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ABSTRACT: Protein phosphatase-1 (PP1) is a Ser/Thr protein phosphatase that participates in the
phosphorylation/dephosphorylation regulation of a diverse range of cellular processes. The PP1 catalytic
subunit (PP1) achieves this by its ability to interact with many targeting subunits such that PP1 activity
is thereby specified against phosphoprotein substrates in the microvicinity of its targeting subunit. DNA
polymerase O (Pol 0) is a key enzyme in mammalian chromosomal replication. It consists of four subunits,
pl125, p50, p68, and p12. We identify p68 as a novel PP1 targeting subunit. PP1 was shown to associate
with human DNA polymerase 0 by affinity chromatography and coimmunoprecipitation assays from
mammalian cell lysates and in vitro by pull-down assays. The binding domain for PP1 was identified as
the sequence KRV AL, a variant of the canonical RVxF PP1 binding motif. These studies provide the first
evidence for the targeting of PP1 to DNA polymerase 0. We also show that CK2 phosphorylates the Pol
0 p125, p68, and p12 subunits and that these phosphorylated subunits are substrates for PP1. These findings
identify a new role for p68 as a PP1 targeting subunit that implicates PP1 in the dephosphorylation of Pol
0. Our findings also show that CK2 is a strong candidate for the protein kinase involved in the in vivo
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Protein Phosphatase-1 Is Targeted to DNA Polymerase 0 via an Interaction with the

and

phosphorylation of p68.

Protein phosphatase-1 is one of the major Ser/Thr protein
phosphatases and is ubiquitous in eukaryotic cells. Its activity
plays crucial roles in many cellular processes, including those
of cell division and mitosis (/). The catalytic subunit of
protein phosphatase-1 (PP1)" exists as three isoforms, PP1a,
PP1p, and PPlyl, with a fourth isoform (PP1y2) that is
expressed in testis by alternative splicing of the PP1y gene
(2). The PP1 catalytic subunits are small proteins of ca. 37
kDa, which are highly conserved, with their main differences
falling in the C-termini (3). The PP1 catalytic subunit exists
in the cell in complex with a large number of targeting/
regulatory subunits, thereby generating different enzyme
forms that allow it to perform a diverse number of cellular
functions. The targeting subunits bring PP1 to the vicinity
of its substrates, thereby providing specificity, such that
dephosphorylation of a given substrate by PP1 is dependent
on a targeting subunit (/, 4). Central to this paradigm is the
requirement of a targeting subunit for the in vivo dephos-
phorylation of a given phosphoprotein substrate. This has
been demonstrated in yeast where deletion of the PP1
targeting subunits produces functional PP1-null phenotypes
for the substrates associated with the targeting subunit (5).
The structural basis for the ability of PP1 to interact with a
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large number of proteins with diverse structures has been
determined and is dependent on a hydrophobic pocket distal
to the catalytic site that binds peptides with the “RVXF”
motif in which the Val and Phe are highly conserved (6).
Variants of this motif are present in the majority of PP1
binding proteins, and the sequence specificity of the PP1
binding site has been analyzed by peptide display library
panning (7). Thus far, as many as 100 PP1 interacting
proteins have been identified (/), and their identification can
provide significant information as to the potential in situ
targets of the PP1-targeting protein complex. In addition to
these targeting subunits, there are inhibitor proteins that also
interact with PP1 with very high affinity; these include
inhibitor-1 (7), inhibitor-2 (8), and inhibitor-3 (9).

In this study we report the discovery of a novel human
PP1 binding protein, p68. p68 is one of the four subunits
that constitute human DNA polymerase 6 (Pol 0). Pol 9,
together with Pol oo and Pol €, is involved in eukaryotic
chromosomal DNA replication. Pol 6 and Pol ¢ are respon-
sible for the synthesis of the leading and lagging strands,
while Pol o/primase is involved in primer synthesis (10, 11).
In addition to its role in DNA replication, Pol ¢ also functions
as a gap-filling enzyme in DNA repair processes (/7). Human
Pol O consists of a tightly associated heterodimer of the p125
catalytic subunit and the p50 subunit (/2), which forms the
holoenzyme with a third subunit, p682 (13, 14), and a fourth
subunit, p12 (14). The activity of Pol 0 as a processive DNA
polymerase is dependent on PCNA, which acts as a DNA
sliding clamp (/0, 1I). The human pl2 subunit has been

2 Also referred to as p66.
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shown to bind to both the p125 and p50 subunits, so that it
may serve a structural function; in addition, it also binds to
PCNA and may play a role in the interaction of Pol 0 with
PCNA (75). The p12 subunit is not found in Saccharomyces
cerevisiae Pol 0 (16), although it is present in Schizosac-
charomyces pombe Pol 6 (17). Homologues of the human
p68 subunit are present in yeast Pol 6 as Pol32 in S.
cerevisiae and as Cdc27 in S. pombe (11). p68 has very little
sequence homology to its yeast counterparts, but they all
possess aPCNA binding motif at the extreme C-terminus (13, 14,
18, 19). Two other conserved regions are a N-terminal region
that attaches them to the Pol 6 core via the p50 subunits
and a Pol o binding region at the C-terminus (/9—217). p68
is likely to be a highly extended and flexible polypeptide in
solution, like its yeast homologues (117, 18, 22), as it has a
high content of hydrophilic amino acids. Extensive genetic
studies have implicated Pol32 in other functions in yeast:
these include error-prone postreplication repair and transle-
sion synthesis (/9), break-induced replication and telomere
maintenance (23), and gene silencing (24). While genetic
studies in yeast point to several important roles for Pol32,
the biochemical basis for the involvement of Pol32 is still
not fully understood, and much less is known of the functions
of human p68. There is also evidence that p68 is posttrans-
lationally modified by ubiquitination and sumoylation (25)
and by phosphorylation at serine and threonine residues in
vivo (26, 27), although the roles of these modifications in
Pol ¢ functions are unknown.

