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ABSTRACT. Replication factor C (RF-C) is a heteropentameric protein essential for DNA replication and
DNA repair. It is a molecular matchmaker required for loading of the proliferating cell nuclear antigen
(PCNA) sliding clamp onto double-strand DNA and for PCNA-dependent DNA synthesis by DNA
polymerases) ande. The DNA and PCNA binding domains of the large 140 kDa subunit of human
RF-C have been recently cloned [Fotedar, R., Mossi, R., Fitzgerald, P., Rousselle, T., Maga, G., Brickner,
H., Messier, H., Khastilba, S., Hscher, U., & Fotedar, A. (199@MBO J. 15 4423-4433]. Here we

show that the PCNA binding domain is phosphorylated by th& €almodulin-dependent protein kinase

Il (CaMKIlI), an enzyme required for cell cycle progression in eukaryotic cells. The DNA binding domain,
on the other hand, is not phosphorylated. Phosphorylation by CaMKII reduces the binding of PCNA to
RF-C and consequently inhibits RF-C-dependent DNA synthesis by DNA polymejaamede. Once
bound to PCNA and DNA, RF-C is protected from phosphorylation by CaMKII, suggesting a possible
role of CaMKII in regulating the dynamics of interaction between PCNA and RF-C and thus interfering
in the formation of an active sliding clamp by DNA polymerageande.

In the current model of DNA replication in eukaryotic yeastS. cereisiae and S. pombeand plants. It has been
cells, as derived from genetic and biochemical studies, ashown to be essential for DNA replication and DNA repair.
multiprotein complex is thought to act at the replication fork Its structure has been determined and shown to be homolo-
[reviewed in Hibscher and Spadari (1994)]. Three DNA gous to thes-subunit of theE. coli pol Il holoenzyme,
polymerases, namely, pal! pol 0, and pole, are thought  despite lack of amino acid similarity (Krishred al., 1994).
to be part of this complex, along with their accessory |t binds to different cellular proteins other than polpol €,
proteins. In particular, the essential role of two of these and RF-C, including several cyclins and cdk’s as well as to
proteins, RF-C and PCNA, in coordinating the activities of the ubiquitous cdk inhibitor p21 (Xionet al, 1992; Zhang
the pols has been demonstrated in the reconstiinteiro et al, 1993; Flores-Rozast al, 1994; Wagaet al., 1994b).
SV40 DNA replication system (Waga & Stillman, 1994; This suggests that PCNA is likely to link DNA replication
Wagaet al, 1994a). Recently, a complex of pal pol 9, and DNA repair to the cell cycle machinery.
and RF-C has been purified fro_m calf thymus and shown to RF-C is a multiprotein complex consisting of one large
be competent for DNA synthesis on natural DNA templates and four small subunits [reviewed in"Hscheret al. (1996)].

in the pre§ence of PCNA, (Maga & Wacher, 1996). i The subunits of human RF-C have molecular masses of 140,

PCNA is the processivity factor of pod and ¢ in 40, 38, 37, and 36 kDa. The protein complex has an
eukaryotic cells [reviewed in Fhscheret al. (1996)]. Itis  jsqqciated ATPase activity which is stimulated by binding
extremely conserved at the amino acid level among humans,to DNA and is further enhanced by PCNA. RF-C is a
structure-specific DNA binding protein, which associates
T This work was supported by the “Bundesanit Bildung und preferentially with the 3end of a DNA primer and acts as

Wissenschaft”, who sponsors the Swiss part of a EU “Human Capital g primer recognition factor for pad and pole (Burgers
Mobility Program”, by the Swiss National Science Foundation (Grants ’

31-43138.95 and 3400-043300.95), and by the Kanton oitAu _1991). PCNA recognizes and binds the_RF-C/DNA complex
* Correspondence should be addressed to this author at the Departin an ATP-dependent manner, allowing pél or ¢ to
ment of Veterinary Biochemistry, University of ‘#ah-Irchel, Win- recognize the RF-C/DNA/PCNA complex. In addition to

terthurerstrasse 190, CH-8057 rifn, Switzerland. Telephone: 411 ; : -
257 54 72. FAX: 411 362 05 01. E-mail: hubscher@vetbio.unizh.ch. Ioadlng PCNA onto DNA, RF-C pOSSIny functions together

® Abstract published idvance ACS Abstractdpril 15, 1997. with PCNA as a processivity factor for p@l and pole
! Abbreviations: pol, DNA polymerase; PCNA, proliferating cell  (Podustet al, 1995). All five RF-C subunits have been

nuclear antigen; RF-C, replication factor C; SV40, simian virus 40; ;
cdk, cyclin-dependent protein kinase; CaM, calmodulin; CaMK, cloned from human and yeast and show conserved regions

calmodulin-dependent protein kinase; S&Bgoli single-stranded DNA of high homology among each other (Cullmaetral, 1995).
binding protein; ss, single-stranded; ds, double-stranded; sp, singly- They are clustered in the so-called RF-C boxeavlll. Box

primed; nt, nucleotide(s); GST, glutathio®gransferase; GSH, glu- ; i ; ;
tathione; BSA, bovine serum albumin; DTT, dithiothreitol; PAGE, | is unique to the large subunit, and it shows sequence

polyacrylamide gel electrophoresis; TBS, Tris-buffered saline; BCIp, Similarity to cpnserved dom‘_':lms of bacterial DNA ligases
5-bromo-4-chloro-3-indolyl phosphate; NBf;nitrotetrazolium-blue. and eukaryotic poly(ADP)-ribose polymerase. Both the
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DNA binding domain (aa 366477) and the PCNA binding  activation (Suret al, 1996). Except for the known action
domain (aa 478712) have been mapped recently to the of CaMKIl in CREB and C/EBRS activation by phospho-
N-terminal half of the 140 kDa subunit of human RF-C, rylation, a direct link between this kinase and other nuclear
corresponding to boxes-1V (Fotedaret al., 1996). events during cell cycle regulation has not yet been estab-
The orderly sequence of events that constitutes the celllished in detail at the molecular level. Interestingly, expres-
cycle is carefully regulated. A part of this regulation depends sion in cultured cells of a G&/CaM-independent (i.e.,
upon the ubiquitous Ca-signaling system [reviewed in  constitutively active) form of CaMKIl led to arrest of the
Berridge (1995)]. Calmodulin (CaM) acts as the main cell cycle at the @M phase (Planas-Silva & Means, 1992;
intracellular C&" sensor that translates theZaignal into Rasmussen & Rasmussen, 1994). Moreover, by using a
a variety of cellular processes by activating downstream specific inhibitor, it has been shown that, in HelLa cells,
targets. Biochemical characterization of the interaction of CaMKII is required especially in late or early S phase
CaM with its targets has defined its role as an activator of since its inhibition caused an arrest of cell proliferation with
multiple C&t/CaM-dependent enzymes important in various a G, DNA content (Rasmussen & Rasmussen, 1995). Albeit
cellular functions including growth and cell division [re- these results suggest a direct involvement of CaMKII in the
viewed in Lu and Means (1993)]. The multifunctionalP@a regulation of DNA replication, the identity of its targets, and
CaM-dependent protein kinase Il (CaMKIl) is one such if they are part of the DNA replication machinery, is still
effector of C&"/CaM and appears to respond to calcium unknown. Here we report that CaMKII specifically phos-
elevation from a variety of signal transduction mechanisms. phorylates the PCNA binding domain of human RF-C. This
CaMKlIl is a ubiquitous serine/threonine protein kinase that phosphorylation reduces PCNA binding, thus inhibiting RF-
has been implicated in the regulation of diverse functions C-dependent DNA synthesis.
such as muscle contraction, secretion, synaptic transmission,
and gene expression [reviewed in Braun and SchulmanMATERIALS AND METHODS

