharose, and then analyzed by
SDS-PAGE and immunoblotting (Fig. 3, B and C). The
purified preparations of GST-N/S and GST-N/K, which
have an arginine-serine (RS) region, contained some degra-
dation products (Fig. 3B, lanes 3 and 4). Anti-rat NBP60
polyclonal antibodies reacted only with the fusion protein
containing amino acids 1 through 211 of NBP60 (Fig. 3C,
lane 4), i.e. not with smaller fusion proteins cotaining
amino acids 1 through 53 and 1 through 89 (Fig. 3C, lanes
2 and 3). These results showed that the fusion protein of
hLLBR was recognized by anti-rat NBP60 antibodies, and
that the epitope(s) was localized at amino acids 90 through
211 within the nucleoplasmic, amino-terminal domain.

NLS Binding Activity of Lamin B Receptor—We previ-
ously reported that NBP60 is an NLS-binding protein. To
identify the NLS binding site within the amino-terminal
domain of LBR, recombinant proteins were incubated with

Fig. 6. Chromatin binding of A
LBR amino-terminal frag-

ments. A: Demembranated and

decondensed sperm chromatin

was incubated with either GST- v e
N/K (upper) or GST (lower) & ‘
attached to glutathione-Sepharose
beads at 4°C for 60 min. After
staining of DNA with Hoechst
33342, the beads were observed
by phase contrast (right) and T
fluorescence (left) microscopy. B: i
GST and the three kinds of GST

fusion proteins of the amino-ter-

minal domain of LBR bound to

beads, and they were incubated

DNA
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nucleoplasmin-Sepharose, and then the bound proteins
were analyzed by SDS-PAGE (Fig. 4). GST and GST-N/M
did not bind to nucleoplasmin-Sepharose (Fig. 4, lanes 1
and 3), whereas GST-N/S, GST-N/K, and NBP60 did (Fig.
4, lanes 5, 7, and 9). Interestingly, a protein probably
derived from GST-N/K, with loss of the RS region, on
proteolytic degradation lost the binding activity to nucleo-
plasmin too (Fig. 4, lane 6 asterisk). These results suggest-
ed that the region from Ile® to Arg®®, which contains the RS
region, is necessary for the binding of nucleoplasmin to
NBP60. To determine whether the binding of GST-N/S to
nucleoplasmin-Sepharose depends on NLS, as in the case of
NBP60 (37), or not, we examined the inhibition of the
binding by the NLS peptide of SV-40 large T-antigen,
T-peptide (Fig. 5). We used 0.4 mM peptide, at which
concentration the binding of NBP60 to nucleoplasmin-
Sepharose is suppressed to about 20% with the T-peptide
but not with the mutant T-peptide (37). The binding of
GST-N/S to nucleoplasmin-Sepharose was suppressed to
less than 20% under the conditions used (Fig. 5). This value

100

8 8 8

Protein distribution (%)
3

1]

-
[T-peptlde - : | : <+ ]

Fig. 5. Inhibition of the binding of the LBR amino-terminal
fragment to nucleoplasmin by T-peptide. GST-N/S was incubated
with nucleoplasmin-Sepharose in the absence (lanes 1 and 2) and
presence (lanes 3 and 4) of 0.4 mM T-peptide. The GST-N/S bound
(lanes 1 and 3) or unbound fractions (lanes 2 and 4) were separated by
SDS-PAGE and then stained with silver. The amounts of GST-N/S
were estimated by densitometry.

(V4]

PHASE 100

with

of beads
bound chromatin

A N/ A M
IS N/ D /M

with chromatin as in A and then observed by fluorescence microscopy. The percentage of beads with chromatin bound on their surface was

determined.
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was very close to that for NBP60 mentioned above. These
results suggested that the binding of nucleoplasmin to the
amino-terminal domain of NBP60 is dependent on the NLS
of nucleoplasmin. In other words, residues 1 through 89,
which contain the RS region of LBR, constitute a major
NLS-binding site of NBP60.

