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The protein B23 is a major nucleolar phosphoprotein comprising two isoforms, B23.1
and B23.2, which differ only in their carboxyl-tenninal short sequences, the N-terminal
255 residues being identical in both forms. Both B23.1 and B23.2 stimulated immunoaf-
finity-purified calf thymus DNA polymerase a in a dose-dependent manner. The stimula-
tory effect of protein B23.1, the longer isoform, was found to be 2-fold greater than that
of B23.2. Purified DNA polymerase a bound tightly to a protein B23.1-immobilized col-
umn, while it bound weakly to a protein B23.2-immobilized column. Surface plasmon
resonance studies by BIAcore further showed that protein B23.1 bound to the DNA poly-
merase a-(dA)-(dT) complex more tightly than did protein B23.2. The protein B23 iso-
forms appear to interact directly with the DNA polymerase a protein and not through
the bound nucleic acid. These observations indicated that protein B23 physically bound
to the DNA polymerase a and stimulated the enzyme activity. Product analyses showed
that protein B23 greatly enhanced the reaction both in amount and length of product
DNA, whereas it did not significantly alter the processivity of polymerization. In con-
trast, protein B23 effectively protected DNA polymerase a from heat inactivation. These
results suggest that protein B23 stabilizes DNA polymerase a that is detached from
product DNA, allowing the enzyme to be recruited for further elongation. Moreover,
experiments using various C-terminal deletion mutants of protein B23 indicated that 12
amino acids at the C-terminal end of B23.1, which are absent in B23.2, may be essential
for the full stimulation of the DNA polymerase a.
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Protein B23 is a conserved phosphoprotein (pi = 5 1, mole- for the C-tenninal ends of the two proteins are completely
cular mass = 38 kDa) that is localized to the granular and different. Protein B23.1 is found almost exclusively in the
fibrillar regions of the nucleolus, where rRNA synthesis nucleolus, and B23.2 appears to be present in the cyto-
and nbosome assembly take place (1, 2), and also to the plasm and/or nucleoplasm (15). Under native conditions,
nuclear matrix, where DNA synthesis might be performed B23 has an apparent molecular mass of 230-350 kDa, sug-
(3). It is 20 times more abundant in tumor cells than in gesting that the protein forms oligomers (12, 16-18). Re-
normal cells (4) and is found to be elevated in mitogen- cently, we have reported that protein B23.1 stimulated the
stimulated normal lymphocytes (5, 6). Protein B23 is phos- activity of DNA polymerase a, but it showed little effect on
phorylated by CDK2/CyclinE to initiate centrosome dupli- the activities of DNA polymerase P, y, and primase (19).
cation (7) and is dephosphorylated by the 8 isoform of pro- This finding suggested that protein B23 1 directly affects
tein phosphatase type I (8). Protein B23 also has the ability the activity of DNA replication enzyme. In the present
to shuttle between the nucleolus and the cytoplasm (9). The study, we examined the interaction of protein B23 with
nuclear import function of protein B23 is supported by its DNA polymerase a and analyzed the DNA products. We
ability to bmd proteins containing nuclear localization sig- also generated C-terminal deletion mutants of protein B23
nals (10,11), including the HTV-1 Rev protein (11, 12) and to determine the regions required for the stimulation of
the HTLV-1 Rex protein (13). Rat protein B23 is expressed DNA polymerase a. It was found that protein B23 physi-
in two isoforms, designated as B23.1 and B23.2, which are cally associated with DNA polymerase a, and that the C-
polypeptides of 292 and 257 amino acids, respectively (14). terminal 12 amino acids sequence that is specific to protein
The untranslated 5' regions of the two mRNAs and the N- B23.1 was required for maximum stimulation of DNA poly-
terminal 255 residues are identical in the two isoforms. merase a.
However, the 3' untranslated regions and sequences coding