(1995)]. CaMKIl is made up of a multigene family, in which . .
- . : Chemicals. [*H]dTTP (40 Ci/mmol), §-32P] ATP (3000
each of the four distinct subunits (namedp, y, andJd) is Cifmmol), and f-*2PJdCTP (3000 Ci/mmol) were from

encoded by a separate gene. The holoenzyme—300 ; .
: . : : Amersham and unlabeled dNTP’s from Boehringer. What-
kDa) is a heteromultimer of two subunits, eitleeandf or man was the supplier of the GF/C filters. GSBepharose

y ando. Up to now, twoa, four 3, threey, and eightd : .
isoforms have been identified. Theand 3 isoforms are was from Pharmacia. All other reagents were of analytical
grade and purchased from Merck or Fluka.

almost exclusively present in the brain, whereastlaedo , i
are distributed in almost all tissues. The better characterized Nucleic Acid SubstratesThe homopolymer poly(dAjo

a andp isoforms can be taken as experimental models, since(Pharmacia) was mixed, at weight ratios in nucleotides of
the other isoforms show almost identical catalytic properties 10-1, with the oligomer oligo(d1)-1s (Pharmacia) in 20 mM
and share about 800% identity across the catalytic 11S-HCI (pH 8.0) containing 20 mM KCland 1 mM EDTA,
N-terminal domain, the association C-terminal domain, and heated at 63C for 5 min, and then slowly cooled at room
the autoregolatory central domain (Braun & Schulman, emperature.

1995). All the subunits are catalytically active and bind  The ssDNA of M13 (mp11) was prepared as described
CaM. Two other protein kinases that are responsive &6 Ca (Sambroolket al, 1989). A 40-mer oligonucleotide primer
and calmodulin are known: CaMKI and CaMKIV, forming complementary to nt 70417080 of the M13 genome was
with CaMKIl a family of related protein kinases. A number prepared as described (Podust &ldisoher, 1993). For the
of proteins have been shown to be substrates for CaMKiI, preparation of the spDNA, ssDNA (0.1 mg/mL) was mixed
supporting the notion of CaMKII as laona fidemultifunc- with the 40-mer oligonucleotide (2g/mL) in 10 mM Tris-
tional protein kinase. One of the most crucial roles of HCI buffer, pH 7.8, 2.5 mM MgGl| and 0.125 M NacCl.
CaMKIl appears to be the activation of immediate early The mixture was heated at 7Q for 15 min with subsequent
genes. CH/CaM is able to stimulate a number of transcrip- Slow-cooling at room temperature. Theehd labeled spd61:
tion factors such as c-fos, c-jun, the cyclic AMP-response d15 oligonucleotide was prepared as described (Maga &
element binding protein (CREB), and the serum responseHubscher, 1995).

factor either transcriptionally or posttranscriptionally. Ithas  Enzymes and ProteinsPol o, pol 4, and RF-C were
been shown that CaMKII can regulate CREB-dependent genepurified from fetal calf thymus as described (Weis¢rml,
expression (Matthewst al, 1994). Elevation of intracellular  1991; Podustet al, 1992a). One unit of pol activity
C&" in PC12 cells leads to transcription of c-fos through corresponds to the incorporation of 1 nmol of total dcTMP
the activation of CREB by phosphorylation of this transcrip- into acid-precipitable material in 60 min at 3T in a
tion factor specifically at Ser 133 (Shemg al., 1991). It standard assay containing Q«§ (nucleotides) of poly(dA)/
has been demonstrated that CREB phosphorylated byoligo(dTh.i0and 20uM dTTP. MAPK has been purchased
CaMKIl is able to activate the c-fos promoter in Enwitro from UBI and p34%! from Promega. Recombinant GST-
transcription assay (Dagt al, 1991). The c-fos promoter  fused CaMKI expressed iB. coliand recombinant-CaMKI|
contains also &is-acting element called CaMK responsive and CaMKIV expressed in baculovirus were a gift of A. R.
element (CaMRE). CaMRE is bound in a sequence-specific Means (Cruzalegui & Means, 1993). Human PCNA was
manner by a transcriptional factor called C/EBPwhich overexpressed ifE. coli strain BL21(DE3) harboring the
has been shown to be activated through its phosphorylationexpression plasmid pT7/PCNA and purified as described by
at Ser 276 byr-CamKIl (Wegner at al., 1992). Recentdata, Fien and Stillman (1992). Recombinant, phosphorylatable
however, have suggested that CaMKIl can phosphorylate human PCNA was prepared as described (Poetsl,
additional residues on CREB with an inhibitory function and 1995). Recombinant, GST-fused fragments A, B, aneBA
point to a more direct role of the related CaMKIV in CREB were prepared as described (Fotedtaal, 1996). Mono-
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clonal antibodies against pal SJK 132-20, were prepared trichloroacetic acid, and the insoluble radioactive material
as described (Weiset al, 1991). was determined as described hdcher & Kornberg, 1979).
Buffers. Buffer BDB: 50 mM Bis-Tris, pH 6.6, 1 mM Alkaline Gel ElectrophoresisReactions were performed
DTT, 0.25 mg/mL BSA, 6 mM MgGl Buffer TDB: 50 as indicated in the figure legends and were stopped by
mM Tris-HCI, pH 7.5, 1 mM DTT, 0.2 mg/mL BSA, 10 incubation in the presence of proteinase K (&fmL), 1%
mM MgCly. SDS, and 50 mM EDTA (final concentrations) for 30 min
Enzymatic Assays. (i) In Vitro Phosphorylation Ass@y.  at 37°C. Samples were subjected to phenchloroform
final volume of 10uL contained the following components: extraction and precipitated with ethanol fb h at—80 °C.
buffer TDB, 1 uM [y-3?P]JATP (300 Ci/mmol), 10 mM  The DNA was resuspended in 50 mM NaOH and 1 mM
MgCly, 100 uM CaCk. When indicated, 100 ng of CaM  EDTA, heated for 15 min at 60C, made to 3% ficoll (v/v),
and 0.03 unit of CaMKII were added together withud of 0.03% bromophenol blue (w/v), and loaded onto a 1%
either fragment A, fragment B, or fragment#8. Reactions  agarose gel equilibrated in 30 mM NaOH, 1 mM EDTA,
were incubated for 30 min and stopped by addition of pH 8.0. The gel was run in the same buffer at 5 V/cm for
Laemmli loading buffer, and the samples were subjected to 4 h at 4°C, dried, and autoradiographed.
10% SDS-PAGE (Laemmli, 1970). The specific activity Gel-Retardation AssayFragment A (lug) or fragment
of CaMKIIl was determined with the PCNA binding domain  aA+B (1 ug) was added as described in the figure legends to
as the substrate, under the assay conditions described abovene 5-labeled sp d61:d15 oligonucleotide, in the standard
The specific activity of the preparation used in this study reaction mixture described for tfie zitro phosphorylation
was 100 units/mg. One unit of CaMKII activity corresponds  assay, and incubated at 22 for 20 min. When indicated,
to the incorporation in the substrate of 1 nmol of tojaf{P]- CaMKII (0.03 unit) and CaM (100 ng) were added. Samples
phosphorus in 60 min at 37C. When p3#* or MAPK were subsequently mixed with sample loading buffer [10%
were used, Cagland CaM were omitted from the reaction  (w/v) sucrose, 0.2% (w/v) bromophenol blue, and 0.2% (w/
mixture. v) xylene cyanol] and subjected to nondenaturing gel
(if) RF-C-Independent Pol AssayA final volume of 25 electrophoresis at 2C in an 8% polyacrylamide gel for 4 h
uL contained the following components: buffer BDB, 20 gt 250 V in 90 mM Tris-borate buffer, 10 mM EDTA, pH
#M [*H]dTTP (1.5 Ci/mmol), 0.5.g of poly(dA)/oligo(dT)o: 8.0. The gel was fixed with 12% (v/v) methanol, 10% (v/