The role of phosphorylation in the regulation of the DNA
polymerases is not well understood. Pol a is the best studied
of the mammalian DNA polymerases in this regard, and its
subunits are phosphorylated at different stages of the cell
cycle (reviewed in ref 28). Earlier studies showed that the
p125 subunit of Pol  is phosphorylated in vivo by metabolic
labeling with 3?P; (29) and by cyclin/cdks when they are
coexpressed in Sf9 cells (30). Cyclin-dependent kinases have
also been shown to be associated with Pol ¢ isolated by
immunoaffinity chromatography on immobilized PCNA (31).
There have been no detailed studies of the phosphorylation
of purified Pol 6 in vitro by protein kinases. Human p68
has been shown to be phosphorylated in vivo by the use of
antibodies and in vitro by phosphorylation of p68 peptides
with CK2 (27). Six S/T phosphorylation sites in human p68
have been identified by phosphoproteome analysis that are
likely CK2 phosphorylation sites (26). p68 phosphorylation/
dephosphorylation is therefore a potential mechanism for the
regulation of Pol 6 functions, and it has been reported that
phosphorylation of human p68 may regulate its association
to chromatin at the beginning of S phase (27).

We show that the p68 subunit of Pol ¢ is a novel PPI
binding protein and have identified the PP1 binding sequence.
The interaction of p68 with PP1 allows the targeting of PP1
to the Pol 0 holoenzyme. In addition, we have examined
the phosphorylation of purified Pol ¢ by CK2 and show that
p68, p125, and p12, but not p50, are phosphorylated by CK?2.
All three phosphorylated subunits of Pol 0 are dephospho-
rylated by PP1. Our findings have significant implications
as it identifies a new role for p68 and suggests that PP1 plays
a role in the phosphorylation/dephosphorylation of p68, the
other subunits of DNA polymerase O, or even other
components of the multiprotein replication and DNA repair
complexes. We also show that CK2 phosphorylates the p125,
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p68, and p12 subunits of Pol ¢ and that phosphorylated Pol
0 is dephosphorylated by PP1.

EXPERIMENTAL PROCEDURES

Recombinant Proteins. Rabbit muscle PP1a (32), human
protein phosphatase-1 inhibitor-3 (9), and protein phos-
phatase-1 inhibitor-2 (35) were expressed in Escherichia coli
and purified as previously described. His¢-tagged human p68
baculovirus was generated using the Bac-to-Bac system
(Invitrogen Inc.) and used to infect Sf9 cells. The His-tagged
p68 was purified on Ni-NTA agarose beads. Recombinant
human Pol 6 holoenzyme containing the p125, p50, p68,
and p12 subunits was expressed in Sf9 cells and purified as
previously described (15, 33). PP1S and PPlyl were
obtained from Santa Cruz Biotech. Isoform-specific antibod-
ies to PPla (C-19), PP15 (N-19), and PPly (C-19) were
obtained from Santa Cruz Biotech. Unless otherwise stated,
a PP1 antibody that was nonisoform specific was used (BD
Transduction Laboratories).

Construction of p68 Mutations and Deletions. The KI-
AA0039 cDNA in the pBluescript vector was used as a
template for PCR cloning and was used to generate N-
terminal Hise-tagged p68 and a series of C-terminal deletion
mutants. The PCR constructs were subcloned and inserted
into the pTactac vector (32). N-Terminal deletions containing
the His tag were constructed using PCR and subcloned in
frame into the pQE32 expression vector (Qiagen, CA). The
site-directed mutants of p68 were generated by using the
QuickChange site-directed mutagenesis kit (Stratagene, CA)
with pTacTac-Hisgp68(1—466) as the template. The muta-
tions were verified by DNA sequencing. The primer pairs
were as follows: p68(1—466) 5~ ATGCTACATATGCATCAC-
CATCACCATCACCATCACGGAGGAGCGGACCAGCTT-
TATC-3,3-CCGAAGAAGGTCTCCTTTATTCGATCGTTCG-
AACCTAGGACGTA-5"; p68(129—466) 5'-~-AGTACAGGATC-
CCCCATATGTGCAGCAAATTTAGTGCTATACC-3, 3"-C-
CGAAGAAGGTCTCCTTTATTCGATCGTTCGAACCTA-
GGACGTA-5;p68(227—466)5"-AGTACAGGATCCCCCATA-
TGAAGGCACCAGGGAAAGGG-3', 3-CCGAAGAAGGT-
CTCCTTTATTCGATCGTTCGAACCTAGGACGTA-5"; p68-
(1—226) 5-ATGCTACATATGCATCACCATCACCATCACC-
ATCACGGAGGAGCGGACCAGCTTTATC-3", 3"-CGTAG-
ACGTCGTCCGTTGATTCGAACTTAAGATCGA-5"; p68(1—
334) 5-ATGCTACATATGCATCACCATCACCATCACCA-
TCACGGAGGAGCGGACCAGCTTTATC-3, 3-CTTAGAC-
TATCGTCACTTCTAATTCTTAAGTTCGAATTCGTA-5;
p68(M1, 302—306 to DEAAA) 5-GAAAAAAAAAGGGGG-
GACGAAGCAGCTGCGTCTGATGATGAGACA-3, 5-TG-
TCTCATCATCAGACGCAGCTGCTTCGTCCCCCCTTTT-
TTTTTC-3; p68(M2, 322—326 DEAAA) 5-CATGAGGAA-
AAAGAGGGACGAAGCAGCTGCTCCTGAATCTGATA-
GC-3, 5-GCTATCAGATTCAGGAGCAGCTGCTTCGTC-
CCTCTTTTTCCTCATG-3"; p68(M3, internal deletion of
residues 298—328) 5-GTTAAGGTGCTGCAGAAGGAAAG-
CAGTGAAGATGAAGTC-3’, 5-GACTTCATCTTCACT-
GCTTTCCTTCTGCAGCACCTTAAC-3".

Coimmunoprecipitation. MCF-10A mammary epithelial
cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA) and were grown in DMEMF12
supplemented with 20 ng/mL EGF, 100 ng/mL cholera toxin,
0.01 ng/mL insulin, 500 ng/mL hydrocortisone, and 5% horse



