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Nucleolar Protein B23.1 Binds to Retinoblastoma Protein and
Synergistically Stimulates DNA Polymerase o Activity!'
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Phosphorylated retinoblastoma protein and nucleolar protein B23 are putative stimulatory
factors for DNA polymerase a. We showed that these two factors interacted with each other
and stimulated the activity of DNA polymerase o synergistically. B23 exists in two iso-
forms designated as B23.1 and B23.2. While B23.1 bound to a retinoblastoma protein-con-
jugated column, B23.2 did not. These results indicate that B23.1 can directly bind to
retinoblastoma protein. It was also shown that B23 was co-immunoprecipitated with both
retinoblastoma protein and DNA polymerase ¢ from a HeLa cell extract by monoclonal
antibodies raised against these components. These results suggest that these three proteins
exist as a complex in cells, at least in part. The simultaneous addition of both B23.1 and
retinoblastoma protein caused stimulation of DNA polymerase ¢ activity that is much
higher than the sum of the stimulation by retinoblastoma protein and B23.1 alone. The
maximal stimulation was attained at the molar ratio of DNA polymerase a/retinoblastoma
protein/B23.1=1:1:12. Since B23 exists as a hexamer in solution, it may act as a stimulator
of DNA polymerase o in a form of double-hexamer, in concert with the phosphorylated
retinoblastoma protein.

Key words: B23, DNA polymerase a, DNA replication, oligomerization, retinoblastoma

protein.

The common initiation step of DNA elongation of either the
leading or lagging strand is the synthesis of short RNA
primers, followed by the synthesis of short DNA chains,
and these reactions are catalyzed by DNA polymerase a
(pol a)-primase complex (1, 2). Although pol « has been
shown to exist in the cell nucleus throughout the cell cycle
(3), it may act only in the S phase. Therefore, pol « may be
regulated posttranslationally by some nuclear factors. A
number of stimulatory/accessory proteins have been re-
ported, e.g., C-factor (4-6), poly(ADP-ribose) polymerase
(7), replication protein A (RP-A) (8), replication factor C
(RF-C) (9), proliferating cell nuclear antigen (PCNA) (10),
etc. Some stimulators for DNA polymerases and for a cell-
free DNA replication system are now recognized as essen-
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tial factors for DNA replication, e.g., RP-A as an essential
single-stranded DNA binding protein (11), RF-C as a
clamp-loader for DNA polymerases ¢ and ¢ (12-14), and
PCNA as a sliding clamp for DNA polymerases ¢ and ¢ (11,
13, 14). In eukaryotic cells, DNA replication occurred
through the concerted action of plural DNA polymerases,
a, ¢, and e, with other enzymes such as DNA helicase (15),
DNA topoisomerases (16), and DNA ligases (17). How-
ever, we still do not completely understand the regulation
of the pol @ reaction that is involved in the initiation step of
DNA replication.

We found that two nuclear proteins stimulate pol «
activity in vitro (18, 19). One is a nucleolar protein, B23,
which is a major nucleolar protein and a putative ribosome
assembly factor (20), and the other is a phosphorylated
retinoblastoma (Rb) protein, which has been thought to be
one of the negative regulators of cell cycle progression (21).
B23/nucleophosmin/numatrin/NO38 is a 37 kDa nucleolar
protein which is more abundant in tumor cells and normal
growing cells (22-26). Feuerstein et al. reported that B23
is copurified with pol ¢ on conventional purification (27).
B23 exists in two isoforms, which are produced through
alternative splicing, designated as B23.1 and B23.2. We
have shown that purified B23.1 stimulates the activity of
purified pol « (18) but that B23.2 does not. These results
suggest that B23.1 might be involved in DNA replication,
besides the ribosome assembly process. On the other hand,
Rb protein is a 110 kDa nuclear protein which sequestrates
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several transcription factors such as E2F (28, 29) and UBF
(30), resulting in cell cycle arrest. Rb protein becomes an
“Inactive” on phosphorylation by several protein kinases
without degradation throughout the cell cycle (21). Recent-
ly, we suggested that the phosphorylated form of Rb
protein play positive roles in cell cycle progression, such as
a stimulator of pol & (19). We demonstrated in the present
study that two pol @ stimulators, B23.1 and Rb protein,
could interact each other, as well as with pol @. Further-
more, B23.1, presumably in its double-hexameric form,
and Rb protein stimulated pol a synergistically.