1, 100 ng of PCNA, 0.2 unit of pad. When indicated, 100 v acetic acid, washed with distilled water, dried at &0
ng of CaM and 0.03 unit of CaMKIl were added together and exposed to a X-ray film (Fuji RX).

with the enzyme to be tested. All reactions were incubated p,-Down Assay. Five micrograms of GST-fused re-
for 15 min at 37°C and precipitated with 10% trichloroacetic  ombinant fragment A, B, or AB was incubated for 30
acid. Insoluble radioactive material was determined as min in a final vqume, of, 50uL, under the conditions

described (Hbscher & Kornberg, 1979) described for thén vitro phosphorylation assay, but without
(iii) RF-C-Dependent Pol AssayA final volume of 25 [y-32P]JATP and in the absence or in the presence of 1 mM
uL contained the following components: buffer TDB; 1 mM 514 ATP. 100 ng of CaM, and 0.1 unit of CaMKII.
ATP; dATP, dGTP, and dCTP each at sB; 20 uM [*H]- ~ Radioactive labeled N-phPCNA (ig) was then added and
dTTP (1.5 Ci/mmol); 100 ng of SpDNA; 100 ng of PCNA;  jncypation continued for additional 15 min. GSBepharose
500 ng of SSB; 0.2 unit of pod; and 0.02 unit of RF-C,  \ya5 then added, and, after 15 min of incubation, the
unless otherwise indicated in the figure legends. When N-phPCNA/GST fragment complexes were separated from
indicated, 100 ng of CaM and 0.03 unit of CaMKIl were  freq proteins by centrifugation at 2a9fr 5 min. The pellet
added together with the enzyme to be tested. Reactions werg, 55 \washed 5 times with PBS resuspended in Laemmli
incubated for 30 min at 37C, and precipitated with 10%  |9ading buffer, and boiled, and the samples were subjected

trichloroacetic acid. Insoluble radioactive material was to 10% SDS-PAGE. The presence of PCNA in the samples
determined as described (blscher & Kornberg, 1979). For ;55 detected by autoradiography of the dried gel.

product analysis on an alkaline gel, dATP, dGTP, and dTTP,
each at 10Q«M, and 10uM [a-%2P] dCTP (25 Ci/mmol)
were used. The incubation was then continued for the time
indicated. One unit of RF-C-dependent pol activity corre-
sponds to the incorporation of 1 nmol of total dNMPs into
acid-precipitable material in 60 min at 3T.
(iv) Priming and Elongation AssayA final volume of
25 uL contained the following components: buffer TDB;
GTP, CTP, and UTP each at 2@81; 1 mM ATP; 100 ng
of ssDNA; 0.2 unit of polo/primase; 0.2 unit of pad; and
0.02 unit of RF-C. When indicated, 100 ng of CaM and
0.03 unit of CaMKIl were added together with the enzyme RESULTS
to be tested. For product analysis on an alkaline gel, dATP,
dGTP, and dTTP (each at 1081) and 10uM [a-32P] dCTP CaMKII Phosphorylates the PCNA Binding Domain of the
(25 Ci/mmol) were used. Large Subunit of Human RF-CAs shown in Figure 1A,
Steady-State Kinetic MeasuremenReactions were per- CaMKIl was able to phosphorylate the GST-fused PCNA
formed as described for the RF-C-dependent pol assay, inbinding domain of the large subunit of recombinant human
the presence of different concentrations of either PCNA or RF-C, called fragment B (Fotedar et al., 1996). MAPK and
ATP as indicated in the figure legends. All reactions were p349! protein kinases known to be involved in cell cycle
incubated at 37°C for 15 min and precipitated with  regulation and control of cell proliferation were also tested

Steady-State Kinetic Data Analysis.m l&nd Vmax values
were calculated according to the Michaelenten equa-
tion. Fitting of the experimental data to the equation was
performed by computer simulation through a least-squares
curve-fitting method.

Protein and Nucleic Acid DeterminationProtein con-
centrations were determined according to Bradford (1976).
Poly(dA)go and oligo(dT)z-15 concentrations were deter-
mined spectrophotometrically according to the manufactur-
er's protocol.
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purified fragment A-B also showed similar degradation

A CaMKII products that were phosphorylated (Figure 2, lanes 3 and
6). The phosphorylated full-length PCNA binding domain
o2 Mr (k) migrated on the SDSPAGE very close to the autophos-
— o 67 phorylated 55K CaMKII. This resulted in the partial
@ B2 _ar7 overlapping of the two signals on the autoradiogram (Figure
1A, compare lanes 1 and 2). In order to show clearly that
oo CaMKIl phosphorylated the full-length PCNA binding
- B5 domain of RF-C, an experiment was performed with cold-

- 281

phosphorylated CaMKII. This eliminated the signal on the
autoradiogram due to incorporation of the radioactive label
in the CaMKIl 55K subunit and allowed the visualization
B only of the signal derived from phosphorylation of the PCNA
binding domain. The results are shown in Figure 1B. Lanes
1 and 2 represent the controls, in which CaMKIl was

Preincubation of

CaMKll at 25°C incubated for 30 min at 28C, in the presence of excess
with: L2 2P] ATP ATP (100 uM) [y-*2P]ATP. Different chromatographic media
Incubation at | ' ' ! were tested for their ability to bind CaMKIl, without altering
fragment B: - . . . its catalytic properties. CaMKIl was found to bind to GSH
1 2 3 4 Mr (k) Sepharose in the absence of added GSH, and the bound
kinase could be easily pulled-down by gentle centrifugation.
- 67 Thus, CaMKII was bound to GSHSepharose, and radioac-
CaMKIl ~| , : -8 tive ATP was removed by extensive washing. The kinase
' was then incubated for an additional 30 min at°87in the
- presence of kM [y-3?P]ATP and in the absence (lane 1) or
in the presence (lane 2) of the GST-fused PCNA binding
- 28.1 domain (fragment B). Lanes 3 and 4 show the results of

the same experiment, with the exception that the incubation
FicURe 1: PCNA binding domain of the large subunit of human @t 25°C was performed in the presence of 10M unlabeled
RF-C is phosphorylated by CaMKIl. (A) Autoradiograms of the ATP. Cold-phosphorylated CaMKIl did not incorporate any
products of thein witro phosphorylation reaction catalyzed by radioactive label in the additional 30 min incubation at 37
CaMKIl and the PCNA binding domain of the large subunit of °c \ith [y-32P]ATP, in the absence of fragment B (lane 3),