MATERIALS AND METHODS
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and B23.2 used in immobilized affinity columns were ex-
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3 vector and purified essentially as previously described
(12). The construction and expression of protein B23 and its
deletion mutants were performed as follows. The PCR
primers for protein B23.1 and its deletion mutants were.
BN (5'-GCCTCGGATCCATGGAAGACTCGATG-3') and
B1C (5'-AACCGGATCCTTAAAGAGACTTCCTCC-3') for
full-length B23.1; BN and B2C (5'-TCAAGCTTTTACTC-
CTGGTCAGTCATCCGGA-3') for AC12; BN and B3C (5'-
AAAAGCITITACACATAATTAATGAACTTGGC-3') for
AC22; BN and B4C (5'-TAAACOTITACTTGGCTTCCAC-
TTTGGGAAG-3') for AC27; BN and B5C (5'-GCAAGCTTT-
TAGGGAAGAGAACCACCTTTTTC-3') for AC32; BN and
B6C (5'-AGAAGCTTlTATTTTTCTATACTTGCTTGCA-3')
for AC37. AC indicates C-terminal mutants and the num-
ber specifies the number of amino acids deleted from the C-
terminal end. PCR amplification was performed using rat
B23.1 cDNA as a template. Protein B23.2 was prepared by
using rat B23.2 cDNA as a template, and BN and B7C
(5'-AAGCTTrcAATGCGCTTTTTCTATA(7ITGCTT-3') as
primers. PCR products were excised from the gel and
ligated mto pGEM-T EASY vector (Promega). All con-
structs were sequenced and subsequently subcloned into
pQE-30 vector (Qiagen), with the N-terminal His tag. The
fragments were digested with BarnHl and HindHI and
ligated into pQE-30 vector. The recombinant plasmids were
transformed mto E coh M15, and the recombinant proteins
were purified by a nickel-chelating affinity column chroma-
tography. The histidine-tagged fusion protein B23 and its
deletion mutants were used in DNA polymerase a assays,
surface plasmon resonance experiments, product analysis,
and activity protection assay.

Purification of DNA Polymerase a-Pnmase Complex—
DNA polymerase a-primase complex was purified from calf
thymus extract by lmmunoaffinity column chromatography,
as described previously (20). The phosphocellulose fraction
was passed through a column conjugated with bovine
serum albumin, then applied to an lmmuno-afnnity Se-
pharose 4B column conjugated with monoclonal antibody
(MT17) directed against calf thymus DNA polymerase a,
and successively eluted with 3 M NaCl and 3.2 M MgCL; in
the buffer containing 50 mM Tris-HCl (pH 7.5), 2 mM 2-
mercaptoethanol, and 10% glycerol. Activity was recovered
in MgCl̂  fractions.

DNA Polymerase Assay—DNA polymerase a activity was
determined by the incorporation of radioactive dNTPs into
the acid-insoluble materials with activated calf thymus
DNA. The standard reaction mixture for DNA polymerase
a (25 ^1) contained 80 mM Tris-HCl, pH 7.5, 8 mM 2-mer-
captoethanol, 80 pJvI each of dATP, dGTP, and dCTP, 40
JJLM PH]dTTP (18.5 kBq), 8 mM MgCL,, 5 n-g of bovine
serum albumin (BSA), and 200 jjLg/ml of activated calf thy-
mus DNA. Incubations were carried out at 37*C for 30 min,
then acid-insoluble radioactivity was measured as de-
scribed (21).

B23 Affinity Column Chromatography—B23.1 (1 mg) or
B23.2 (1 mg) was conjugated with 3 ml of CNBr-activated
Sepharose (Pharmacia) according to the manufacturer's
manual. Most of the applied B23 isoforms was immobilized
m the gel. An aliquot of the gel was packed into a column,
then equilibrated with 50 mM Tris-HCl (pH 7.5), 2 mM 2-
mercaptoethanol, 10 mM MgCL^ 10% glycerol, 1 mM phe-
nylmethylsulfonylfluoride, and 1 mg/ml BSA (buffer A). For
the control column, 1 mg of BSA was conjugated to the gel.

Imrnunoaffinity-purified calf thymus DNA polymerase a
(2.4 [ig) was applied to these columns, which were then
incubated at 4*C without flow for 10 min to allow it to be
absorbed. The columns were then washed successively with
six volumes of buffer A and three volumes each of buffer A
containing 0.15 M KC1, 0.3 M KC1, 0.6 M KC1, and 1.0 M
KC1.

Surface Plasmon Resonance Experiments—Surface plas-
mon resonance measurements were done by using a BIA-
core™ 2000 apparatus (Pharmacia Biosensor). The 5'-bio-
tinylated (dA)100 (Sawady Technology) (10 (ig/ml) in 120 |jd
was injected across a streptavidine-pretreated dextran sen-
sor in situ in the BIAcore apparatus at 5 ^.l/min m 10 mM
sodium phosphate (pH 7 5) and 0.5 M NaCl at 25'C. Hy-
bridization of oligo (dT)m8 (10 tig/ml) was carried out m
the same buffer at 25"C by flowing 120 (J at 5 jil/min
across the immobilized oligo (dA)100. After washing the sen-
sor chip with 80 mM Tris-HCl (pH 7.5) containing 8 mM
MgClj, binding of DNA polymerase a (0.1 unit) to the
(dA)-(dT) hybrid surface was done in the same buffer at
flow rate of 10 jil/min at 25°C. The sensor chip was then
washed with the same buffer, and no decline of the signal
was confirmed. Finally, protein B23 was applied at various
concentrations to the immobilized surface in 80 mM Tris-
HCl (pH 7.5) containing 8 mM MgCL, at a flow rate of 10
p.l/min at 25°C. The kinetic constants (km and k^) and asso-
ciation constant (KA) were calculated by use of the evalua-
tion program BIAevaluation 3.0.