Phosphorylation/Dephosphorylation of Pol 6 by PP1 and CK2

serum. MCF-10A cells were harvested from two flasks (75
c¢m?) and washed twice with ice-cold Tris saline (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1.5 mM phenylmethane-
sulfonyl fluoride). The cells were lysed by addition of 1 mL
of Triton X-100 containing buffer (15 mM Tris-HCI, pH 7.5,
120 mM NaCl, 25 mM KCI, 2 mM EGTA, 2 mM EDTA,
0.1 mM dithiothreitol, 0.5% Triton X-100, 10 ug/mL
leupeptin, 0.5 mM phenylmethanesulfonyl fluoride). The
suspension was incubated at 4 °C for 30 min. The cellular
debris was removed by centrifugation. The supernatant (1.7
mg of protein, 1 mL) was precleared to reduce nonspecific
binding by addition of mouse IgG (0.5 ug) and 50 uL of
protein A/G-agarose beads (Pierce Chemical Co., Rockford,
IL). The suspension was incubated for 1 h, and the protein
A/G-agarose removed by centrifugation at 2500 rpm for 5
min. Anti-PCNA (2.5 ug, PC-10; Santa Cruz Biotechnology),
anti-p125 mAb (34), or anti-PP1 (2.5 ug, P35220; BD
Transduction Laboratories) was added to the supernatant and
the solution rotated for 1 h at 4 °C. Protein A/G agarose
beads (50 uL) were then added, and the mixture was
incubated at 4 °C overnight prior to centrifugation. The beads
were washed six times with ice-cold PBS buffer, pH 7.4.
The proteins were extracted with gel loading buffer (50 uL)
and run on a 12% SDS—polyacrylamide gel and then
transferred to nitrocellulose membranes. Western blotting for
pl25, p68, p50, and pl2 was performed as previously
described (/5). The membranes were then stripped and
overlay blotted with dig-PP1 as described below.

Overlay Blots with PP1-Digoxigenin. Purified recombinant
PPla was reacted with digoxigenin 3-O-methylcarbonyl-e-
aminocaproic acid N-hydroxysuccinimide (Roche Applied
Science) as described by Zhao et al. (7) and repurified by
DEAE-Sepharose chromatography (3). The membranes to
be blotted were treated with dig-blocking buffer (Roche
Applied Science) for 2 h and incubated with dig-PP1 (0.3
ug/mL) for 1 h at room temperature and washed three times
with dig-wash buffer (Roche Applied Science) for 20 min.
The membranes were then incubated with horseradish
peroxidase conjugated sheep anti-dig Fab fragments (1:5000;
Roche Applied Science) for 1 h at room temperature. The
membranes were washed four times with dig-wash buffer
for 20 min, incubated with enhanced chemiluminescence
lighting solution (ECL; Pierce Biotechnology), and exposed
to film.

PP1-Sepharose Pull Down of p68 from Sf9 Lysates. PP1a.
was coupled to Sepharose-CH beads (Amersham-Pharmacia)
as previously described (35). A lysate (0.25 mL) of Sf9 insect
cells expressing His-tagged p68 was diluted to 0.65 mL with
water. PP1-Sepharose beads (100 uL) were added, and the
suspension was rotated overnight at 10 °C. The beads were
washed six times with ice-cold PBS, pH 7.4. Bound proteins
were extracted from the beads by boiling with 50 uL of gel
loading buffer and separated by electrophoresis on a 12%
SDS—polyacrylamide gel. The proteins were transferred to
nitrocellulose membranes and Western blotted with p68
antibody or analyzed by dig-PP1 overlay blot.

Pull-Down Assays Using His-Tagged p68. His-tagged p68
wt or mutants M1, M2, and M3 (1 ug) were mixed with
recombinant PPlo (1 ug) in 0.8 mL of PBS buffer and
incubated at 4 °C for 4 h. The His-p68 wt or mutants were
pulled down by addition of 20 ug of Ni-NTA agarose beads.
The mixture was rotated at 4 °C for 1 h. The beads were
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washed eight times with cold PBS containing 20 mM
imidazole. The bound proteins were extracted by boiling in
40 uL of SDS gel loading buffer and separated on a 10%
SDS—polyacrylamide gel. The proteins were transferred to
nitrocellulose membranes and Western blotted with PP1
antibody.

Purification of Pol 6 from HeLa Cells by Immunoaffinity
Chromatography. Immunoaffinity chromatography was per-
formed essentially as previously described (36). HeLa cells
(1.6 x 10° cells) were obtained from the National Cell
Culture Center (NCCC, Minneapolis, MN). The cells were
lysed in 20 mM Tris-HCI, pH 7.8, 0.5 mM EGTA, 1 mM
EDTA, 1 mM MgCl,, 10% glycerol, and 200 mM NaCl.
After removal of cell debris the lysate was diluted 4-fold
with TGEE buffer (40 mM Tris-HCI, pH 7.8, 10% glycerol,
1 mM EDTA, 0.5 mM EGTA) and loaded onto a 7 mL
column of anti-p125 antibody immobilized on agarose beads
(36). The column was washed with 10 bed volumes of TGEE
buffer/100 mM NaCl and then eluted with TGEE buffer
containing 400 mM NaCl and 30% ethylene glycol. These
preparations generally yielded from 20 to 30 ug of protein
from 500 to 600 mg of lysate protein. Assays for DNA
polymerase activity were performed by determination of
[*H]dTMP incorporated into poly(dA)/oligo(dT) template/
primer in the presence and absence of PCNA as previously
described (/3). One unit of activity was defined as 1 nmol
of dTMP incorporated per hour at 37 °C. The preparation
had a specific activity of 11000 units/mg, approximately 50%
that of homogeneous recombinant Pol ¢ (33). Western blots
for PP1 were performed as previously described (37) and
for the Pol 6 p125, p50, p68, and p12 subunits as previously
described (36).

Phosphorylation Assays. Phosphorylation reactions were
performed in a total volume of 20 4L in 20 mM Tris-HCI,
pH 7.5, 50 mM KCl, and 10 mM MgCl,, with the indicated
amounts of CK2 (New England Biolabs), 100 uM ATP, 15
uCi of [y-*P]ATP, and the indicated amounts of Pol 0 or
Pol ¢ subunits at 30 °C for 60 min. The reaction products
were resolved by SDS—PAGE on 12% polyacrylamide gels
and stained with Coomassie Blue. After destaining, the gels
were dried and visualized by autoradiography or analyzed
by phosphorimaging. pl2 was expressed in E. coli as the
GST-pl2 fusion protein (/5). GST-pl2 was cleaved with
factor Xa (Sigma-Aldrich) to yield the free p12; GST was
removed using glutathione-Sepharose beads. The p12(S24D)
mutant was constructed from the GST-p12 vector by site-
directed mutagenesis.

Dephosphorylation Assays. Pol 6 was phosphorylated with
250 units of CK2 (New England Biolabs, Ipswich, MA) at
30 °C for 60 min. TBB (4,5,6,7-tetrabromo-2-azabenzimi-
dazole; Sigma-Aldrich) was then added to a final concentra-
tion of 200 uM to inhibit CK2 activity. PPlo. (2.5 units)
and MnCl, (final concentration 1 mM) were then added and
the reactions incubated at 30 °C for an additional 60 min.
Microcystin-LR (Sigma-Aldrich) was added where indicated
to inhibit PP1 activity. Reaction products were analyzed by
SDS—PAGE as described above.