RF-C as the substrate are shown after separation by-$A&E. P :
Fragment B: recombinant GST-fused PCNA binding domain of whereas addition of fragment B resulted in the appearance

the large subunit of RF-C. Lane 1: CaMKII (0.03 unit) and Cam Of @ signal on the autoradiogram at 55K (lane 4). These
(100 ng). Lane 2: CaMKII (0.03 unit) and CaM (100 ng) with results confirmed that CaMKIl phosphorylated the full-length
fragment B (1ug). CaMKIl: autophosphorylated CaMKIl. BL ~ PCNA binding domain. It has been reported (Colbran, 1993)
B5: full-length and proteolyzed fragments of the PCNA binding that recombinant-CaMKIl has both calmodulin-indepen-

domain. (B) Autoradiogram of the products of the vuitro . . .
phosphorylation reaction with CaMKII (0.03 unit) separated by dent and calmodulin-dependent autophosphorylation activi-

SDS-PAGE. Lanes 1 and 2: CaMKIl was incubated for 30 min ties, involving different residues. The reportédh, of

at 25 °C under the conditions described under Materials and CaMKII for ATP, in case of calmodulin-dependent auto-
Methods, in the presence of 1001 [y-*P]JATP. The kinase was  phosphorylation, is 1%M, whereas for the calmodulin-
then bound to GSHSepharose and pelleted by centrifugation (2 independent autophosphorylation it is 148. Thus, under
min, 200@). The pellet was extensively washed with the reaction o - L

buffer without ATP and then incubated for an additional 30 min at th€ conditions used in Figure 1A, calmodulin-independent
37 °C, in the presence of AM [y-3%P]JATP and in the absence ~ autophosphorylation does not occur, due to the low ATP
(lane 1) or in the presence (lane 2) of fragment B:@). Lanes 3 concentration (100-fold lower than ti&,), and calmodulin-

and 4: as in lanes 1 and 2, but with 1081 cold ATP replacing  dependent autophosphorylation occurs at a low rate, given

[y-32P]ATP in the incubation step at Z&. Fragment B: recom- : §
binant GST-fused PCNA binding domain of the large subunit of the subsaturating amount of ATP present (20-fold lower than

RF-C. CaMKIl: autophosphorylated CaMKIl. B1: full-length the Km). In the presence of 10@M ATP, as in the
PCNA binding domain. experiment shown in Figure 1B, both reactions can occur

efficiently, thus accounting for the higher level of autophos-
along with CaMKI and CaMKIV. Both MAPK and p3#! phorylation. Incubation of CaMKII in the presence of high
were fully active under the same assay conditions on standardATP (as in Figure 1B) results in the phosphorylation of Thr
substrates, but failed to phosphorylate the PCNA binding 306, that inhibits calmodulin-dependent phosphorylation of
domain of human RF-C (data not shown). Interestingly, also exogenous substrates (Colbran, 1993). This could explain
CaMKI and CaMKIV were not able to phosphorylate the why the overall phosphorylation of fragment B shown in
PCNA binding domain of RF-C (data not shown), indicating lane 4 was lower than the one shown in Figure 1A, lane 2.
that it was a specific substrate for CaMKIIl. Production of In order to circumvent this problem, all the subsequent
GST-fused PCNA binding domain . coligenerated a full-  experiments were performed under conditions that minimized
length recombinant protein with an apparent molecular the extent of CaMKIll/calmodulin-indepedent autophospho-
weight of about 55K on SDSPAGE, as well as lower rylation, i.e., by using a subsaturating amount of ATP (see
molecular weight degradation products (Fotedar et al., 1996).also Materials and Methods).
Both the full-length and the smaller fragments were phos- Phosphorylation by CamKIl Is Specific for the PCNA
phorylated (B1-B5, Figure 1A, lane 2). The GST-affinity- Binding Domain of the Large Subunit of Human RF-C and
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domain (fragment A-B) was less pronounced than with the
A R S PCNA binding domain alone (compare lane 3 to lane 6),
& & suggesting that the DNA binding domain, once fused to the
- - PCNA binding domain, might act as a negative regulator of
CaMKII-dependent phosphorylation (see also Figure 6
below). The phosphorylation of fragment B observed in the
absence of calmodulin (Figure 2A, lanes 2 and 3) is
consistent with the reported low calmodulin-independent
kinase activity of CaMKIl toward exogenous substrates
(Colbran, 1993).

For its catalytic activity, CaMKII requires not only CaM
but also the presence of €a Figure 2B shows that the
C&"-chelating agent EGTA almost completely inhibited the
catalytic activity of CaMKIl (compare lanes 1 and 3), as
well as phosphorylation of the PCNA binding domain
(compare lanes 2 and 4), even in the presence of saturating
amounts of CaM. These results confirmed that the phos-
B & & phorylation observed was specific for the PCNA binding
' domain and was Ca/CaM-dependent. The residual phos-
phorylation of fragment B in the presence of EGTA is
comparable to the one observed in Figure 2 in the absence
of calmodulin (compare Figure 2A, lane 2, to Figure 2B,
lane 4), and is therefore due to calmodulin-independent (i.e.,
EGTA-insensitive) kinase activity. Since we used subsatu-
rating amounts of ATP, calmodulin-independent autophos-
camii - | - (51 phorylation was negligible (see also above), and autophos-
-B2 phorylation of CaMKIl was almost completely calmodulin-
- _B3 dependent. Accordingly, autophosphorylation was almost
completely inhibited by EGTA (Figure 2B, compare lane 1
to lane 3).

PCNA Protects the PCNA Binding Domain of the Large
FIGURE 2: Phosphorylation of the PCNA binding domain of the Subunit of Human RF-C from Phosphorylation by CaMKII.
large subunit of human RF-C by CaMKII is specific and?*Qa The ability of CaMKII to phosphorylate the PCNA binding

CaM-dependent. (A) Autoradiogram of the products ofitheitro ; ; _ ;
phosphorylation reaction with CaMKIl (0.03 unit) separated by domain of the large subunit of human RF-C was tested in

SDS-PAGE. Lanes %3, the reaction was performed in the absence the presence of PCNA. Phosphorylation reactions with the
of CaM; lanes 46, the reaction was performed in the presence of PCNA binding domain (fragment B) as the substrate were

CaM (100 ng). Fragment A, GST-fused DNA binding domain (1 performed in the absence or in the presence of increasing
ug); fragment B, GST-fused PCNA binding domain (&); concentrations of PCNA, at molar ratios of PCNA to

fragment A+-B, GST-fused DNA binding domain plus PCNA . . . . .
binding domain (lug). Lane 7: control reactions performed in the fragment B of 0.025:1, 0.05:1, 0.25:1, and 0.5:1, respectively.