Binding of the LBR Amino-Terminal Domain with
Chromatin—One of the preliminary experiments for fur-
ther characterization of the amino-terminal domain of LBR
showed that the domain may have chromatin-binding
activity. When the binding conditions were optimized, it
was shown clearly that demembranated and decondensed
Xenopus sperm chromatin binds to Sepharose beads bear-
ing GST-N/K (Fig. 6A). Then the binding of chromatin to
beads bearing three recombinant proteins consisting of
parts of the amino-terminal domain of LBR was analyzed
by fluorescence microscopy. When GST-N/K immobilized
on glutathione-Sepharose 4B beads was incubated with
chromatin, 82% of the beads bound chromatin on their
surface. Similar binding was observed when GST-N/S and
GST-N/M were used instead of GST-N/K. However, when
GST itself was used instead of these fusion proteins, the
beads that bound chromatin comprised less than 10% (Fig.
6B). The “% of beads with bound chromatin” of GST-
Sepharose in Fig. 6B was increased to only 18% when the
binding experiment was carried out in the absence of GST
protein in the medium (data not shown). These data
indicate that the amino-terminal N/M part of LBR contains
the chromatin-binding site.

DISCUSSION

We have purified a nuclear localization signal binding
protein, NBP60, from rat liver nuclear envelopes and
characterized its properties (37, 38). In this study, we
obtained partial amino acid sequences of the purified
protein, determined the nucleotide sequence of NBP60
¢DNA, and concluded that NBP60 is a rat homologue of
LBR from the similarities of the nucleotide and amino acid
sequences obtained in this study, subcellular distribution
(38), and solubility (37). The amino acid sequence from
Asp® to the carboxyl-terminal of NBP60 was deduced from
the cDNA sequences of pMID and pNM2, and that from
Pro? to Ala” was determined from a peptide sequence (Fig.
1). The presence of amino-terminal Met could not be
confirmed directly. However, we considered that Met,
which undergoes some post-translational modification, is
present in the native NBP60 molecule in the rat liver
nuclear envelope, because, although NBP60 purified from
rat liver nuclear envelopes was resistant to Edman degra-
dation (data not shown), a BrCN fragment exhibited the
amino acid sequence from the second amino acid, Pro, of
Pro-Gly-Arg-Lys-Phe-Ala. Although the initial Met could
not be demonstrated, we concluded that Met' of NBP60
shown in Fig. 1 is the initial methionine because (1) the
amino acid sequence of Met' to Glu®*! of NBP60 completely
matched to the sequence from the initial Met' to Glu®' of
hLBR with the sole of a conservative change at position 3,
and (2) the molecular mass values calculated from the
full-length amino acid sequences of NBP60 (70.6 K) and
hLBR (70.7 K) were very close to each other. On the other
hand, the nucleotide sequence of C (*22) to C (*1860) in
Fig. 1 was obtained for clones pMID and pNM2. The
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nucleotide sequence of A (*1) to C (*21), except for seven
nucleotides (*6, *9, *10, *12, *15, *18, and *21), was
predicted from the amino acid sequences of peptides
derived from rat liver NBP60. These seven nucleotides,
which have no effect on the amino acid sequence, were
presumed on the basis of hLBR. The nucleotide sequence
thus obtained is shown in Fig. 2. The aspartic acid at
position 8 deduced from the nucleotide sequence was
different from the glutamic acid obtained on Edman degra-
dation of a peptide derived from rat liver NBP60. The
difference may reflect differences between rat strains: the
c¢DNA library and NBP60 protein were prepared from
Fisher 344 and Wistar rats, respectively.

Sequences in NBP60, hLBR, and chicken-LBR were
highly conserved in the first 100 amino acids of the amino-
terminal domain containing the RS region. This conserva-
tion suggested that the region participates in some impor-
tant functions of LBR. It is known that the amino-terminal
domain of LBR, protruding into the nucleoplasm, contains
binding sites for lamin B, p32 and DNA (17, 26). p32 and
DNA bind specifically to the RS region, and the p32-binding
i8 inhibited on phosphorylation of the RS region (33). We
showed in this study that the N/S part contains the
NLS-binding site (Fig. 4, lane 5). Moreover, when Ile* to
Arg®® was removed from the N/S part, the NLS-binding
activity was lost (Fig. 4, lanes 3 and 4}. This means that the
Ile® to Arg®® region, of which most is occupied by the RS
region, is necessary for the NLS-binding activity. There-
fore, the RS region is probably necessary for the binding.
Recent studies on the RS regions of other proteins have
shown that the regions mediate protein-protein interac-
tions between components of the splicing machinery (31,
32), probably in a phosphorylation-dependent manner (46,
47). The U2AF* RS domain of splicing factors plays a
direct role in modulating spliceosomal RNA-RNA interac-
tions (48). In the case of LBR, the RS region may not
interact with basic NLS sequences directly, because the
region contains many basic residues. Therefore, the overall
structural features of residues 1-89 containing the RS
region may be important for NLS recognition. On the other
hand, it was shown recently that NLS proteins are trans-
located through nuclear pore complexes to the nuclear
interior as complexes with importin «, and subsequently
move to and accumulate at their destined intranuclear
positions (49). If NBP60 participates in the protein nuclear
localization mechanism, it may act as a competitor of
importin «, and thus dissociate NLS-proteins from impor-
tin @ in the cell nucleus. LBR may also act as a temporary
anchoring site for nuclear proteins in the nucleus. Another
possibility is that an unknown NBP60-binding protein
interacts with NBP60 at the NLS-containing domain of the
protein.