Product Analysis—The reaction was performed as de-
scribed previously (21, 22) with some modifications. DNA
polymerase a (2 units) and B23.1 (6.25 |xg/ml) were prein-
cubated together for 20 min at 4"C, then with 1.24 \xg of
M13 singly-primed DNA (M13mp2/15-mer universal prim-
er, labeled with ^ at 5'-end) in 40 mM Tns-HCl, pH 7.5, 2
mM dithiothreitol, 0.1 mg/ml of BSA for 20 min at room
temperature. Reactions were initiated by adding all four
dNTPs (80 [xM each) and 4 mM MgCL, with or without
excess amount of sonicated calf thymus DNA (1 mg/ml) as
a trap. Incubation was carried out at 37*C, and 5-\xl ali-
quots of reaction mixtures were withdrawn at 10, 20, and
40 min and mixed with 1 |JL1 of loading buffer containing
98% deionized formamide, 10 mM EDTA, pH 8.0, 0.025%
xylene cyanol FF, and 0.025% bromophenol blue. The sam-
ples were then heated at 100°C for 10 min and cooled
immediately in ice-water. DNA products were electrophore-
sed on a sequencing gel of 8% polyacrylamide in 8 M urea
at 2,000 V for 1.5 h. The gel was exposed to X-ray film over-
night at -80'C.

Activity Protection Assay—DNA polymerase a was mixed
with 20 (ig/ml of protein B23 1 or BSA and the mixture (5
(jj) was preincubated at 37"C for 5 nun, then transferred to
43"C. After incubation at 43*C for the time indicated, the
DNA polymerase a was chilled and assayed as described
above.

Others—SDS-polyacrylamide gel electrophoresis was
done in a 12.5% gel according to the method of Laemmli
(23). Protein concentration was measured by the method of
Bradford (24).

RESULTS

Dose-Dependent Stimulation of DNA Polymerase a by
Protein B23 Isoforms—We have previously demonstrated
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that the rat recombinant protein B23.1 as well as natural
protein B23 (predominantly B23.1) stimulated the lmmu-
noaffinity-purified calf thymus DNA polymerase a activity
about 3-fold. The stimulatory effect of protein B23.1 was
specific to DNA polymerase a, since B23.1 showed no effect
on the activity of either DNA polymerase (3 or DNA poly-
merase 7 (19). On the other hand, protein B23.2, which is

50 100 150 200 250

Protein concentration (/jg/ml)

Fig 1 Dose-dependent stimulation of DNA polymerase a by
protein B23. Activity of lmmunoaffinity-punfied DNA polymerase
a (0 48 unit) was measured as described under "MATERIALS AND
METHODS" with various amounts of protein B23 (o, B23 1, •,
B23 2) or BSA(A), as indicated

o
-XL

Fraction number (300 lA)

Fig 2 Binding of immunoaffinity-purifled calf thymus DNA
polymerase a to protein B23-immobilized affinity columns.
Protein B23 1-immobihzed (A), protein B23 2-immobihzed (B), and
BSA-immobilized (C) columns (volume 300 (jJ) were prepared and
equilibrated as described under "MATERIALS AND METHODS"
Immunoaffinity-punfied calf thymus DNA polymerase a (2 4 ng)
was applied to each affinity column After incubation of the column
for 10 mm at 4'C, unadsorbed enzyme was recovered by washing the
column with 1 ml of buffer A, followed by stepwise elution of ad-
sorbed enzyme with buffer A containing the indicated concentrations
of KC1 Fractions (300 p.1) were collected and assayed for DNA poly-
merase a activity
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Fig. 3. Surface plasmon resonance
analysis of the interaction of protein
B23 with DNA polymerase a-poly(dA)-
oligo(dT) complex. Hybridization of ohgo
(dT)12.18 to the immobilized (dA)100 on the
sensor chip and binding of DNA poly-
merase a to the (dA)-ohgo(dT) were earned
out as described under "MATERIALS AND
METH0D&" Different concentrations (8 5,
17, 34, and 68 jig/ml) of B23 1 (A), B23 2
(B), and BSA (C) were injected over the
complex of DNA polymerase a-(dA)-ohgo-
(dT) The background resulting from injec-
tion of running buffer alone was subtracted
from the data before plotting. D, 20 ug/ml
protein B23.1 was injected over (dA)-ohgo-
(dT) alone and other experimental condi-
tions were same as in A.
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35 amino acid residues shorter than protein B23.1 in its C-
terminal end, showed little effect on DNA polymerase a
activity at concentrations up to 5.5 jig/ml (19,25). Figure 1
shows a marked stimulation of DNA polymerase o by the
addition of protein B23.1. The enzyme activity increased
with increasing concentration of protein B23.1 and reached
a plateau level of stimulation (about 25-fold). A histidine-
tagged fusion protem of B23.1 showed a similar stimula-
tory effect to natural protem B23 or recombinant protem
B23.1 produced by pKK233-2 protein expression vector
(19). Under the conditions used, about 2 jjLg of protein
B23.1 was required to fully stimulate 38 ng of DNA poly-
merase a. The molar ratio of DNA polymerase a/pro tern
B23.1 was 1:28, based on the assumpation that the molecu-
lar masses of DNA polymerase a and protein B23.1 are 240
and 350 kDa, respectively. A higher concentration of the
histidine-tagged protein B23.2 also stimulated DNA poly-
merase a activity, and the rate of stimulation by protem
B23.2 was almost half of that by protem B23.1 Protein
B23.2 also forms an oligomer, and its molecular mass is cal-