presence of CaMKII (0.03 unit) and CaM (100 ng) only.-E85: As shown in Figure 3, the presence of PCNA at a molar
full-length and proteolyzed fragments of the PCNA binding domain. ratio of 0.5:1 reduced the amount of radioactivity incorpo-

CaMKIl: autophosphorylated CaMKIIn vitro phosphorylation rated in the PCNA binding domain by 50% (lanes®),

has been performed as described under Materials and Methods. (BMhereas at the same concentration it did not affect CaMKII
Autoradiogram of the products of thie vitro phosphorylation

reaction with CaM (100 ng) and CaMKII (0.03 unit), separated by activity per se(c_ompare lanes 1 a”O! 7)_' .
SDS-PAGE. Lanes £2, the reaction was performed in the absence ~ Phosphorylation of the PCNA Binding Domain of the
of EGTA; lanes 3-4, the reaction was performed in the presence Large Subunit of Human RF-C by CaMKIl Rents PCNA
of EGTA (5 mM). Fragment B: GST-fused PCNA binding domain  Binding. Next, we tested the effect of phosphorylation by

(1u19). B1-B4: full-length and proteolyzed fragments of the PCNA T s
binding domain. CaMKIl: autophosphorylated CaMKiih vitro CaMKIl on the hinding of PCNA to the PCNA hinding

phosphorylation has been performed as described under Materiaidomain of the large subunit of human RF-C. The PCNA
and Methods. binding domain (fragment B), either unphosphorylated or

previously cold-phosphorylated, was incubated wit[#2P]-
Is Ca¢t/CaM-Dependent.Figure 2A shows the results of labeled recombinant human PCNA, that was engineered to
the phosphorylation reaction carried out with either the GST- be phosphorylatable at its N-terminus by a cAMP-dependent
fused recombinant DNA binding domain of RF-C, called protein kinase (Podustt al., 1995), but not by CaMKII.
fragment A, the PCNA binding domain (fragment B), or the Since fragment B, but not the recombinant PCNA, was GST-
fragment which bears both domains, called fragmeBA fused, complexes between the fragment and PCNA could
[see also Fotedast al. (1996)], in the absence (lanes-3) readily be separated from free PCNA through binding to
or in the presence (lanes—4) of CaM. Only the PCNA GSH-Sepharose and subsequent centrifugation. Phospho-
binding domain, either alone (lane 2) or fused to the DNA rylated PCNA binding domain coprecipitated only 15%5{
binding domain (lane 3), was phosphorylated by CaMKII, of the labeled PCNA with respect to the unphosphorylated
and its phosphorylation was markedly stimulated by CaM control, as quantitated by scanning densitometry of the
(compare lanes 2 and 5 to lanes 3 and 6). Phosphorylationautoradiogram (Figure 4A, compare lane 1 to lane 3; data
of the PCNA binding domain fused to the DNA binding not shown). Unspecific binding of PCNA to GSH

= fragment A

™ fragment B

@ fragment A+B

& fragment A

w1 fragment B

o fragment A+B

~  caMKil + Calmodulin

- A+B
- - 81
CaMKil - 1 5,

111
omw o
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=+ caMKll
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&  fragment B
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Pcriln:;:;";xgment B : z : : A
PoNA - | fragmet & 4+ 4 1
CaMKil + + - -
fragment B - + + + + +
1 2 3 4 5 6 7 2 3 4
[ - - — N-phPCNA
CaMKl — B
~-B2
-B3
-B4 B
-BS
CaMKN - - - N
fragment A - - + + -
- fragment B + + -
fragment A+B - - - - + +
Ficure 3: PCNA protects the PCNA binding domain from 1 2 3 4 5 8
phosphorylation by CaMKII. Autoradiogram of the products of the
in vitro phosphorylation reaction with CaMKII separated by SBS .
PAGE. Lane 1: control reaction with CaMKIl (0.03 unit) alone. - - - N-phPCNA
Lane 2: control reaction with CaMKII (0.03 unit) and the PCNA
binding domain (1xg). Lanes 3-6: in vitro phosphorylation was
performed in the presence of CaMKII (0.03 unit), PCNA binding

domain (1ug), and increasing amounts of PCNA. As indicated on ] ] . .
the top of the figure, the added amounts of PCNA corresponded to FIGURE 4. Phosphorylation of the PCNA binding domain by
molar ratios of PCNA to fragment B of 0.025:1, 0.05:1, 0.25:1, CaMKIl prevents PCNA binding. (A) Autoradiogram of the pull-
and 0.5:1, respectively. Fragment B: GST-fused PCNA binding down experiments with radioactive labeled PCNA. Pelleted fractions

domain. B1-B5: full-length and proteolyzed fragments of the Were subjected to 10% SB$AGE. Fragment B: GST-fused
PCNA binding domain. CaMKII: autophosphorylated CaMKH. PCNA binding domain (5:g). N-phPCNA: N-terminally radioac-
vitro phosphorylation has been performed as described undertive labeled recombinant human PCNA«). (B) Autoradiogram

Materials and Methods. CaM (100 ng) was present in all reactions. of the pull-down experiments with radioactive labeled PCNA.
Pelleted fractions were subjected to 10% SIPRGE. Fragment

Sepharose was almost undetectable (lanes 2 and 4). Thé\: GST-fused DNA binding domain (ag). Fragment B: GST-

. . used PCNA binding domain . Fragment A-B: GST-fused
same experiment was repeated with fragments A, B, and DNA binding dongin plus P(g%l)A bir?ding domain (&g). N-

A+B. As shown in Figure 4B, only the PCNA binding  pnpCNA: N-terminally radioactive labeled recombinant human
domain, either alone (fragment B) or fused to the DNA PCNA (1ug). Pull-down experiments were performed as described
binding domain (fragment AB), precipitated PCNA, and  under Materials and Methods.
in both cases, the amount of PCNA bound was reduced by
phosphorylation with CaMKII (compare lane 1 to lane 2 and and suggested that the DNA binding domain, once bound to
lane 5 to lane 6). The DNA binding domain (fragment A), DNA, could act as a negative regulator of the phosphory-
used as a negative control, only precipitated background lation of the PCNA binding domain by CaMKII.
levels of labeled PCNA<1%). Phosphorylation of the PCNA Binding Domain of the
Binding of DNA to the DNA Binding Domain of the Large Large Subunit of Human RF-C by CaMKII Does Not Fret
Subunit of Human RF-C Prents Phosphorylation of the  DNA Binding to the DNA Binding DomainThe effect of
PCNA Binding Domain by CaMKIIWhen the phosphory-  phosphorylation of the PCNA binding domain on the binding
lation reaction was performed with the fragment containing of DNA to the DNA binding domain of the large subunit of
both the DNA binding and the PCNA binding domains as human RF-C was analyzed by a gel-retardation assay. The
the substrate (fragment #B) and in the presence of DNA binding domain, either alone (fragment A) or fused to
increasing amounts of spM13 DNA, the level of radioactivity the PCNA binding domain (fragment#B), was incubated
incorporated in fragment AB was reduced, with respectto in the presence or in the absence of CaMKIl, CaM, and cold
the control without DNA (Figure 5A, compare lanes 2 and ATP. Then, a 5end radioactive labeled oligonucleotide
5). A phosphorylated product was also detected with an (d61-mer:d15-mer) was added to the reaction mixture and
apparent molecular weight lower than fragmenrtB, whose the incubation continued. Complexes of the fragments with
phosphorylation was less reduced by DNA. This was likely DNA were then resolved from the free oligonucleotide by
a degradation product still containing the PCNA binding nondenaturing PAGE. Figure 6 shows that binding of DNA
domain, but lacking part of the DNA binding domain, thus to the DNA binding domain was unaffected by phosphory-
showing a reduced affinity for DNA. Figure 5B shows the lation of the PCNA binding domain (compare lanes 3 and
same experiment performed with the PCNA binding domain 5). As expected, the DNA binding domain alone also formed
as the substrate: as expected, no effect of DNA either ona complex with DNA that was not affected by CaMKII and
the PCNA binding domain phosphorylation or on the ATP (lanes 2 and 4). The controls included the following:
CaMKII activity per sewas observed. These findings are oligonucleotide incubated with CaMKII and CaM (lane 1),
consistent with the results shown in Figure 2A, where the oligonucleotide alone with ATP (lane 6), and oligonucleotide
presence of the DNA binding domain negatively influenced incubated with CaMKII, CaM, and fragment+8, but
the accessibility of the PCNA binding domain by CaMKIl, without ATP (lane 7). These results suggested that CaMKII
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ATP + + + +