In Xenopus eggs, a trypsin-sensitive integral membrane
protein(s) is responsible for targeting mitotic membrane
vesicles to chromatin to initiate nuclear envelope agssembly
in vitro (50). In mammalian cells, a population of mitotic
membrane vesicles, which contain LBR, are targeted to
decondensed chromosomes in the anaphase and telophase
of the cell cycle (16). In this study, we observed the binding
of the N/M part of LBR to Xenopus sperm chromatin in
vitro (Fig. 6). Therefore, LBR may be involved in the
targeting of nuclear envelope precursor vesicles to chroma-
tin in vivo. It is known that hLLBR is phosphorylated in vivo
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by p34°¢Z protein kinase (23), which is involved in the
initiation of mitosis (51). We showed that purified NBP60
is phosphorylated by p34°““® protein kinase, protein kinase
A, calmodulin-dependent kinase II, and casein kinase II in
vitro (38). On the other hand, it was reported that partially
purified protein kinases are involved in the membrane-
releasing activity in Xenopus egg extracts (52). It was
suggested that the kinase regulates the interaction of the
nuclear membrane and chromatin with a phosphatase
during nuclear envelope assembly and disassembly. More-
over, of the four membrane proteins phosphorylated, the
molecular mass of the 60 kDa protein is very similar to that
of LBR (53). Thus, because of these potential properties as
well as its ability to bind to the lamina and chromatin, LBR
may function in both dissociation and association of nuclear
precursor vesicles and chromatin in the mitotic phase of the
cell cycle.

It was reported previously that the amino-terminal
domain of hLBR contains DNA-binding motifs (Ser/Thr-
Pro-X-X), which occur four times (14, 53). It was indeed
indicated that the stretch of residues 71-100 of the amino-
terminal domain is necessary for DNA binding by a gel shift
assay (I17). On the other hand, our results showed that
Xenopus sperm chromatin interacts with the amino-termi-
nal domain of LBR (Fig. 6). Interestingly, the region
responsible for the chromatin binding, residues 1-53 of the
amino-terminal domain, contains neither the proposed
DNA-binding motif nor the DNA-binding region. These
findings suggested that the interaction of LBR and chroma-
tin consists of a protein-protein interaction at the 1-53 site
and a protein-DNA interaction at the 71-100 site. Our
preliminary finding, i.e., that the binding of chromatin and
GST-N/M was suppressed by brief pretreatment of chro-
matin with trypsin, supported the above idea. Chromodo-
main protein HP1 is a candidate for the proteineous binding
site on chromatin because the amino-terminal domain of
LBR bound to the human homologue of the protein (36).
Therefore, the N/M part of LBR may be important in
localization of the transcriptionally inactive heterochroma-
tin to a site adjacent to the inner nuclear membrane (54,
55).

LAP2 is the only previously known protein which con-
nects the inner nuclear membrane and chromatin directly
(19, 20). In this study, LBR was shown to have similar
characteristics to LAP2, i.e., the protein is an intrinsic
nuclear membrane protein (12-14), and binds to chromatin
(Fig. 6) and lamin B (17). Therefore, these two proteins
probably act as chromatin-binding sites on the inner
nuclear membrane in the interphase of the cell cycle.
However, the binding domains on chromatin, such as
chromodomains, telomeres and others, may differ in the
two sites. LBR may function not only as a simple binding
site, but also as a regulator of chromatin functions, because
chromodomain and adjacent regions, which were suggested
to bind to LBR, are transcriptionally inactivated. It is
suggested that the amino-terminal domain of LBR forms a
multimeric complex including p34 (26), a lamin B kinase
(24, 33), lamin B (17), some NLS-proteins (37), chroma-
tin (Fig. 6), and others. So, LBR can be considered to be the
center of the perinuclear membrane network on the inner
nuclear membrane and may regulate chromatin functions.

We wish to thank Noriko Kikuchi and Masashi Saito for their help in
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the DNA sequencing, Futoshi Kikuchi for the chromatin binding
experiments, Hiroshi Saitoh for the mRNA preparation, and Kazuko
Hasegawa for preparation of the pictures.
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