Sample Preparation of Pol O for Mass Spectrometry. Pol
0 was purified by immunoaffinity chromatography as de-
scribed above from 2 x 10° cells. The pooled fractions of
Pol ¢ (30 ug of protein) were concentrated by centrifugation
through a 30000 MW cutoff Centricon tube (Millipore Co.).
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The concentrated protein (30 ug) was further purified by
electrophoresis on a 5 x 100 mm cylindrical gel under
nondenaturing conditions as described by Lee et al. (38).
The gel was cut into 60 slices, extracted, and assayed for
polymerase activity or silver stained. Fractions 16, 17, and
18 were combined and the proteins separated on SDS—PAGE
and stained with Coomassie Blue. The gel region corre-
sponding to MW 32—37 kDa was excised and analyzed by
the Harvard Microchemistry Facility using microcapillary
reverse-phase HPLC nanoelectrospray tandem mass spec-
trometry (uLC/MS/MS).

RESULTS

PP Is Associated with the Immunoaffinity-Purified Pol 6
Complex Isolated from Hela Cell Extracts, and This
Association Is Mediated by a 68 kDa Polypeptide. We have
previously used immobilized anti-p125 for the immunoaf-
finity chromatography of calf thymus Pol 6 (/3) and
recombinant human Pol 6 from Sf9 cell lysates (15, 33).
This procedure was found to provide a one-step procedure
for the isolation of Pol 6 from cultured 293 cells (36) and
was used here for the isolation of Pol ¢ from HeLa cells.
HeLa lysates were directly applied to the column and eluted
with buffers containing ethylene glycol (Experimental Pro-
cedures). The assay of the eluted fractions for Pol ¢ activity
is shown in Figure 1A, in the presence and absence of PCNA.
(The stimulation of polymerase activity by PCNA in this
assay is a characteristic of Pol O and is routinely used to
monitor the quality of Pol 0 enzyme preparations.) The
elution conditions are mild and allow the isolation of Pol
that is approximately 50% pure based on a comparison of
the specific activity with that of purified recombinant Pol ¢
(Experimental Procedures). A protein stain of three of the
peak fractions is shown in Figure 1B and shows that the
four subunits of Pol ¢ are present at levels consistent with
the estimated purity. The column fractions were immuno-
blotted with antibodies against the Pol ¢ subunits as well as
against PP1. PP1 coeluted with the Pol 6 subunits (Figure
1C).

We examined the HeLa Pol 0 preparation to determine
which PP1 isoforms were present in association with Pol 0.
The pooled peak fractions (fractions 10—16, denoted as “P”
and a bar in Figure 1A) were subjected to Western blotting
using the nonisoform-specific PP1 antibody that was used
in Figure 1C and with isoform-specific antibodies to PP1a,
PP1p, and PP1y (Figure 1D). PPla and PP1y1 were readily
detected, while only a faint signal was observed for PP1/3
(Figure 1D). This suggests that PP1oc and PP1y1 are the
primary isoforms associated with Pol 0. This is consistent
with the findings that PP1la and PP1y1 are predominantly
associated with the nucleus (39).

Chemical evidence for the presence of PP1 in the HeLa
Pol O preparation was obtained by mass spectrometry
analysis. A preparation of immunoaffinity-purified HeLLa Pol
0 was further purified by nondenaturing gel electrophoresis
on a cylindrical gel (Experimental Procedures). The gel was
cut into 60 slices, which were extracted with buffer and
assayed for Pol J activity (Figure 2A). An aliquot of each
fraction was subjected to SDS—PAGE and silver stained
(Figure 2B). Fractions 16, 17, and 18 were pooled and run
on SDS—PAGE and stained with Coomassie Blue (Figure
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FIGURE 1: PP1 is associated with the immunoaffinity-purified Pol
O complex isolated from HeLa cell extracts. Panel A: Elution profile
of the purification of Pol 0 by immunoaffinity chromatography. A
HeLa cell lysate was loaded onto an immunoaffinity column
containing anti-p125 attached to Sepharose beads (Experimental
Procedures). The eluted column fractions were assayed for Pol 6
activity on poly(dA)/oligo(dT) template/primer by incorporation of
[*H]dTMP in the presence (circles) and absence (triangles) of
PCNA. The letter “P” and the bar mark the fractions that were
pooled for the experiment in panel D. “Bc” refers to the lysate
before chromatography, “Ft” to the flow-through collected during
the loading of the lysates, and “W” to the wash liquid. Panel B:
Protein stain of the peak fractions of Pol ¢ activity. Fractions 10,
13, and 16 were run on 12% SDS—PAGE gels and stained with
Coomassie Blue. Panel C: Association of PP1 with Pol 0 during
immunoaffinity chromatography. The column fractions were West-
ern blotted with antibodies against the p125, p50, p68, and p12
subunits of Pol ¢ and for PP1 using a nonisoform specific antibody.
Panel D: Identification of the PP1 isoforms that were present in
the Pol 0 preparation. The peak fractions (fractions 10—16, panel
A) were pooled. Aliquots of the pooled enzyme were Western
blotted with a nonisoform-specific antibody to PP1 and isoform-
specific antibodies to PPla, PP1S, and PP1y and are shown as
lanes marked “P”. Lanes marked “Bc” are aliquots of the HeLa
lysate before immunoaffinity chromatography. (Data shown for
panels A—C are representative of more than three such experi-
ments.)
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2C). The region of the gel from ca. 32—37 kDa was excised
and analyzed by microcapillary reverse-phase HPLC nano-
electrospray tandem mass spectrometry (uLC/MS/MS) at the
Harvard Microchemistry Facility. Six peptides containing
PP1 sequences were identified (Figure 2D). Three of the
peptides were common to all three isoforms, one was
common to PP1a and PP1y1, one was for specific for PP1y1,
and one was specific for PP1/. The results provide chemical
evidence for the presence of PP1 in this highly purified Pol
O preparation.