+
+

A fragment A+B - + o+ fragment A+B - - - + - +
fragment A - + - + - - .
spM13DNA - R ] CaMKll - - P - +

5

1 2 3 a4
_— - A+B
CaMKIl - - [A:DNA] [A+B:DNA]
- complex - .“ - complex

- - free DNA
B
Bsa ) Ficure 6: Phosphorylation of the PCNA binding domain by
PONA oLt CaMKIl does not prevent DNA binding to the DNA binding
SpDNA T SR domain. Autoradiogram showing the results of a gel-retardation
fragments - - - ++ assay performed with a radioactive labeled oligonucleotide (d61-
1.2 38 4 5 8 7 mer:d15-mer). Fragment A: GST-fused DNA binding domain (1
ug). Fragment A-B: GST-fused DNA binding domain plus PCNA
CaMKn - m -B 1 binding domain (lug). Samples were subjected to nondenaturing
S| -B2 PAGE under the conditions described under Materials and Methods.
-B 3
- - oo | -B4 RF-C was omitted from the reaction mixture. The inhibition

85 observed in the presence of CaMKII alone is likely due to

its calmodulin-independent kinase activity (see also Figure
2B and comments above). Figure 7C shows the product
FiGUrRe 5: Binding of DNA to the DNA binding domain prevents  analysis of the RF-C-dependent DNA synthesis catalyzed
phosphorylation of the PCNA binding domain by CaMKIl. (A) by pol & on spM13 DNA or ssM13 DNA. When ssM13
Autoradiogram of the products of the vitro phosphorylation DNA d b/ori d cold INTP |
reaction with CaMKIl (0.03 unit) separated by SBBAGE. , was used, pob/primase and cold riNiFs were also
Fragment A-B: GST-fused DNA binding domain plus PCNA included, and the reaction was adjusted so that a small
binding domain (lxg). spM13DNA: singly-primed M13 circular ~ amount of RNA primers were made, in spite of the fact that
DNA. CaMKII: autophosphorylated CaMKIllin vitro phospho- RF-C/PCNA inhibited polo/primase [see Podusit al.

rylation has been performed as described under Materials and ; "
Methods. DNA concentrations used (in nucleotides) wenegh (1992b) for a rationale]. Addition of CaMKIl almost

mL (lane 3), S«g/mL (lane 4), and 1@g/mL (lane 5), respectively. completgly inhibiteq the DNA synthesis on both templates.
(B) Autoradiogram of the products of tha vitro phosphoryla- When similar reactions were performed with CaMKII that
tion reaction with CaMKIl (0.03 unit) separated by SBS  was inactivated by heating, no inhibition occurred (data not
PAGE. Fragment B: GST-fused PCNA binding domain:(g). shown). Thus, the inhibition of RF-C-dependent DNA

SpM13DNA: singly-primed M13 circular DNA (1Gg/mL). B1— : : : ]
B5: full-length and proteolyzed fragments of the PCNA binding synthesis required active CaMKIl and was CaM-dependent,

domain. CaMKII: autophosphorylated CaMKlh vitro phospho- &S observed for the phosphorylation of the PCNA binding
rylation has been performed as described under Materials anddomain (see Figure 1).

Methods. Inhibition of RF-C-Dependent DNA Synthesis by CaMKI|

phosphorylation affected specifically the function of the Is Not Due to Direct Inhibition of Pod or PCNA Actiities.
PCNA binding domain, but not the DNA binding domain Figures 1 and 4 showed that CaMKII phosphorylated the
of the large subunit of human RF-C. PCNA binding domain of the large subunit of human RF-C
CaMKII Inhibits RF-C-Dependent DNA Synthesis by Pol In uitro and also reduced PCNA binding, thus again
5 or Pol e. DNA synthesis by either pa} or pol € on an suggesting that RF-C was the target for CaMKlI |nh|b|t_|on
SSB-covered spM13 DNA template requires the presence©f the RF-C-dependent DNA synthesis. However, it might
of RF-C, ATP, and PCNA (Podust al, 1992a). Thus, the b_e possible that_ CaMKill inhibited either pdl or PCNA
effect of CaMKII on this reaction catalyzed by intact RF-C  directly. To verify this, the effect of CaMKIl on the RF-
purified from calf thymus was tested. Figure 7A shows the C-independent DNA synthesis catalyzed by pain a poly-
results of the replication reactions performed in the presence(dA)/oligo(dT) template was tested. Under these conditions,
or in the absence of CaMKIl and CaM with increasing the catalytic activity of pob is dependent on PCNA only,
concentrations of either calf thymus pblor pole. DNA ~ Whereas RF-C and ATP are not required (Weiseral,
synthesis was inhibited by CaMKII with both enzymes, and 1991). As shown in Figure 7D, CaMKIl and CaM did not
this inhibition was independent of the respective pol con- affect pold activity regardless of the presence or the absence
centration. The inhibition by CaMKIl and CaM was further 0f ATP. As expected, omission of PCNA completely
characterized with pad. As shown in Figure 7B, the RF-  abolished the activity of pab.
C-dependent DNA synthesis catalyzed by p@las inhibited Inhibition of RF-C-Dependent DNA Synthesis by CaMKI|
to 46% by CaMKII alone. The inhibition increased up to Is Competed Specifically by Addition of RF-Glext, the
73% when CaM was also present, whereas CaM alone hadeffects of PCNA, ATP, and RF-C on the inhibition by
no effect on the reaction. No activity was detected when CaMKIl of the RF-C-dependent DNA synthesis of pbl
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B 1.2+0.2ug/mL for PCNA, in the absence or in the presence
of CaMKIl, respectively, and from 2& 0.7 to 26+ 0.1

uM for ATP, in the absence or in the presence of CaMKII,
respectively). On the other hand, th&.x value of the
reaction was greatly reduced, from 8.9 pmof lin the
absence of CaMKIl and CaM to 2.3 pmaltin the presence

of CaMKIl and CaM with PCNA as the variable substrate
and from 6.5 to 1.6 pmol H with ATP as the variable
substrate. These findings support the notion that CaMKII
inactivated RF-C, thus decreasing the amount of active
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P s enzyme available for the reaction. This was consistent with
S the results of the experiment shown in Figure 8A, where
C N D increasing amounts of RF-C decreased the inhibition by
. CaMKIIl. These results indicated that (i) RF-C is the target
Aphigicolin- - - - - 125 for the CaMKII-mediated inhibition of the RF-C-dependent
CaMKIl - + - - -

pol 6 activity, (ii) the inhibition is not simply due to a
decrease in the affinity for either PCNA or ATP, or to a
competition between CaMKII and RF-C for ATP binding,
and (iii) the inhibition is due to direct inactivation of RF-C
by CaMKII.