MATERIALS AND METHODS

Antibodies—Anti-B23 monoclonal antibodies (NB23)
were produced in a BALB/c mouse that had been immu-
nized with 100 ug of purified rat recombinant B23.1 in
Freund’s complete adjuvant. Cell culture and the fusion
were performed as previously described (31). At 10 to 12
days after hybridoma formation, antibody-producing cells
were selected by enzyme-linked immunosorbent assaying
against B23.1. Western blotting analysis revealed that
NB23 recognized both B23.1 and B23.2. The anti-Rb
protein monoclonal antibodies (3H9) were a kind gift from
Dr. Katsuyuki Tamai of MBL, Ina.

Purification of B23.1 and B23.2—Two rat B23 isoforms
designated as B23.1 and B23.2 have been expressed in
Escherichia coli using the pKK223-3 vector (32), and were
purified by means of ammonium sulfate fractionation, and
column chromatographies on DEAE-cellulose, heparin-Se-
pharose, and Bio-Rad Q, as described previously (32). The
electrophoretic profiles of the purified proteins are shown in
Fig. 1.

Immunoaffinity Purification of Rb Protein—Human Rb
protein was purified using a recombinant baculovirus
system as described previously (33-35). The electropho-
retic profile of the purified protein is shown in Fig. 1.

Immunoaffinity Purification of Pol a—Pol a-primase
complex was purified from a calf thymus extract on a
column of Sepharose conjugated with monoclonal anti-
bodies (MT-17) directed against calf pol « as described
previously (7, 36). The purified pol a« showed specific
activity of 15,000-20,000 units/mg. One unit corresponds
to 1 nmol of deoxyribonucleotide incorporated in 1 h under
the conditions described below except that potassium
phosphate buffer (pH 7.2) was used instead of Tris-HCl
buffer (pH 7.5). The electrophoretic profile of the purified
protein is shown in Fig. 1.

Affinity Column Chromatography on Rb Protein-Con-
jugated Sepharose—The purified Rb protein (30 ug) was
conjugated with 300 z]1 of CNBr-activated Sepharose 4B,
and then packed into a small column (100 1), which was
equilibrated with buffer A (50 mM Tris-HC], pH 7.5, 2 mM
2-mercaptoethanol, and 0.1 M NaCl). The purified B23.1 or
B23.2 (15 ug each, in 100 «1) containing 1 mg/ml of bovine
serum albumin (BSA) was applied to the column. After
washing with an excess amount of buffer A, the adsorbed
protein was eluted (200 x1/fraction) with buffer A contain-
ing 0.4 and 1.0 M NaCl, and then analysed by 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (37) followed by silver staining.

Immunoprecipitation of Rb-B23 or Pol a-Rb-B23 Com-
plex from a HeLa Cell Extract—HeLa S3 cells were grown
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in RPMI medium containing penicillin (100 U/ml) and
kanamycin (60 xg/ml), and supplemented with 5% calf
serum, and then harvested at the logarithmic phase. The
cells were washed three times with PBS and then lysed in
20 mM Hepes-OH, pH 7.5, containing 5 mM KC], 1.5 mM
MgCl,, 0.1 mM PMSF, 1 mM DTT, and 2 xg/ml leupeptin,
followed by centrifugation at 7,000X g for 10 min, the
resulting supernatant being collected. In this extract, there
is mainly cytoplasmic protein, but some nuclear proteins
such as Rb protein and pol « also exist (data not shown).
Sepharose-beads conjugated with anti-Rb protein (3H9),
anti-B23 (NB23), and anti-pol @ (MT-17) monoclonal
antibodies, respectively (100 xl each), were added to 100
u1 of extract, followed by incubation at 4°C for 2 h. The
sepharose beads were collected by centrifugation at
2,000 X g for 5 min, and then washed three times with 50
mM Tris-HCl, pH 7.5, containing 0.1 M NaCl. The ad-
sorbed protein was analysed by 10% SDS-PAGE followed
by immuno-detection using anti-Rb protein or anti-B23
monoclonal antibodies.

DNA Polymerase Assay—Pol o was assayed (38) ina 25
w1 reaction mixture comprising 80 mM Tris-HCI, pH 7.5, 8
mM 2-mercaptoethanol, 200 ug/ml of activated calf
thymus DNA, 80 zM each of dATP, dGTP, and dCTP, 40
M [PH)dTTP (18.5 kBq), 8 mM MgCl,, and 2.5 ug of
BSA. After incubation at 37°C for appropriate times, acid-
insoluble radioactivity was measured as described previ-
ously (38). The stimulatory activities of components were
measured as described previously (19).