with trap DNA without trap DNA

(bps)

40

— 30

— 20

102040 102040

control +823 1

— 30

— 20

102040

+B23 1

Fig. 4 Product analysis of DNA synthesis in the presence of
protein B23.1. Reaction of calf thymus DNA polymerase a (2 units)
on the singly pnmed M13 DNA was earned out as described in "MA-
TERIALS AND METHODS' section, in the presence or absence of
protein B23.1 (6.25 (ifi/ml), with (left panel) or without (right panel)
excess amount of sonicated calf thymus DNA (1 mg/ml) as a trap Al-
iquots of reaction mixture (5 |xl) were withdrawn at 10, 20, and 40
min DNA products were then electrophoresed on a sequencing gel
followed by autoradiography.

dilated to be 350 kDa (18). The minimum amount of pro-
tein B23.2 required to reach the plateau level of stimu-
lation was about 3.8 \ug. The molar ratio of protein B23.2
required to attain full stimulation was about 52, which was
almost two times higher than that of protein B23.1. The
stimulation of DNA polymerase a by protein B23 was also
observed with the synthetic DNA template-primers, such
as polyCdA^oligoWT)^.^ and poly[d(A-T)], suggesting that
the stimulation was not specific for a given class of DNA
template-primer (data not shown).

Physical Binding between DNA Polymerase a and Pro-
tein B23—To elucidate the physical interaction between
DNA polymerase a and protein B23, we employed B23-
immobilized affinity column chromatography. Immunoaf-
finity-purified calf thymus DNA polymerase a (2.4 (xg) was
dialyzed against, buffer A and loaded onto B23.1-, B23.2-,
and BSA-immobilized columns that had been pre-equili-
brated with the same buffer. As shown in Fig. 2, the DNA
polymerase a activity was adsorbed on the B23.1-unmobi-
lized column and eluted with 0.3 to 0.6 M KC1 (Fig. 2A).
About 84% of the applied DNA polymerase a was recovered
in the adsorbed fraction, and the remainder was found in
flow-through fraction The overall recovery of the activity
was almost 100%. In contrast, a weak interaction was ob-
served with DNA polymerase a and B23 2-immobilized col-
umn, about 41% of the applied enzyme was recovered in
the adsorbed fraction (Fig. 2B). Since these two isoforms
differ only in 37 amino acid residues at C-terminus, this
region seems to be important for the strong interaction
with DNA polymerase a. Almost all the DNA polymerase a
activity was recovered in the unadsorbed fraction when
BSA-immobilized column was used (Fig. 2C).

Binding of protein B23 1 to DNA polymerase a was also
demonstrated using the BIAcore system The conditions
employed for BIAcore experiment were similar to those of
the assay system for the DNA polymerase a. The 5'-biotiny-
lated (dA)]00 was covalently immobilized via a biotin group
at its 5' end to the streptavidine-dextran surface. The
amount of 5'-biotinylated (dA)100 corresponded to 2000 reso-
nance unit (RU). Oligo (dT)12.18 was applied to the immobi-

120

Time at 43°C (min)

