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The Apn2 protein of Saccharomyces cerevisiae contains 3'—5’ exonuclease and 3’-phosphodiesterase activi-
ties, and these activities function in the repair of DNA strand breaks that have 3'-damaged termini and which
are formed in DNA by the action of oxygen-free radicals. Apn2 also has an AP endonuclease activity and
functions in the removal of abasic sites from DNA. Here, we provide evidence for the physical and functional
interaction of Apn2 with proliferating cell nuclear antigen (PCNA). As indicated by gel filtration and two-
hybrid studies, Apn2 interacts with PCNA both in vitro and in vivo and mutations in the consensus PCNA-
binding motif of Apn2 abolish this interaction. Importantly, PCNA stimulates the 3'—5’ exonuclease and
3’-phosphodiesterase activities of Apn2. We have examined the involvement of the interdomain connector loop
(IDCL) and of the carboxy-terminal domain of PCNA in Apn2 binding and found that Apn2 binds PCNA via
distinct domains dependent upon whether the binding is in the absence or presence of DNA. In the absence of
DNA, Apn2 binds PCNA through its IDCL domain, whereas in the presence of DNA, when PCNA has been
loaded onto the template-primer junction by replication factor C, the C-terminal domain of PCNA mediates the

binding.

Cellular DNA is continually being damaged by a variety of
extrinsic and intrinsic factors. Oxygen-free radicals formed
during the course of normal cellular metabolism produce mod-
ified miscoding bases, abasic (AP) sites, and DNA strand
breaks. AP sites are some of the most common lesions that
arise in cellular DNA. It has been estimated that a mammalian
cell loses up to 10,000 purines per day spontaneously from its
genome (18). AP sites are also formed from the action of DNA
glycosylases on modified bases. Oxidative attack on DNA also
results in DNA strand breaks that have a 3'-phosphate or
3’-phosphoglycolate (3'-PG) terminus (11, 13). The B-lyase
activity of some DNA glycosylases also leads to the formation
of such modified 3" termini (28). Since these 3'-end groups are
refractory to DNA synthesis, their removal is an essential early
step in the repair of these lesions (3).

Class II AP endonucleases are multifunctional enzymes that
function in the removal of AP sites as well as 3’-blocking
termini. Two families of class II AP endonuclease and repair
diesterase enzymes have been identified. The endonuclease IV
family contains endonuclease IV of Escherichia coli and the
Apnl protein, the major AP endonuclease of Saccharomyces
cerevisiae. In addition to AP endonuclease activity, these en-
zymes possess 3’-phosphatase and 3'-phosphodiesterase activ-
ities that can remove 3’-modified termini (22, 28). The exonu-
clease III (exolll) family includes exolll, the major AP
endonuclease of E. coli, the Apn2 protein of S. cerevisiae, and
Apel, the dominant AP endonuclease in human cells. exolll

* Corresponding author. Mailing address: Sealy Center for Molec-
ular Science, University of Texas Medical Branch, 6.104 Medical Re-
search Building, 11th and Mechanic St., Galveston, TX 77555-1061.
Phone: (409) 747-8602. Fax: (409) 747-8608. E-mail: s.prakash@utmb
.edu.

6480

displays, in addition to the AP endonuclease activity, strong
3'—5" exonuclease, 3'-phosphodiesterase, and 3’-phosphatase
activities (28). Human Apel, however, has a strong AP endo-
nuclease activity but weak 3'—5" exonuclease, 3’-phosphodi-
esterase, and 3'-phosphatase activities (23, 31). The Apn2 pro-
tein of S. cerevisiae exhibits a weak AP endonuclease activity
and strong 3'—5’ exonuclease and 3'-phosphodiesterase activ-
ities that are 30- to 40-fold more active than the AP endonu-
clease activity (25, 26).

In S. cerevisiae, the apnlA strain exhibits a much higher
sensitivity to the alkylating agent methyl methane sulfonate
than the apn2A strain (14), and Apnl accounts for more than
90% of the total AP endonuclease activity in yeast cells (28). In
contrast, yeast cells show sensitivity to the oxidative agent
H,O, only in the absence of both the Apnl and Apn2 proteins
(26). These and other observations have suggested a more
prominent role for Apnl in the repair of AP sites, whereas for
the repair of oxidative damage, Apnl and Apn2 contribute
more equally.