PP Is Associated with Pol § in Vivo, and This Association
Is Mediated by a 68 kDa Polypeptide. MCF10A cell lysates
were immunoprecipitated with anti-p125 followed by West-
ern blotting with PP1 antibody in order to confirm the
association of PP1 with Pol 0 in vivo. The results show that
PP1 could be coimmunoprecipitated with Pol ¢ (Figure 3A,
lane 2). Next, the Western blots were stripped and then
analyzed by overlay blot with digoxigenin-PP1 (dig-PP1) in
order to identify the polypeptide to which PP1 was bound



Phosphorylation/Dephosphorylation of Pol 6 by PP1 and CK2

A 250,000 [

200,000}
150,000F
100,000}

50,000}

Pol § activity (cpm [*H]dNMP)

Fraction Number

C

14 15 16 17 18 19

6.5 —

D IKYPENFFLLR a, B,y
AHQVVEDGYEFFAK a, B,y
LFEYGGFPPESNYLFLGDYVDR a, f, y
GVSFTFGAEVVAK a,y
NVOLOQENEIR Y
GVSFTGADVVSK [§]

FIGURE 2: Identification of PP1 in Pol O preparations by mass
spectrometry. A Pol 0 preparation that had been purified from HeLa
cells by immunoaffinity chromatography was further purified by
nondenaturing gel electrophoresis on a cylindrical gel (Experimental
Procedures). The gel was sliced into 60 sections and the Pol ¢
extracted with buffer. Panel A: Pol d activity was assayed in the
extracts from the gel slices; numbering of slices is from the top of
the gel. Only the first 30 fractions are shown as the rest of the
fractions contained negligible amounts of activity. Assays in the
presence of PCNA are shown as solid circles and in the absence of
PCNA as open circles. Panel B: Aliquots of the peak fractions from
14 to 19 were subjected to SDS—PAGE and silver stained for
protein. Panel C: Fractions 16, 17, and 18 were combined, subjected
to SDS—PAGE, and stained with Coomassie Blue. The region of
the gel marked by the bracket was excised and analyzed by
microcapillary reverse-phase HPLC nanoelectrospray tandem mass
spectrometry. Panel D: Sequences of the six PP1 peptides that were
found, followed by symbols, indicate in which PP1 isoforms they
occur.

(Figure 3B). The overlay blot revealed that PP1 was bound
to a polypeptide of ca. 68 kDa (Figure 3B, lane 2). The
overlay blot with dig-PP1 is highly sensitive as we were able
to detect inhibitor-3, a known PP1 binding protein (9), at
subnanogram levels in dot blots (Figure 3C). A similar
experiment was performed by immunoprecipitation of
MCF10A cell lysates with a PCNA antibody, as PCNA
interacts with Pol ¢ (37). PP1 was coimmunoprecipitated
with PCNA (Figure 3E, lane 3). In order to identify the
polypeptide that bound PP1, a second coimmunoprecipitation
was performed and subjected to overlay blotting with dig-
PP1. This again identified a 68 kDa polypeptide as the PP1
binding polypeptide (Figure 3F, lane 2). These results
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FIGURE 3: Identification of the PP1 binding polypeptide that
mediates the coimmunoprecipitation of PP1 with Pol . Panel A:
A MCF10A cell lysate (1.7 mg of protein) were immunoprecipitated
with antibody against pl125 and with Western-blotted antibody
against PP1 (Experimental Procedures). Lane 1, purified recombi-
nant rabbit muscle PP1a (1 ng); lane 2, the immunoprecipitate with
anti-p125; lane 3, control immunoprecipitate with nonimmune IgG;
lane 4, a control with no IgG added. Panel B: The blot in panel A
was stripped and subjected to overlay blot by incubation with dig-
PP1 and detection with anti-dig (Experimental Procedures). Lanes
are as in panel A. Panel C: Dot blots of purified inhibitor-3 (Inh-3)
with dig-PP1. The amounts are shown on the left in ng. Panel D:
Control showing that the anti-p125 immunoprecipitates p125 (lanes
1—3) and the anti-PCNA immunoprecipitates PCNA (lanes 4—6).
Lane 1, MCF10A lysate input; lane 2, immunoprecipitates of
MCF10A lysate with anti-p125; lane 3, immunoprecipitate with
nonimmune [gG, immunoblotted with anti-p125 (Western blotting
was performed with anti-p125); lane 4, MCF10A lysate input; lane
5, immunoprecipitate of MCF10A lysate with anti-PCNA; lane 6,
immunoprecipitate with nonimmune IgG; Western blotting was
performed with anti-PCNA. LC refers the immunoglobulin light
chain. Western blotting was performed with anti-PCNA. Panel E:
MCF10A lysates were immunoprecipitated with anti-PCNA and
Western blotted with anti-PP1. Lane 1, purified recombinant rabbit
muscle PP1o; lane 2, MCF10A lysate input (10x dilution); lane
3, the immunoprecipitate with anti-PCNA; lane 4, immunoprecipi-
tate with nonimmune IgG. Panel F: A MCF10A cell lysate was
immunoprecipitated with antibody against PCNA and run on
SDS—PAGE, and the proteins were transferred to a nitrocellulose
membrane. This was directly overlay blotted with dig-PP1 (Ex-
perimental Procedures). Lane 1, immunoprecipitate with nonim-
mune IgG; lane 2, immunoprecipitate with anti-PCNA; lane 3,
recombinant inhibitor-2 (80 ng). (Data shown are representative
of more than three such experiments.)

establish that the association of PP1 with Pol ¢ is mediated
by a 68 kDa polypeptide and that the interaction takes place
in vivo.
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FIGURE 4: Identification of the p68 subunit of Pol d as a PP1 binding
protein. Panel A: Sf9 cells were infected with a baculovirus for
the expression of human p68; a lysate from these cells was pulled
down with PP1-Sepharose and Western blotted with antibody
against p68 (Experimental Procedures). The lanes from left to right
are the lysate, the PP1-Sepharose pull down (“PP1-S”), and a control
pull down with BSA-Sepharose beads (“BSA-S”). Panel B: A lysate
from Sf9 cells expressing all four subunits of Pol & was pulled
down with PP1-Sepharose beads. The beads were washed six times
with 0.15 M NaCl, and the protein was extracted from the beads.
The samples were subjected to SDS—PAGE and Western blotted
with antibodies against the p125, p50, p68, and p12 subunits of
Pol 0. From right to left the lanes show the Sf9 lysate (“input”),
the supernatant of the pull down (“unbound”), the six washes, and
protein extracted from the PP1-Sepharose (“bound”). (Data shown
are representative of two such experiments.)