Fig. 5 Protection of DNA polymerase a activity by protein
B23.1 from heat-inactivation. DNA polymerase a (0 28 unit) was
incubated for the indicated times at 43'C with 20 ng/ml of protein
B23.1 (c), with 20 jig/ml BSA (•) or without proteins (A) then the re-
maining activity was assayed as described in "MATERIALS AND
METHODS"
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lized (dA)100. Optimum hybridization was achieved after 17
min by using 10 tig/ml of oligoCdT)^.^ at a flow rate of 5 (xl/
min and the change of the RU was 1367 RU. The hybrid of
(dA)-(dT) corresponded to a substrate for DNA polymerase
a. Then, DNA polymerase a (0.1 unit) was injected at flow
rate of 10 nl/min and was accumulated on the hybrid. The
bulk effect and background binding were subtracted from
the data. An increase of 180 RU was obtained by the injec-
tion of DNA polymerase a The signal caused by DNA poly-
merase a binding did not decline following flow of running
buffer for 30 min, indicating stable association (data not
shown). The protein B23 isoform was passed over the DNA
polymerase a-(dA)-(dT) complex. The analyte buffer con-
taining no protein B23 was simultaneously injected into a
separate flow-cell, and the resulting sensograms were sub-
tracted from the data as background. When the protein
B23.1 was injected into the flow cell, an increase in surface
plasmon resonance (SPR) signal was observed. After end of
injection, a significant amount of protein B23.1 remained
bound to the surface, as evidenced by the difference be-
tween the sensograms and the base line (Fig. 3A). The SPR
signal due to binding of protein B23.1 increased m a dose-
dependent manner. The k^ and k^ rates for protein B23.1
were 9.42 X 10* M"1 s"1 and 2.30 x 10"3 s"1, respectively.
The association constant (KA) as determined by the kinetic
analysis (on and off rates) for B23.1 was 4.10 X 107 M"1.
Protein B23.1 did not significantly interact with the hybrid
ligand in the absence of DNA polymerase a (Fig. 3D). Thus,
protein B23.1 appears to interact directly with the DNA
polymerase a protein and not through the bound nucleic
acid. On the other hand, the binding of the protein B23 2 to
the DNA polymerase a-(dA)-(dT) complex was also ob-

served, but the on and the off rates for the interaction were
too fast to be amenable to the kinetic analysis (Fig. 3B)
Therefore, the KK of protein B23.2 (1.10 X 108 M'1) was cal-
culated from measured steady-state binding levels of the
analyte. BSA did not interact with the DNA polymerase ot-
(dA)-(dT) complex (Fig. 3C) We also coupled DNA poly-
merase a covalently to a CM5 sensor chip. However, we
failed to demonstrate the interaction between DNA poly-
merase a and protein B23 with this system, for reasons
unknown.

Stabilization of DNA Polymerase a Activity by Protein
B23—The DNA product of the reaction with M13 phage
DNA hybridized with synthetic primer was analyzed on a
sequencing gel. To confirm that we were observing dNTP
incorporation resulting from a single DNA binding of en-
zyme, we performed DNA synthesis m the presence of an
excess amount of nonradiolabeled, sonicated calf thymus
DNA as a trap, as described previously (22). In the left
panel of Fig 4, the reactions were performed by first incu-
bation of DNA polymerase a with M13 smgly pruned sub-
strate, and then excess amount of sonicated DNA, MgCL,,
and four dNTPs were added to initiate the reaction. As a
result, protein B23.1 did not increase the size of DNA elon-
gation products by DNA polymerase a in the presence of
trap DNA. Protein B23.1 did not directly bind to the trap
DNA (activated calf thymus DNA), which was revealed by
BIAcore experiment (data not shown) On the other hand,
as shown in the right panel of Fig. 4, protein B23.1 stimu-
lated the synthesis of long DNA chains by DNA polymerase
a in the absence of trap DNA. A similar result was obtain-
ed with protein B23.2, but the degree of elongation was
lower (data not shown). These results suggest that the

TABLE I C-terminal amino acid sequences of residues 256-292 of protein B23 deletion mutants.
Protein Amino acid sequence

B23 1 G G S L P K V E A K F I N Y V K N C F R M T D Q E A I Q D L WQWR K S L
AC12 G G S L P K V E A K F I N Y V K N C F R M T D Q E
AC22 G G S L P K V E A K F I N Y V
AC27 G G S L P K V E A K
AC32 G G S L P
AC37
B23 2 A H

(kDa)

97.0-
66.2-
45.0-

31.0-

21.5-

14.4-
a > > > > >
N) O O O O O
CJ -t. K) W U OJ
^ N B S M "J

M
CO

Fig 6 Effect of B23 deletion mutant pro-
teins on the activity of DNA polymerase a.
A; Electrophoretic analyses of protein B23 dele-
tion mutants (structures, see Table I) Purified
His-tagged proteins were run on the 12.5%
SDS-PAGE Molecular markers and the differ-
ent mutant forms of protein B23 were loaded on
the lanes indicated B Effect of mutant pro-
teins on the activity of DNA polymerase a Ac-
tivity of DNA polymerase a (0 48 unit) was
measured as described under "MATERIALS
AND METHODS" with various mutant pro-
teins (20 (ig/ml) as indicated.
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DNA polymerase a-stimulatory activity of B23.1 is not due
to the raising of its processivity.