Glutaraldehyde Treatment of B23.1—A glutaraldehyde
(GA) solution was mixed with a B23.1 solution to give a
final concentration of 0.1% GA. After incubation at 37°C for

200 =—
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Fig. 1. Electrophoretic profiles of the purified proteins. Puri-
fied pol @, Rb protein, B23.1, and B23.2 were analysed by 10% SDS-
PAGE. The proteins were visualized by silver staining. Purified pol «
(lane 1) is composed of four subunits (asterisks), which migrate to
positions corresponding to 140, 73, 50, and 47 kDa upon SDS-PAGE,
respectively (36). A contaminating protein band around the 45 kDa
position may be a contaminant because its amount varies with the
preparation. Purified Rb protein (lane 2) gave two bands (asterisks)
around the 110 kDa positions, which are its partially phosphorylated
and underphosphorylated forms, respectively (19). Purified B23.1
(lane 3) and B23.2 (lane 4) migrated to the 37 and 35 kDa positions,
respectively. The molecular mass standards (Bio-Rad) used were
myosin (200 kDa), 8-galactosidase (116 kDa), phosphorylase B (97
kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), and
carbonic anhydrase (31 kDa).
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5 min, the treated sample was subjected to 10% SDS-
PAGE, followed by immuno-detection using anti-B23
monoclonal antibodies (NB23).

Quantitation of pol a, B23, and Rb Protein—The
amounts of purified pol «, B23.1, B23.2, and Rb protein
were estimated from the intensities of SDS-PAGE bands
stained with Coomassie Brilliant Blue, taking various
amounts of BSA as standards.

RESULTS

B23.1, but Not B23.2, Binds to Rb Protein—The direct
protein-protein interaction of Rb protein with B23 was
examined by affinity column chromatography on Rb pro-
tein-conjugated Sepharose. As shown in Fig. 2, B23.1 was
adsorbed to the Rb protein-Sepharose column. All of the
B23.1 applied was trapped on the Rb protein-Sepharose
column and was eluted with 0.4 M NaCl. In contrast, B23.1
was not adsorbed to a chicken egg albumin (OVA)-con-
jugated control column. On the other hand, B23.2 was not
adsorbed to the Rb protein-Sepharose column under the
same conditions as for B23.1. These results indicate that
B23.1, but not B23.2, can directly bind to Rb protein in
vitro.

Association of B23 with Rb Protein and Pol a in Cells—
The possible interaction of B23 and Rb protein in cells was
examined with a HeLa cell crude extract by means of
immunoprecipitation assays involving antibody-conjugated
Sepharose beads. Western blotting of the resulting im-
munocomplex clearly showed that anti-Rb protein mono-
clonal antibodies (3H9) co-precipitated B23 in association
with Rb protein (Fig. 3). Anti-B23 monoclonal antibodies
(NB23) also co-precipitated Rb protein in association with
B23 (Fig. 3). The control IgG-conjugated Sepharose beads
could bind neither Rb protein nor B23 (Fig. 3). These
results indicate that B23 interacts with Rb protein and
exists as a complex in cells. Although the anti-B23 anti-

B23.1 pRb-Sepharose
B23.1 P = OVA-Sepharose
B23.2 P pRb-Sepharose
[
Fractions

FT1 23456789
L I I J

Wash 04M 1{10M

Fig. 2. Association of B23 with Rb protein. Purified Rb protein
was immobilized on CNBr-activated Sepharose 4B (Pharmacia).
Purified B23.1 or B23.2 contained an excess amount of BSA (1 mg/
ml) to minimize the nonspecific adsorption. Upper panel, elution
profile of B23.1 from an Rb protein-immobilized column; middle
panel, elution profile of B23.1 from an OVA-immobilized column; and
lower panel, elution profile of B23.2 from an Rb protein-immobilized
column. The adsorbed proteins were eluted with 0.4 and 1.0 M NaCl.
Each fraction was subjected to 10% SDS-PAGE followed by silver
staining. FT, flow through; lanes 1, 2, and 3, washed fractions; lanes
4, 5, and 6, fractions eluted with 0.4 M NaCl; and lanes 7, 8, and 9,
fractions eluted with 1.0 M NaCl.
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bodies (NB23) can recognize both B23.1 and B23.2 (data
not shown), the B23 protein band detected was identified as
B23.1 from its mobility on SDS-PAGE (Fig. 3).