Identification of the PPl Binding Protein as the p68
Subunit of Pol 6 A likely candidate for PP1 binding
polypeptide was the p68 subunit of Pol o, based on its size.
In order to demonstrate a direct interaction between PP1 and
the p68 subunit, we used PP1-Sepharose (35) for pull-down
assays. PP1-Sepharose was able to pull down the p68 subunit
from lysates of Sf9 cells that expressed human p68 (Figure
4A, center lane). BSA-Sepharose was used as a control and
did not pull down p68 (Figure 4A, right lane). Next, we
determined that PP1 binds to p68 when the latter is part of
the Pol 0 holoenzyme. A lysate from Sf9 cells infected with
recombinant baculoviruses for all four subunits of Pol 6 was
mixed with PP1-Sepharose, and the bound proteins were
analyzed by Western blotting with antibodies against p125,
p50, p68, and pl2 (Figure 4B). The unbound fraction,
representing the supernatant of the pull down, was depleted
of all four Pol ¢ subunits (Figure 4B, second lane). No Pol
O subunits were found in the washes, and all four subunits
were present in the pull down (Figure 4B, last lane). The
results demonstrate that PP1 binds to the Pol 6 holoenzyme
and not just to the free p68 subunit.

Identification of the PP1 Binding Motif of p68. The ability
of p68 to interact with PP1 suggested that it might harbor a
variant of the canonical RVXF motif that has been shown to
be present in most PP1 binding proteins (6, 7). Inspection
of the amino acid sequence of human p68 indicated that there
were four putative PP1 binding sequences, which are shown
as I (residues 19—25), II (residues 57—63), III (residues
298—310), and IV (residues 318—328) in Figure SA. These
were selected based on their resemblance to the panel of
sequences that were found by peptide library screening and
of motifs present in PP1 binding proteins (7).

A set of His-tagged deletion mutants of p68 were
constructed and purified (Figure 5B). These were run on
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FIGURE 5: Identification of the PP1 binding region of p68 by analysis
of deletion mutants. Panel A: The panel shows a list of four putative
PP1 binding motifs based on the RVXF motif. These are labeled
as [— IV. Panel B: Diagram of the His-tagged p68 deletion mutants
used. Shaded regions show the locations of sequences I—1V. Panel
C: The purified p68 deletion mutants were analyzed by overlay
blotting with dig-PP1. The box indicates the expected position of
migration of the p68!~22 deletion mutant. Panel D: Western blotting
of the SDS—PAGE of the p68 mutants with anti-polyhistidine
antibody. The box indicates the position of migration of the p68!~22
deletion mutant for comparison with the data of panel C.

SDS—PAGE and analyzed by overlay blotting with dig-
PP1 (Figure 5C). The results show that sequences I and
II could be excluded as PP1 binding sequences, since the
p68!7226 mutant did not bind dig-PP1, while the p68'297466
and p68%27~466 mutants, both of which harbored only motifs
IIT and IV, did bind to PP1. A Western blot of the deletion
mutants is shown in Figure 5D to confirm the identity of
the proteins bound by dig-PP1 in the overlay blots.

Site-directed mutagenesis of sequences Il and IV was
performed to determine which of these functioned as a PP1
binding motif. Three additional His-tagged p68 mutants were
constructed. The first was M1, in which 32KRVAL?*% in
sequence III was mutated to DEAAA. The second, M2, was
one in which the sequence 3>*RIKLP?*?" in sequence IV was
mutated to DEAAA. The third, M3, was a mutant in which an
internal deletion of residues 299—327 was made so that both
sequences III and IV were removed (Figure 6A). The p68
mutants were isolated and purified (Figure 6B). These were
analyzed for PP1 binding by pull-down assays. His-tagged p68
was mixed with PP1q, and the His-tagged p68-PP1 complexes
were recovered by binding to Ni** beads, followed by Western
blotting with anti-PP1 (Figure 6C). The M1 mutant (mutation
of sequence IIT) and the M3 mutant (deletion of both sequences
II and IV) did not pull down PP1. The M2 mutant (mutation
of sequence IV) retained the ability to pull down PP1. These
results show that sequence IV does not bind to PP1 and that
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FIGURE 6: Identification of the sequence KRVAL as the sole PP1
binding sequence in p68. Panel A: Three p68 mutants were
constructed: M1 in which the PP1 binding motif of sequence III
was mutated (bolded residues) from KRVAL to DEAAA, M2 in
which the putative RRIKL motif of sequence IV was mutated to
DEAAA (bolded residues), and M3, in which residues 299—327
were internally deleted to remove both sequence III and sequence
IV. Panel B: Coomassie Blue protein stain of purified His-tagged
p68 and the three mutants. Each lane contained 2 ug of protein.
Panel C: The purified His-tagged p68 proteins were used to pull
down purified PP1ao., followed by Western blotting with anti-PP1
(Experimental Procedures). Lane 1, purified PP1a as the input; lane
2 (“C”), control pull down in which no p68 was added; lane 3
(“WT”), pull down with full-length His-p68; lane 4 (“M3”), pull
down with His-p68 M3 mutant; lane 5 (“M1”), pull down with
His-p68 M1 mutant; lane 6 (“M2”), pull down with His-p68 M2
mutant. Each pull-down mixture (lanes 3—6) contained 1 ug each
of His-tagged p68/mutant and PP1o.

p68 binds to PP1 via the motif III, which contains the KRVAL
sequence (residues 302—306).