Then we measured the stabilizing effect of protein B23
on DNA polymerase a activity. In the buffer alone, DNA
polymerase a was rapidly inactivated by heat treatment at
43'C (Fig. 5). Addition of protein B23 greatly protected the
enzyme activity from heat inactivation, while the same
amount of BSA did not stabilize the activity (Pig. 5). There-
fore, the protective effect may be due to specific interaction
of protein B23 with DNA polymerase a, and not to a non-
specific effect of the elevated protein concentration. These
results suggest that the enhanced activity (Fig. 4) is due to
stabilization of DNA polymerase a. In the presence of pro-
tein B23, the enzyme would be stable even after its dissoci-
ation from product DNA and be recruited again on tem-
plate DNA for further elongation of the product.

C-Terminal Region of Protein B23.1 That Stimulates
DNA Polymerase a—To determine the domain involved in
the stimulation of DNA polymerase a, various C-terminal
deletion mutants of protein B23 1 were examined with re-
spect to the stimulatory effect (Table I and Fig 6). Deletion
of the C-terminal 12 amino acids (AC 12) decreased the
stimulating activity of the protein by 2-fold. The mutant
proteins lacking longer regions from the C-terminal, AC22,
AC27, and AC32 showed almost the same stimulation as
AC12 (Fig. 6B). The mutant AC37, which is the common
region of protein B23.1 and B23.2, also showed same stim-
ulation as AC12. These observations indicate that the com-
mon region of the two isoforms and residues 280-292 are
both essential for maximum stimulation of DNA polymer-
ase a by protein B23.1.

DISCUSSION

The study reported here indicated that protein B23 stimu-
lated immunoaffinity-purified calf thymus DNA polymer-
ase a activity through a direct protein—protein interaction
We have previously reported that protein B23.1 stimulated
DNA polymerase a activity, but protein B23.2, the shorter
of the two isoforms, was not capable of accelerating of DNA
polymerase a activity (19,25). However, the previous study
indicated that the activity of DNA polymerase a was
slightly stimulated by the addition of 10 jig/ml of protein
B23.2 (19). The effect of the histidine-tagged fusion protein
B23.2 on the DNA polymerase a activity was similar to
that of the recombinant protein B23.2 without the histadine
tag that was produced by pKK223-3 vector at the concen-
tration for 10 |xg/ml (data not shown). These observations
indicated that the DNA polymerase a activity was not
affected by the histidine tag itself The effects of higher con-
centration of the two isoforms on the enzyme activity were
not examined, because it was difficult to obtain them in
large amount by using pKK233-2 protein expression vector
Employing pQE-30, with N-terminal His tag, gave the
recombinant protein in high yield. The present study indi-
cated that addition of high concentration of protein B23.2
also enhanced the activity of DNA polymerase a. It is inter-
esting that the maximum stimulation by protein B23.2 was
2-fold lower than that by protein B23.1. The minimal molar
ratios of protein B23.1 and B23.2 to the DNA polymerase a
required to fully stimulate the activity were 28:1 and 52:1,
respectively. It has been reported that protein B23 is pre-
dominantly a monomer with small amounts of ohgomer in

solutions of low iomc strength (26) such as the assay condi-
tions for DNA polymerase a. It may be considered that the
oligomeric form was active and the monomenc form was
inactive or less active in the stimulation of DNA poly-
merase a activity. On the other hand, protein B23 has been
reported to be phosphorylated in vivo by CDK2/cyclin E (7).
Since the bacterially produced protein B23 is unphosphory-
lated, it is likely that stimulation of the DNA polymerase a
is affected by the phosphorylation of protein B23. This pos-
sibility is now being pursued in our laboratory.

An earlier study showed that factor T from calf thymus
stimulated the activity of unmunoaffinity-purified DNA
polymerase a and might be lost during the immunoaffinity
chromatography (21). Protein B23 was also found in par-
tially purified DNA polymerase a fraction by a biochemical
method (27), and it might be separated from the enzyme by
immunoaffinity column chromatography. Thus, protein B23
resembles factor T in its interaction and the stimulation.
However, factor T increased the capacity of DNA poly-
merase a to read through the pausing structure of the tem-
plate, while protein B23 did not affect the processivity of
the enzyme (Fig. 4) and protected the enzyme from heat-
inactivation (Fig. 5). Therefore, protein B23 may not be
identical to factor T.

BIAcore experiments indicated the dose-dependent asso-
ciation of protein B23.1 with DNA polymerase a (Fig. 3A).
Protein B23.1 bound significantly to the DNA polymerase
a-(dA)-(dT) complex, but not to (dA)-(dT) alone (Fig 3, A
and D). These observations suggest that protein B23.1 acts
directly through DNA polymerase a to enhance the DNA
synthesis B23 2-immobilized column chromatography (Fig
2B) and BIAcore studies (Fig. 3B) indicated that protein
B23.2 has a weak affinity for DNA polymerase a. These
observations confirm the stimulatory effect of protein B23.2
on the activity of DNA polymerase a.