Since both Rb protein and B23.1 physically associate
with pol a (19, Umekawa, H., et al., unpublished observa-
tions), these interactions in cells were also examined in the
same way using anti-pol 2 monoclonal antibodies (MT-17).
As shown in Fig. 3, both B23 and Rb protein were co-im-
munoprecipitated with pol «, but not with contol IgG.
Taken together, the data obtained on immunoprecipitation
of a HeLa cell extract suggest that some parts of B23.1, Rb

Antibodies used for immunoprecipitation
control  anti-pRb  anti-B23 anti-pol a
1 11 i |

|
]!3 - - '4.'<-pr
.inpul 1 2 1”72 1 2 1; 2 7
- » — - | «-B23

e e— — E—

input 1 2 1 2 1 2 1 2

Fig. 3. Immunoprecipitation assays. Immunoprecipitation of Rb
protein and B23 from a HeLa cell extract using anti-Rb protein
monoclonal antibodies (3H9), anti-B23 monoclonal antibodies
(NB23), and anti-pol @ monoclonal antibodies (MT-17). Antibody-
conjugated or control IgG [anti-plant amylase inhibitor monoclonal
antibody (49)]-conjugated Sepharose was added to a HeLa cell
extract, followed by incubation at 4°C for 2 h. After centrifugation,
the immunoprecipitate was subjected to SDS-PAGE followed by
immuno-detection using 3H9 (upper panel) or NB23 (lower panel).
Input indicates all the proteins in the applied HeLa cell extract; 5 ul
(lane 1) and 15 u1 (lane 2) aliquots of the immunoprecipitate were
subjected to SDS-PAGE followed by immuno-detection. Arrows
indicate the positions of Rb protein (upper panel) and B23 (lower
panel).
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Fig. 4. Synergistic stimulation of pol « by B23.1 and Rb pro-
tein. Purified pol a (0.76 units) activity was assayed as described
under “MATERIALS AND METHODS,"” after the addition of puri-
fied B23.1 (3 xg/ml), B23.2 (3 xg/ml) or purified Rb protein (1.4 xg/
ml), as indicated. Incubation was carried out at 37°C for 60 min. The
data represent the means of three determinations+ SD, and of three
independent experiments.
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protein, and pol « in HeLa cells exist in a complex form.
However, the amount of B23.1 immunoprecipitated with
anti-pol a antibodies was much less than that with anti-Rb
protein antibodies, suggesting that not all of the B23.1
formed the complex with both of pol @ and Rb protein (Fig.
3).

B23.1 and Rb Protein Synergistically Stimulate Pol o
Activity—Immunopurified pol « was mixed with purified
Rb protein and B23.1 or B23.2, and then the DN A synthesis
reaction was carried out (Fig. 4). In order to rule out the
possibility that Rb protein and B23 might stabilize pol a in
a nonspecific manner by raising the protein concentration,
an excess amount of BSA (100 yg/ml) was added to the
reaction system. As shown in Fig. 4A, each of B23.1 and Rb
protein stimulated the pol a activity, about 5- and 16-fold,
respectively. About 37-fold synergistic stimulation of pol &
activity was observed when both B23.1 and Rb protein were
added. On the other hand, B23.2 did not stimulate the pol
a activity as previously described (18), in either the
presence or absence of Rb protein (Fig. 4B).

Stoichiometry of the Stimulation by Rb Protein and
B23.1—The stoichiometry of the protein-protein interac-
tion was estimated by measuring the stimulation. Increas-
ing amounts of B23.1 were added to a reaction mixture that
contained both pol « and the saturation level of Rb protein
(1.4 xg/ml, see Ref. 19), resulting in a monophasic satura-
tion curve with a plateau level at about 6 x#g/ml of B23.1
(Fig. 5A). The molar ratio of pol «/Rb protein was 1:1, as
quantitated as described under “MATERIALS AND METH.-
0DS.” The maximal stimulation was observed at 6 zg/ml of
B23.1 and 1.4 yg/ml of Rb protein. It was calculated from
these data that the maximal stimulation can be attained
with Rb protein and B23.1 at the molar ratio of pol a:Rb
protein:B23.1=1:1:12. A similar saturation curve was
obtained by adding B23.1 to pol « in the absence of Rb
protein (Fig. 5A).