Phosphorylation of p68 and Pol 6 by CK2 and Their
Dephosphorylation by PP1. As noted in the introduction,
little detailed information is available on the phosphorylation
of Pol 6 by various protein kinases. Since p68 has been found
to contain at least six in wvivo phosphorylation sites by
phosphoproteomic analysis (26) that are in sequence contexts
which conform to the CK2 consensus site (S/TxxD/E) (40),
we examined the phosphorylation of p68 and the Pol o
holoenzyme by CK2. Purified recombinant p68 was readily
phosphorylated by CK2. This is shown in Figure 7A, where
p68 was phosphorylated with increasing concentrations of
CK2 from 0 to 320 units per assay (Figure 7A). Analysis of
the incorporation of radioactivity by phosphorimaging showed
that this reached a plateau at ca. 80 units of CK2 per assay.
Pol 6 holoenzyme was phosphorylated with CK2 using 250
units of CK2 per assay to ensure maximal incorporation of
radioactivity. It was consistently observed that the p125, p68,
and pl2 subunits, but not the pS0 subunit, were phospho-
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FIGURE 7: Analysis of the phosphorylation of Pol 6 by CK2 and its
dephosporylation by PP1. Panel A: Phosphorylation of p68. His-tagged
p68 (0.5 ug) was phosphorylated with 0, 5, 20, 40, 80, 160, and 320
units of CK2 in the presence of [y-**P]JATP for 1 h at 30 °C
(Experimental Procedures). The radioactive bands were visualized by
phosphorimaging. Panel B: Phosphorylation of Pol ¢ holoenzyme by
CK2. Purified recombinant Pol 6 (1.4 ug) was phosphorylated with
CK2 (250 units) and analyzed by SDS—PAGE followed by autora-
diography on film. Lane 1, Coomassie Blue protein stain of the Pol &
enzyme used in the experiment; lane 2, control in which CK2 was
omitted; lane 3, phosphorylation of Pol d; lane 4, control in which
Pol ¢ was omitted. (Bands marked with an asterisk are those of the
autophosphorylation of the CK2a and CK2/ subunits.) Panel C: The
experiment in panel B was repeated, but the products were examined
by phosphorimaging. Lane 1, Coomassie Blue protein stain of the Pol
d enzyme used in the experiment; lane 2, phosphorimage of the reaction
products. The ratio of the amounts of radioactivity incorporated into
the p12, p68, and p125 subunits was 1:7.0 4= 0.12:1.2 &= 0.3 (mean £
SD) from three independent experiments. Panel D: p12 has a single
CK?2 phosphorylation site. Purified recombinant p12 (0.5 ug) and the
p12(S24D) (0.5 ug) mutant were phosphorylated with 250 units of
CK2 (Experimental Procedures). The products were resolved on
SDS—PAGE and visualized by autoradiography. Lane 1, control with
CK?2 alone; lane 2, control reaction mixture in which CK2 was omitted;
lane 3, complete reaction mixture for phosphorylation of p12; lane 4,
control reaction in which CK2 was omitted; lane 5, complete reaction
mixture for the phosphorylation of p12(S24D). Panel E: Dephospho-
rylation of phosphorylated Pol 6 by PPl. Pol 0 (1.4 ug) was
phosphorylated with 100 units of CK2 for 1 h (Experimental
Procedures). Lane 1, control reaction in which 200 uM TBB was added
to inhibit CK2 activity; lane 2, complete reaction mixture; lane 3, PP1
(2.5 units) and 200 uM TBB were added after the phosphorylation
reaction as in lane 2, and the reaction mixture was incubated for a
further 60 min; lane 4, same reaction as for lane 3, except that 10 uM
microcystin-LR was added to inhibit PP1 activity. The panels for p125,
p68, and pl2 phosphorylation were taken from phosphorimaging
analysis. (Exposures for p12 and p125 were higher than those used
for p68.) The data were also quantitated by phosphorimaging analysis,
because of the diffuse images for p12. A correction for the incomplete
inhibition of CK2 by TBB (lanes 1) was made; i.e., the radioactivity
in lane 1 was subtracted from that in lane 3 to obtain an estimate of
the amount of radioactivity remaining after PP1 treatment. On this
basis, the percentages of dephosphorylation of p125, p68, and p12
were 100%, 76%, and 75%, respectively.

pl12»
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rylated and that p68 was the most heavily phosphorylated.
Representative data for a number of experiments are shown
in Figure 7, where the reaction products were examined by
both autoradiography (Figure 7B) and phosphorimaging
(Figure 7C). The protein stains of the Pol 0 complex that
was used in the experiments are shown in lanes 1 in
Figure 7B,C.

The pl2 subunit is a small protein of 107 amino acid
residues (/4). Analysis of its sequence for putative phos-
phorylation sites by the NetPhos program (4/) revealed that
there was a single CK2 site at S24 with the sequence
24SKGE?’. This site was mutated to aspartate. Examination
of the phosphorylation of p12 and the pl12 S24D mutant
showed that the mutant was resistant to CK2 phosphorylation,
confirming that p12 has a single CK2 phosphorylation site
at S24 (Figure 7D).

We compared the amounts of radioactivity incorporated
into the Pol 0 subunits relative to that of the p12 subunit.
The ratios of incorporation of radioactivity were p12:p68 =
1:7.0 £ 0.12, and p12:p125 = 1:1.2 & 0.3 (Figure 7C). Since
p12 has a single phosphorylation site, these results provide
an estimate of the phosphorylation stoichiometry for p68 and
for p125, based on the reasonable assumption that Pol 6 was
fully phosphorylated under the conditions used in our
experiments. The stoichiometry of 7 that was found for p68
is in reasonable agreement with the phosphoproteomic data
(26) which show there are at least six phosphorylation sites
on p68. In this context, it is noted that a recent study has
provided evidence based on in vitro phosphorylation of p68
peptides that human p68 is also phosphorylated at S389 and/
or T391 (27). Our findings confirm that p68 is phosphory-
lated on multiple sites by CK2 and together with the
phosphoproteomic data provide supporting evidence for a
role of CK2 in the phosphorylation of p68 in vivo. In the
case of the p125 subunit, a stoichiometry of 1.2 £ 0.3 was
found. These data indicate that p125 has at least one and
possibly two phosphorylation sites for CK2.

The ability of PP1 activity to dephosphorylate Pol o that
had been phosphorylated by CK2 was examined. In these
experiments, TBB was used to inhibit CK2 after the
phosphorylation of Pol 6, following which either PP1 or PP1
plus microcystin-LR, a potent inhibitor of PP1, was added
(Figure 7E). PP1 readily dephosphorylated p125, p68, and
pl12 (Figure 7E, cf. lanes 3 and 2). Addition of microcystin-
LR inhibited the dephosphorylation reactions, confirming that
the reduction in radioactivity was due to the action of PP1.

DISCUSSION

We have identified the p68 subunit of Pol § as a novel
PP1 targeting protein. The interaction was initially detected
by the finding that PP1 is associated with immunoaffinity-
purified HeLa Pol . This was confirmed by coimmunopre-
cipitation of PPl with the p125 subunit of Pol 6 when
antibodies against either the p125 subunit or PCNA were
used. The presence of PP1 in Pol ¢ purified by electrophore-
sis on nondenaturing electrophoresis was also confirmed by
mass spectrometry analysis. These experiments provide
supporting evidence that this interaction takes place in vivo.
The p68 subunit of Pol ¢ was identified as the polypeptide
associated with PP1 by overlay blotting with dig-PP1, and
the interactions between PP1 and p68, and PP1 with the Pol
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0 holoenzyme, were shown to take place with the purified
proteins by the use of pull-down assays. The interaction of
PP1 with p68 was therefore demonstrated to mediate an
interaction of PP1 with the Pol 6 holoenzyme. p68 did not
inhibit PP1o activity, nor did addition of PP1a inhibit Pol
0 activity (data not shown). Our findings support a role of
p68 as a targeting subunit that recruits PP1 to the Pol ¢
holoenzyme.