It is known that some nucleolar and viral proteins associ-
ate with protein B23. The nucleolar proteins C23 (nucleo-
hn) and pl20 interacted with protein B23 and the amino
acids 194-239 and 186-239 of protein B23 were necessary
for binding to C23 and to pl20, respectively (28). Two
highly acidic regions of protein B23 (amino acids 120-132
and 161-188) were acceptor regions of the human T-cell
leukemia virus Rex protein (13). Moreover, both B23 iso-
forms interacted with the human immunodeficiency virus
Rev protein (12). These observations imply that the com-
mon region of the isoforms might be involved in the associ-
ation with these nucleolar and viral proteins. Szebeni and
Olson (29) suggest that protein B23 has a molecular chap-
erone function. In this case, both proteins B23.1 and B23.2
inhibited temperature-dependent aggregation of HTV-1 Rev
protein, suggesting that the C-terminal region of protein
B23.1 did not play a role m this activity (18). In contrast,
protein B23.1 was shown to have a greater affinity for DNA
polymerase a (Figs. 2 and 3). The C-tenninal end of protein
B23.1 might be important for stronger interaction. AC12,
the C-tenninal deletion mutant of protein B23.1, shows a
significant decrease in DNA polymerase a-stimulatory
activity (Fig. 6B), suggesting that the C-terminal 12 amino
acids are important for the stimulatory activity. However,
the involvement of the common region cannot be ruled out
because the common region of the two isoforms stall pos-
sesses 50% of the stimulatory activity of protein B23.1.
Thus, protein B23 may exhibit its multiple functions by
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interacting with other proteins and enzymes via various
domains on the protein molecule.

Borggrefe et al. indicated that protein B23 formed a mul-
tdprotein complex with nucleolin, polytADP-nbose) poly-
merase, and SWAP-70 which preferentially recombined se-
quences derived from immunoglobulin heavy chain switch
regions (30) This observation suggests a possible involve-
ment of protein B23 not only in DNA replication but also in
DNA recombination. The biological implication of the poly-
merase stimulation by protein B23, especially in the nucle-
olus, must await further study.

REFERENCES

1 Specter, D L , Ochs, R L , and Busch, H. (1984) Silver staining,
lmmunofluorescence, and lmmunoelectron microscopic localiza-
tion of nucleolar phosphoproteins B23 and C23 Chromosoma
90, 139-148

2 Biggiogera, M , Fakan, S , Kaufmann, S H , Black, A., Shaper,
JH., and Busch, H (1989) Simultaneous lmmunoelectron ma-
croscopic visualization of protein B23 and C23 distribution in
the HeLa cell nudeolus J Histochem. Cytochem 37, 1371-
1374

3 Nakayasu, H and Berezney, R (1991) Nuclear matnns: identi-
fication of the major nuclear matrix proteins. Proc Natl Acad
SCL USA 88,10312-10316

4 Chan, WY, Liu, Q R , Borjigin, J , Busch, H., Rennert, 0 M ,
Tease, LA., and Chan, PK. (1989) Characterization of the
cDNA encoding human nudeophosmin and studies of its role in
normal and abnormal growth Biochemistry 28, 1033-1039

5 Feuerstein, N, Chan, PK., and Mond, J J (1988) Identification
of numatnn, the nuclear matrix protein associated with induc-
tion of mitogenesis, as the nucleolar protein B23 Implication
for the role of the nudeolus in early transduction of mitogemc
signals J. Biol Chem 263, 10608-10612

6 Feuerstein, N, Spiegel, S, and Mond, J J (1988) The nuclear
matrix protein, numatnn (B23), is associated with growth fac-
tor-induced mitogenesis in Swiss 3T3 fibroblasts and with T
lymphocyte proliferation stimulated by lectins and anti-T cell
antigen receptor antibody J. Cell Biol 107, 1629-1642

7 Okuda, M , Horn, H F, Tarapore, P, Tokuyama, Y, Smuhan,
AG, Chan, PK., Knudsen, E S , Hofmann, I A , Snyder, J D ,
Bove, K.E , and Fukasawa, K. (2000) Nucleophosmin/B23 is a
target of CDK2/cydin E in centrosome duplication Cell 103,
127-140

8 Kotani, K., Ito, M, Hamaguchi, T, Ichikawa, K., Nakano, T,
Shima, H , Nagao, M , Ohta, N, Furuichi, Y, Takahashi, T, and
Umekawa, H (1998) The delta isoform of protein phosphatase
type I is localized in nudeolus and dephosphrylates nudeolar
phosphoproteins. Biochem Biophys. Res. Commun. 249, 292-
296

9. Borer, RA, Lehner, C.F, Eppenberger, H M , and Nigg, E A
(1989) Major nudeolar proteins shuttle between nudeus and
cytoplasm Cell 56, 379-390