Binding of RF-C to DNA and PCNA Prents Inhibition
by CaMKIIl. In order to determine the sensitivity of
preformed RF-C/PCNA/DNA complexes, to the inhibition
of the RF-C-dependent DNA synthesis by CaMKII, RF-C
was preincubated 10 min in the presence or in the absence
of CaMKIl and CaM, with different combinations of DNA,
. PCNA, and pob. The reaction was then started by addition
FIGURE 7: CaMKII inhibits RF-C-dependent DNA synthesis. (A)  Of the missing components and labeled dNTPs and incubation
Effect of CaMKIl addition on RF-C-dependent DNA synthesis continued for an additional 30 min (Table 1). When RF-C
catalyzed by pob or pol € on spM13 DNA. Triangles, pob; was preincubated along with DNA and PCNA, in the absence
circles, pole. Reactions were carried out as described under of CaMKIl and CaM and regardless of the presence of pol
Materials and Methods, in the absence (open symbols) or in the L .- .
presence (filled symbols) of CaMKIl (0.03 unit) and CaM (100 0, the inhibition observed upon addition of the k|_nase was
ng). (B) Specificity of inhibition of RF-C-dependent DNA synthesis only between 15% and 17%. On the other hand, incubation
by CaMKIl and CaM. Reactions were performed as described under of RF-C in the presence of CaMKIl and CaM, either with
%aé‘;riarllstf‘“ga%ezgggsr:n)tgigrg;‘iﬂnlgﬁ ?(f)%g@-Zn%g‘it) ggdaRdS(-e(é o O Without DNA, PCNA, and pob, resulted in inhibition

. unit). . unit) w : :
the reaction either sepgarately or in combination, as indicated. ranging from 65% to 78%. When RF-C was prelncubatgd
Activity is expressed as the amount of dNTPs incorporated, relative @lone and CaMKIl and CaM were then added together with
to the control reaction without CaMKII and CaM, which was taken the other components, the inhibition observed was still
as 100%. (C) Analysis of the products of RF-C-dependent DNA comparable, ranging from 66% to 70%. These results
b oo it e VoS e e cenefccated that once RF-C has fomed a table complex it
gf pol a/primase (0.2 unit), pad (0.2 unit), RF-C (0.02 unit),%nd %NA and, P,C_NA’ it 'S, r_]o '0“99r SGQSItlve to CaMKiIl
ssM13 DNA (lanes £3) or pold (0.2 unit), RF-C (0.02 unit), and ~ Mediated inhibition. This is consistent with the results shown
spM13 DNA (lanes 4-6). Lanes 1 and 4: control reactions in the in Figures 3 and 5, where binding of either PCNA or DNA

absence of CaMKIl and CaM. Lanes 2 and 5: reactions were reduced thén vitro phosphorylation of the PCNA binding
performed in the presence of CaMKIl (0.03 unit) and CaM (100 §omain by CaMKIL.

ng). Lane 3: reaction was performed in the presence of thetpol

neutralizing monoclonal antibody SJK 1320 (0.04 mg/mL). Lane DISCUSSION

6: reaction was performed in the presence of the pol inhibitor

aphidicolin (1ug/mL). Molecular mass markers are indicated in Ca&', an intracellular second messenger, is known to be a
kilobases (Kb). (D) Effect of CaMKIl and CaM on RF-C  growth-regulating divalent cation. It has been shown that

independent DNA synthesis catalyzed by polReactions were S : il :
performed as described under Materials and Methods in the absenc Ca* is required for cell viability and progression through

or in the presence of CaMKiII (0.03 unit), CaM (100 ng), and ATP the G/S and M phases of the cell cycle in eukaryotes
(1 mM). [reviewed in Berridge (1995)]. A 148 aa protein, CaM, is
the primary mediator of Ca-dependent signaling in eu-
were examined. As shown in Figure 8A, the inhibition by karyotic nonmuscle and smooth muscle cells, by serving as
CaMKIl was reduced as the concentration of RF-C in the a high-affinity intracellular C& receptor. By genetic
reaction increased, ranging from 75% at the lowest RF-C analysis, it has been shown to be essential for viability in
concentration (0.025 unit) to 25% at the highest RF-C both fission and budding yeast andAn nidulans(Davis et
concentration (0.15 unit). On the other hand, the inhibition al., 1986; Takeda & Yamamoto, 1987; Rasmussen & Means,
was unaffected by increasing PCNA (Figure 8B) or ATP 1990). In spite of its requirement for cell cycle progression,
(Figure 8C) concentrations. Fitting the data shown in Figure a direct role of CaM in the regulation of DNA replication
8B,C to a Michaelis-Menten mechanism showed that the has not yet been shown, even if a specific 68 kDa CaM
apparenK, values of RF-C for both PCNA and ATP were binding protein has been isolated in a complex together with
not changed by the presence of CaMKII (from &9.1 to pol a-primase from Hela cells (Caet al, 1995). CaM is
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Ficure 8: Inhibition of RF-C-dependent DNA synthesis by CaMKII can be specifically relieved by addition of purified RF-C. (A) Effect

of RF-C on the inhibition by CaMKII of RF-C-dependent DNA synthesis. Assays were performed as described under Materials and Methods.
Increasing amounts of purified RF-C were incubated in the absence (squares) or in the presence (circles) of CaMKII (0.03 unit) and CaM
(100 ng). (B) Effect of PCNA addition on the inhibition of RF-C-dependent DNA synthesis by CaMKII. Assays were performed as described
under Materials and Methods. Increasing amounts of PCNA were incubated in the absence of CaMKII (circles), in the presence of CaMKII
(0.03 unit) alone (squares), or in the presence of CaMKII with CaM (100 ng) (triangles). (C) Effect of ATP addition on the inhibition of
RF-C-dependent DNA synthesis by CaMKIl. Assays were performed as described under Materials and Methods. Increasing amounts of
ATP were incubated in the absence (circles) or in the presence (squares) of CaMKII (0.03 unit) and CaM (100 ng). Fitting of the data
shown in panels B and C to the Michaeti§lenten equation was performed by computer simulation as described under Materials and
Methods. Points represent the mean values of three independent experiments. Error bars show the fluctuation of the experimental data as
percent of deviation from the mean value.