Previous studies indicated that B23.1 forms a hexamer in
solution (32, 39), and it mainly exists as an oligomer in
HeLa cells (40). The hexamer formation was confirmed
with our B23.1 preparation, by crosslinking the proteins in
an oligomer with GA. As shown in Fig. 5B, almost all the
B23.1 was in the hexameric form. These results suggest
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Fig. 5. Hexamer formation of B23.1. A, pol «
activity was assayed in the presence of 1.4 xg/ml
or absence of Rb protein and various amounts of
B23.1. Incubation was carried out at 37°C for 60
min. The data represent the means of three
determinations, and of two independent experi-
ments. B, purified B23.1 (10 xg/ml) was subjected
to SDS-PAGE with or without GA treatment. GA
treatment was carried out as described under
“MATERIALS AND METHODS.” Then GA-
treated (lane 2) and non-treated (lane 1) B23.1
were subjected to 10% SDS-PAGE followed by
immuno-detection with anti-B23 monoclonal anti-
bodies (NB23). The protein bands cross-reacting
with NB23 around the 70 kDa position may be the
B23-dimer. The molecular mass standards (Bio-
Rad) used were myosin (200 kDa), 8-galactosidase
<@ monomd (116 kDa), phosphorylase B (97 kDa), bovine

serum albumin (66 kDa), ovalbumin (45 kDa), and

carbonic anhydrase (31 kDa).

that B23.1 may form a double-hexamer when it interacts
with one molecule of Rb protein, and that this form
stimulates pol « in collaboration with Rb protein.

DISCUSSION

B23 is one of the major nucleolar proteins that is thought to
be involved in ribosome assembly (20) and also in the
transport of ribosomes from the nucleolus to the cytoplasm
(41). B23 is expressed in two isoforms, B23.1 and B23.2,
presumably due to alternative splicing (42). B23.2 is
shorter than B23.1 by 35 amino acid residues at its C-
terminus. Wang et al. have reported that the C-terminal
region of B23.1 is essential for DNA binding activity (43).
We have reported that B23.2 exhibits no stimulatory
activity against pol «, suggesting that the C-terminal
region of B23.1 is essential for the stimulation (18). In the
present study, we showed that B23.1, but not B23.2, could
bind to another stimulator of pol @, Rb protein, in vitro
(Fig. 2).

Yung et al. have shown that B23 is capable of being
translocated from the nucleolus to the nucleoplasm (44).
Furthermore, Feuerstein and Mond reported that B23.1,
which they called “numatrin,” tightly bound to the nuclear
matrix (45). These previous reports and our present data
suggest that B23.1 plays a role in nucleoplasmic DNA
replication in collaboration with phosphorylated Rb pro-
tein. On the other hand, Cavanaugh et al. (30) reported that
Rb protein is also localized to the nucleolus of U937 cells
that are committed to differentiation by treatment with
phorbor ester. Since B23.1 is mainly localized in the
nucleolus, it i8 also possible that B23.1 participates in
ribosomal DNA replication together with the nucleolus-
localized Rb protein.

The stimulation of pol @« by B23.1 and Rb protein alone
differs in several points. First, the most remarkable
difference is the level of stimulation. Rb protein causes
much stronger stimulation than B23.1 when activated calf
thymus DNA is used as a template-primer (Fig. 4; 18, 19).
However, the stimulation by B23.1 is higher than that by
Rb protein with poly(dA)-(dT)z-1s (19, Umekawa, H., et
al., unpublished observations). Second, for the stimulation
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of pol @, phosphorylation is essential for Rb protein (19),
but is not required for B23.1, because unphosphorylated
B23.1 expressed in E. coli can stimulate pol a to the same
level as native B23.1 isolated from Novikoff hepatoma cells
(18). Actually, B23.1 could stimulate the fully-stimulated
pol a in the presence of a saturating amount of Rb protein
(Fig. 5). Strikingly, the stimulation by these two factors
was not additive but synergistic (Fig. 4). The protein-
protein interactions among B23.1, Rb protein, and pol «
may produce the optimum conformation of pol «.

It has been reported that B23 can form oligomers,
especially the hexamer (32, 39, 40, 46), but the biological
significance of this oligomerization remains obscure.
Among the enzymes and protein factors involved in DNA
metabolism, hexamer or double-hexamer structures are
sometimes observed. For instance, the simian virus 40
large T-antigen (SV40 Tag) forms a double-hexamer when
it acts either in replication origin recognition or as DNA
helicase (47). PCNA, a sliding clamp for pol § and ¢ (11,
13, 14), has two functional domains and forms a trimer
resulting in hexameric domain structures. Minichromo-
some maintenance (MCM) protein complex form a hetero-
hexamer composed of MCM4, MCM6, and MCM7, which
exhibits DNA helicase activity (48). In this context, B23,
especially B23.1, also forms a hexamer, and stimulates pol
a presumably by forming a double-hexamer in concert with
Rb protein, as shown in the present study. It might also
participate in DNA replication in its oligomeric form
through the regulation of pol « activity.
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