The interaction site for PP1 was determined by examina-
tion of four sequences in p68 that contained putative RVXF
PP1 binding motifs by deletion and site-directed mutagenesis.
These experiments demonstrate that the PP1 interacting
sequenceis harbored in the 13-residue peptide *KKRGKRVAL-
SDDE?!®, which contains the RVAL sequence, a variant of
the RVXF motif. Site-directed mutagenesis of the KRVAL
sequence abolished the interaction of p68 with PP1. The
RVAL sequence conforms to the canonical PP1 motif, except
that the conserved aromatic residue Phe is replaced by Leu.
The replacement of the conserved aromatic residue Phe to
Leu is also observed in two peptides (G1 and G2) identified
in the peptide library screen by Zhao and Lee (7). The
PKKRGKRVALSDDE?!? sequence has five basic residues
preceding the VAL sequence, followed by two acid residues.
This arrangement of basic and acid residues was found to
be favored in the analysis of PP1 binding peptides from a
random peptide display library (7).

Peptide interactions of the RVxF motif have been found
to have Ky’s in the micromolar range, whereas some
regulatory proteins interact PP1 with K4’s in the nanomolar
range (6). The greater strength of interaction of some PP1
binding proteins is due to the existence of additional binding
interactions (6, 42, 43). We have observed that the interaction
of PP1 with Pol 0 persists through immunoaffinity chroma-
tography and subsequent FPLC chromatography on MonoQ
columns but that it is separated from Pol 6 on FPLC gel
filtration chromatography (Zhou and Lee, unpublished ob-
servations). In addition, we have coexpressed PP1a with all
four subunits of Pol ¢ in Sf9 cells and isolated the Pol 6 by
immunoaffinity chromatography. Western blotting showed
that PP1 was associated with Pol ¢ and that this persisted
through MonoQ chromatography. However, the amount of
PPlo. protein that was present was barely detectable,
suggesting that a pentameric complex of PPla and Pol 6
was not stable enough for its isolation (Zhou and Lee,
unpublished observations).

The discovery that PP1 interacts with Pol 0 via the p68
subunit raises the question of the identity of its phospho-
proteins substrates, which in our current paradigm for PP1
functions will be those in the microvicinity of p68. p68 is a
very hydrophilic protein with 46% of its residues composed
of K, R, D, E, S, or T and has a calculated molecular mass
of 51.4 kDa. It migrates anomalously on SDS—PAGE with
an apparent molecular mass of ca. 68 kDa, and it is likely to
have a highly extended and flexible structure, similar to the
behavior of its yeast homologues, Pol32 and Cdc27 (11, 18, 22).
An extended structure would be advantageous to a function
of p68 as a targeting subunit for PP1, as it might permit for
a range of movement that would allow the bound PP1 to
dephosphorylate proteins in the vicinity of Pol 0.

The immediate targets of PP1 are likely to be the subunits
of Pol O itself, with p68 itself as a prime candidate.
Phosphoproteome analysis has shown that there are six in
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vivo phosphorylation sites in p68 (26), all of which were
found to have high prediction scores as potential CK2
phosphorylation sites by the NetPhos software (47). In this
study we report the first in vitro biochemical analysis of the
phosphorylation of purified p68 and the Pol 6 holoenzyme
by CK2. Our findings confirm that p68 is a substrate for
CK2 and that it is subject to multisite phosphorylation. In
addition, we show that the p12 subunit is phosphorylated at
a single site and that pl25 is phosphorylated with a
stoichiometry that indicates that there may be one or two
phosphorylation sites. Further investigations will be needed
to identify the in vitro phosphorylation sites of the p68 and
p125 subunits.

Phosphorylation of residues within or close to the PP1
binding motif has been shown to disrupt the interaction of
targeting/regulatory subunits with PP1 (/, 6), e.g., the PKA
phosphorylation of the RVSF motif in Nippl (44). Thus, the
possibility that phosphorylation might affect the protein
interaction sites of p68 should be considered. p68, in addition
to having a protein interaction site for PP1, also has protein
interaction sites for Pol a (20) and for PCNA. Two of the
six in vivo phosphorylation sites (S307 and T311) that were
identified by phosphoproteomic analysis (26) lie immediately
adjacent to the PP1 binding motif (**KKRGKRVALSD-
DET?'"). This location of S307 and T311 is significant, as
their phosphorylation could disrupt the interaction between
PP1 and p68. Thus, the interaction of PP1 and p68 may itself
be regulated by protein phosphorylation. The Pol a interac-
tion site has the DPIM sequence (underlined) **DGEG-
CIVTEKVYESESCTDS*? (20). The DPIM is followed by
four in vivo phosphorylation sites, Ser407, Ser409, Thr411,
and Ser413 (bolded) (26). The juxtaposition of the DPIM
and these phosphorylation sites is potentially one that could
regulate the interaction of Pol o and p68. A third protein
interaction site on p68 that could be regulated by phospho-
rylation is the PCNA binding motif “*QVSITGFF*? at the
C-terminus (/3, 15, 45). A recent study has reported that
phosphorylation of p68 peptides containing this sequence by
CK2 inhibits PCNA binding in ELISA assays, and this
suggests that S458 and/or T460 phosphorylation might
regulate p68/PCNA interaction (27).

There is no dearth of other potential substrates for PP1
that would be in its microvicinity when it is associated with
Pol 0, as these include other protein components of the
replication complex, a number of which are known to be
phosphorylated (reviewed in ref 28). These include the
ssDNA binding protein RPA (replication factor A) (46), RFC
(replication factor C) (47), Fenl (Flap endonuclease-1) (48),
and DNA ligase-1 (49), as well as Pol o (50).

In summary, we have identified a novel PP1 binding
protein, the p68 subunit of Pol 6, and shown that it interacts
with the Pol ¢ holoenzyme. These studies provide the first
evidence for the targeting of PP1 to DNA polymerase O.
The ability of p68 to recruit PP1 to the Pol 0 holoenzyme
has significant implications as it supports a role for PP1 in
the phosphorylation/dephosphorylation of p68, other subunits
of DNA polymerase 0, or even other components of the
multiprotein replication or DNA repair complexes in which
the latter is a participant. In addition, we have shown that
Pol ¢ is phosphorylated by CK2 in vitro. Our data for the
phosphorylation of p68 are consistent with a role for CK2
in its in vivo phosphorylation.
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