Table 1: Binding of RF-C to DNA and PCNA Prevents Inhibition by CaMKiI|

preincubation mixture complemented with inhibition (%)
RF-C PCNA, spM13 DNA, poly, dNTPs, CaMKII 66
RF-C, CaMKII PCNA, spM13 DNA, pob, dNTPs 78
RF-C, PCNA, spM13 DNA pod, dNTPs, CaMKII 15
RF-C, PCNA, spM13 DNA, CaMKII pob, dNTPs 68
RF-C, pold PCNA, spM13 DNA, dNTPs, CaMKI| 70
RF-C, pold, CaMKIlI PCNA, spM13 DNA, dNTPs 75
RF-C, pold, spM13 DNA, PCNA dNTPs, CaMKII 17
RF-C, pold, spM13 DNA, PCNA, CaMKIlI dNTPs 65

a Assays were performed as indicated under Materials and Meth&idative to control reactions in the absence of CaMKIl and CaMmM
ATP and 500 ng of SSB were present in all the preincubation reactions.

involved in regulation of more than 20 enzymes [reviewed mitosis-promoting factor in fertilizeenopuseggs (Lorca

in Lu and Means (1993)]. Among them is a family of related et al., 1993).

protein kinases, collectively called multifunctional CaM- In this study, CaMKII has been shown to phosphorylate
dependent protein kinases (CaMK’s). Although one of these the large subunit of the essential replication protein RF-C
proteins, CaMKIl, has been suggested to be involved in the (Figure 1A). Phosphorylation was shown to be specific for
regulation of G/S and G/M progression in eukaryotic cells, the PCNA binding domain of the large subunit of human
little is known about the molecular mechanisms by which RF-C, whereas the DNA binding domain was not phospho-
they function during the cell cycle [reviewed in Braun and rylated (Figure 2A). Phosphorylation of the PCNA binding

Schulman (1995)]. However, it has been reported that domain was CH- and CaM-dependent (Figure 2A,B). We

CaMKIl phosphorylatesn vitro proteins involved in cell showed the following: (i) once phosphorylated, the PCNA
cycle regulation, such as cyclin B fro®. pombeand the binding domain had a reduced PCNA binding activity,

cell cycle-dependent protein kinase NIMA W nidulans whereas PCNA protected the PCNA binding domain from
(Lu & Means, 1993), and mediates inactivation of the phosphorylation by CaMKII (Figures 3 and 4); (ii) the DNA
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binding domain fused to the PCNA binding domain acted
as a negative regulator of phosphorylation (Figure 2A); (iii)
the DNA binding domain was not phosphorylated, but when
bound to DNA, protected the PCNA binding domain from
phosphorylation (Figure 5); (iv) phosphorylation of the
PCNA binding domain did not affect the DNA binding ability
of the DNA binding domain (Figure 6). The observed effect
of phosphorylation of the PCNA binding domain by CaMKIlI
was paralleled by the inhibition by CaMKIl of the RF-C-

dependent DNA synthesis catalyzed by either calf thymus lagging strand synthesis.

pol ¢ or pol € and purified calf thymus RF-C. Inhibition

Biochemistry, Vol. 36, No. 18, 1995309

Thus, it is possible that CaMKIl, beside activating transcrip-
tion, could also repress DNA replication at the sites to be
transcribed through inhibition of RF-C. A more general role
of CaMKII (together with other regulatory proteins) could
be maintaining in an inactive state the RF-C molecules that
are not engaged in a complex, until they are recruited to an
origin to be fired. That would help to prevent unspecific
initiation of DNA replication. Another possible function of
CaMKII could be to help the cycling of the clamp during
The current model of DNA
replication predicts that the sliding clamp must be recycled

was CaM-dependent and was not due to a direct effect ofto a new primer upon completion of each Okazaki fragment

CaMKII on the pols or PCNA (Figure 7). The stimulation
of kinase activity did not directly correlate to the increase
in inhibition observed for DNA synthesis (approximately
8-fold stimulation of thein wzitro phosphorylation of the
PCNA binding domain as shown in Figure 2&ersus
approximately 2.5-fold stimulation of the inhibition of RF-

(Stukenberget al, 1994). One possible mechanism is that
RF-C dissociates from the completed Okazaki fragment,
leaving PCNA on the DNA, and then associates to a newly
synthesized RNA primer, binding a new PCNA molecule to
form the sliding clamp. Such a process could be helped if,
upon dissociation from PCNA, RF-C could be made tran-

C-dependent DNA synthesis as shown in Figure 7B). It must siently unable to rebind the same PCNA molecule, until it
be noted, however, that the inhibition observed was the resulthas reached a new RNA primer. At this stage, another event

of a complex pathway: RF-C, once phosphorylated, likely
failed to load PCNA on the DNA, thus preventing pdl
binding to a primer. However, PCNA, once loaded, re-

mained stably associated to the DNA, thus being available the effect of CaMKII.

for multiple rounds of DNA synthesis (Podustal., 1995).

(for example, dephosphorylation) could make RF-C again
competent for PCNA binding. These models imply the
action of some other regulatory protein, that could counteract
Indeed, a GC&CaM-dependent
serine-threonine protein phosphatase, calcineurin, has been

This means no stoichiometric correlation between the numberisolated in eukaryotic cells and shown to be encoded by an

of PCNA molecules bound to DNA and the level of DNA

synthesis, since even a small fraction of PCNA molecules,

once loaded, could allow significant DNA synthesis by pol
0. The effect of CaMKII, however, could not be reversed
by addition of either ATP or PCNA, but only by addition of
RF-C, indicating that the effect of CaMKII was to inactivate
the ability of RF-C to bind PCNA (Figure 8). Kinetic

essential gene irA. nidulans (Rasmusseret al, 1994),
suggesting the possibility that both negative and positive
regulators could be activated by the samé'@Galmodulin-
dependent proliferative signaling pathway.

Another important issue raised by these models concerns
a possible nuclear localization of CaMKH vivo. This is
supported by the finding that CaMKII phosphorylates the

analyses of the inhibition reaction were consistent with this nuclear transcriptional factor C/EBP(Wegneret al., 1992),

hypothesis.
indicates that the PCNA binding domain of RF-C is
phosphorylated at a single steThe observation that RF-

Preliminary analysis by mass spectrometry even if a major role for the related CaMKIV protein kinase

in this transaction has been suggested (8ual, 1996).
Recent evidence has indicated that some isoforms of CaMKI|

C, once complexed to DNA and/or to PCNA, was resistant contain within their variable region a short stretch of amino
to CaMKIl phosphorylation (Figures 4 and 5) suggested that acids that represents a consensus nuclear localization se-

the sliding clamp, once formed, could be insensitive to
CaMKIl inhibition. This was confirmed by preincubation

guence (NLS). The presence of these NLS in CaMII
andp isoforms caused the holoenzyme to become localized

experiments, which showed that assembly of RF-C and to the nucleus. These findings suggest that CaMKII can be

PCNA onto DNA in the absence of CaMKII resulted in an
active clamp, which was unaffected by added CaMKII (Table
1).

PCNA is an essential auxiliary factor for DNA replication.
Together with RF-C, it forms a sliding clamp that increases
the processivity of the replicative DNA polymerases pol
and pole [reviewed in Hipscheret al. (1996)]. Our results
suggest the possibility that CaMKII could be involved in

the regulation of the highly dynamic process that leads to

localized into the nucleum vivo [reviewed in Braun and
Schulman (1995)].
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