Proliferating cell nuclear antigen (PCNA) is a highly con-
served eukaryotic homotrimeric protein that assembles around
DNA to form a sliding clamp and acts as a processivity factor
for the replicative polymerase & (20, 24). PCNA interacts with
a large variety of proteins involved in DNA replication, DNA
repair, and cell cycle control, such as FEN1 and p21 (6, 17, 27).
More recently, PCNA has been shown to interact with the
various translesion synthesis DNA polymerases, yeast Poln,
and human Poln, Poly, and Polk (7-10). A conserved motif
(Q;=x-x-[ILM],-x-x-F,-[FY]y) in these proteins modulates their
binding to PCNA (7, 9, 19, 21, 30).

Yeast Apn2 and its counterparts from other species consti-
tute a distinct subfamily within the exolll family (25). All
Apn2-related proteins contain a C terminus not present in
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other members of the exolll family (14, 25). The conserved
motifs that confer AP endonuclease and/or exonuclease activ-
ities on the protein are found in the N-terminal region, while
a putative PCNA-binding motif, NKSLDSFF (highly con-
served residues are indicated in bold), is present at the C
terminus of Apn2 (14, 25). In this study, we examine the in-
teraction of Apn2 with PCNA and show that Apn2 interacts
with PCNA in vitro and in vivo and that PCNA stimulates the
3'—5" exonuclease and 3’-phosphodiesterase activities of
Apn2. We also provide evidence for the involvement of differ-
ent regions of PCNA in the binding to Apn2 depending upon
whether Apn2 is on or off the DNA.

MATERIALS AND METHODS

Plasmids. The wild-type full-length APN2 gene from pBJ622 was cloned into
pPM1088, which contains the glutathione S-transferase (GST) gene under the
control of a galactose-inducible phosphoglycerate promoter. The GST tag can be
proteolytically cleaved from the GST fusion protein produced from pPM1088.
The plasmid containing the wild-type APN2 gene in pPM1088 was designated
pPM1105. The APN2 gene was also cloned into pGBT9, a TRP! 2um plasmid
containing the GAL4 binding domain (BD) (residues 1 to 147) for yeast two-
hybrid analyses, generating plasmid pPM1107. Three point mutations, L430A,
F433A, and F434A, were generated in the wild-type APN2 gene in pBJ622 by
PCR with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
Calif.) and the following oligonucleotides: LP-168 (GCAACATCAA AAA-
CAAATCG GCCGACTCAG CTGCCCAGAA GGTAAATGG) and LP-169
(CCATTTACCT TCTGGGCAGC TGAGTCGGCC GATTTGTTTT TGAT-
GTTGC). The resulting mutant apn2 A*°A4#334%7 gene was cloned into the
pPM1088 and pGBT9 vectors, generating plasmids pPM1106 and pPM1108,
respectively.

Proteins. The GST-Apn2 proteins were expressed and purified as described
previously (26). For the in vitro interaction assays, the GST tags of the Apn2
proteins were removed by PreScission protease (Amersham Pharmacia Biotech).
Wild-type PCNA and mutant pcna-79 and pcna-90 proteins were purified from
E. coli strains as described previously (1, 4). A truncated form of replication
factor C (RFC), from which residues 3 to 273 from Rfclp were deleted, was
purified as described previously (5).

Two-hybrid analysis. The HF7c yeast strain harboring both the Gal4 BD and
the Gal4 activation domain (AD) fusion constructs was grown on synthetic
complete medium lacking leucine and tryptophan. The B-galactosidase activity of
the different constructs was quantitated by liquid culture assay using o-nitrophe-
nyl-B-p-galactopyranoside as substrate, as described in the Clontech yeast pro-
tocols handbook (PT3024-1), chapter VI. Experiments were performed at least
three times in triplicate samples.