10 Szebeni, A., Herrera, J E , and Olson, M O J (1995) Interaction
of nucleolar protein B23 with peptides related to nudear local-
ization signals Biochemistry 34, 8037-8042

11. Fankhauser, C, Izaurralde, E, Adachi, Y, Wingfield, P., and
Laemmh, U.K. (1991) Specific complex of human immunodefi-
ciency virus type 1 Rev and nudeolar B23 proteins dissociation
by the Rev response element Mol Cell Biol. 11, 2567-2575

12. Umekawa, H., Chang, J.H, Correia, J.J, Wang, D., Wingfield,

PT, and Olson, M.O J (1993) Nudeolar protein B23: bacterial
expression, purification, ohgomenzation and secondary struc-
tures of two isoforms. Cell Mol Biol. Res. 39, 635-645

13 Adachi, A., Copeland, TD, Hatanaka, M, and Oroszlan, S
(1993) Nudeolar targeting signal of Rex protein of human T-cell
leukemia virus type I specifically binds to nudeolar shuttle pro-
tein B-23. J Bid. Chem. 268,13930-13934

14 Chang, JH. and Olson, MOJ (1989) A single gene codes for
two forms of rat nudeolar protein B23 mRNA. J Biol. Chem
264,11732-11737

15 Wang, D., Umekawa, H, and Olson, MOJ (1993) Expression
and subcellular locations of two forms of nudeolar protein B23
in rat tissues and cells. Cell Mol Biol Res. 39, 33-42

16 Schmidt-Zachmann, M S , Hugie-Dorr, B., and Franke, WW.
(1987) A constitutive nudeolar protein identified as a member
of the nudeoplasmin family EMBO J 6, 1881-1890

17 Yung, BY and Chan, PK. (1987) Identification and character-
ization of a hexamenc form of nudeolar phosphoprotein B23
Biochim Biophys. Acta 925, 74-82

18 Hingorani, K_, Szebeni, A., and Olson, MOJ (2000) Mapping
the functional domains of nudeolar protein B23 J Biol Chem.
275, 24451-24457

19. Takemura, M, Ohta, N, Furuichi, Y, Takahashi, T, Yoshida,
S , Olson, M O J , and Umekawa, H (1994) Stimulation of calf
thymus DNA polymerase alpha activity by nudeolar protein
B23 Biochem Biophys. Res. Commun 199, 46-51

20 Tamai, K., Kojima, K., Hanaichi, T, Masaki, S., Suzuki, M.,
Umekawa, H, and Yoshida, S (1988) Structural study of
lmmunoaffinity-punfied DNA polymerase a-DNA primase com-
plex from calf thymus. Biochim Biophys. Acta 950, 263-273

21 Yoshida, S, Tamai, K., Umekawa, H , Suzuki, M , and Kojima,
K. (1989) A novel stimulating protein of mammalian DNA poly-
merase a J Biochem 106, 389-395

22 Washington, M T, Johnson, R E , Prakash, S , and Prakash, L
(1999) Fidelity and processivity of Saccharomyces cereuisiae
DNA polymerase eta J Biol Chem 274, 36835-36838

23 Laemmh, UK (1970) Cleavage of structural proteins during
the assembly of the head of bactenophage T4 Nature 227, 680-
685

24 Bradford, M M (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem. 72, 248-254

25 Takemura, M , Sato, K., Nishio, M , Akiyama, T, Umekawa, H ,
and Yoshida, S (1999) Nucleolar protein B23 1 binds to retino-
blastoma protein and synergistically stimulates DNA poly-
merase alpha activity J Biochem. 125, 904-909

26 Herrera, J E , Correia, J J , Jones, AE , and Olson, M O. (1996)
Sedimentation analyses of the salt- and divalent metal lon-
mduced ohgomenzation of nudeolar protein B23 Biochemistry
36,2668-2673

27 Feuerstein, N., Mond, J J , Kinchington, PR , Hickey, R , Kar-
jalainen Lindsberg, M L , Hay, I , and Ruyechan, WT (1990)
Evidence for DNA binding activity of numatnn (B23), a cell
cycle-regulated nudear matrix protein Biochim Biophys. Acta
1087,127-136

28 Li, Y.P, Busch, R.K., Valdez, B C, and Busch, H (1996) C23
interacts with B23, a putative nudeolar-localization-signal-
binding protein Eur J Biochem. 237, 153-158

29 Szebeni, A. and Olson, M O.J. (1999) Nudeolar protein B23 has
molecular chaperone activities. Protein Sci 8, 905-912

30 Borggrefe, T, Wabl, M, Akhmedov, AT, and Jessberger, R.
(1998) A B-cell-specific DNA recombination complex. J. Biol.
Chem 273, 17025-17035

Vol 130, No 2,2001

 at Peking U
niversity on Septem

ber 30, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