Gel filtration analysis of Apn2 with PCNA. Gel filtration of wild-type or
mutant Apn2 and PCNA proteins and their complexes was performed using a
Superdex 200 PC 3.2/30 column (Amersham Pharmacia Biotech). To constitute
complexes, wild-type or mutant Apn2 (3.5 pg) and PCNA (5 pg) or the mixture
of these proteins was incubated in buffer containing 50 mM Tris (pH 7.5), 250
mM NaCl, 1 mM EDTA, 1 mM TCEP-HCI [Tris(2-carboxyethyl)-phosphine
hydrochloride], 0.01% Nonidet P-40, and 10% glycerol for 30 min at 4°C and
then for 10 min at 25°C. Samples were then gel filtrated through the column
using a 40-pl/min flow rate. After 1.28 ml was eluted, fractions with a 40-ul
volume were collected and analyzed on sodium dodecyl sulfate-10% polyacryl-
amide gels stained with Coomassie blue R-250.

DNA substrates. DNA substrates used for the 3'—5’ exonuclease assays were
generated by annealing a 75-nucleotide (nt) oligomer template (5'-AGC AAG
TCA CCA ATG TCT AAG AGT TCG TAT TAT GCC TAC ACT GGA GTA
CCG GAG CAT CGT CGT GAC TGG GAA AAC-3') to the 44-nt (see Fig. 3),
31-nt (see Fig. 4 and 5), or 27-nt (see Fig. 6) 5’ 3?P-labeled oligomer primers
N4309 (5'-GTT TTC CCA GTC ACG ACG ATG CTC CGG TAC TCC AGT
GTA GGC AT-3'), LP159 (5'-CGA CGA TGC TCC GGT ACT CCA GTG
TAG GCA T-3'), or LP-158 (5'-CGA CGA TGC TCC GGT ACT CCA GTG
TAG-3"), respectively. For the 3’-phosphodiesterase assay (Fig. 3), a 35-nt, 5’
32P-labeled oligomer primer (5'-CAG TCA CGA TGC TCG GGA CTC TCT
CGA GGA ATG CG-PG-3’) containing a 3'-PG terminus was hybridized to the
70-nt oligomer template (5'-AGC TGG ATT CGT GTC AGC CGC TAG CCA
TTA GCT GGC GCA TTC CTC GAG AGA GTC CCG AGC ATC GTG ACT
G-3"). DNA substrate for the AP endonuclease assay (Fig. 3) was generated by
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FIG. 1. Schematic representation of mutations in the PCNA-bind-
ing motif of Apn2 and in PCNA. (A) Mutations in Apn2. The N
terminus of Apn2, which contains the conserved sequence motifs char-
acteristic of this family, is shown as a white box. In the C terminus, the
sequence of the PCNA-binding motif is shown as a black box, and the
conserved amino acids are shown above. The asterisks indicate the
amino acid residues that were changed to alanines in the Apn2
APBOAP3AY protein. The gray box represents the sequence that bears
homology to the tandem repeat of topoisomerase III. (B) Mutations in
PCNA. The sequences of the IDCL and the C-terminal tail of PCNA
are shown. The amino acid residues that were changed to alanines in
the IDCL region in pcna-79 and in the C-terminal region in pcna-90
are indicated by asterisks.

annealing a 75-nt 5’ *?P-labeled oligomer (5'-AGC TAC CAT GCC TGC CTC
AAG AGT TCG TAA 0AT GCC TAC ACT GGA GTA CCG GAG CAT CGT
CGT GAC TGG GAA AAC-3') containing a single tetrahydrofuran, an abasic
site analog (Midland Co., Midland, Tex.), at position 31 (0) to its complementary
75-nt oligomer containing a cytosine opposite the abasic site.

3'—5" exonuclease, 3'-phosphodiesterase, and AP endonuclease assays. A
standard Apn2 reaction mixture (10 wl) contained 40 mM Tris-HCI (pH 7.5), 8
mM MgCl,, 1 mM dithiothreitol, 100 pg of bovine serum albumin per ml, 500
M ATP, 20 nM DNA substrate, and 2 to 5 nM Apn2. For the AP endonuclease
activity, Mg?* was omitted. Where indicated, the reaction was supplemented
with 150 mM NaCl. Reactions were performed in the absence or presence of
different combinations of PCNA, pcna-79, or pcna-90 (50 nM each), RFC (5
nM), and/or replication protein A (RPA) (50 nM). Assays were assembled on
ice, incubated at 30°C for 10 min, and stopped by the addition of loading buffer
(40 ) containing EDTA (20 mM), 95% formamide, and 0.3% cyanol blue. The
reaction products were resolved on 10% polyacrylamide gels containing 8 M
urea. Quantitation of the results was done using Molecular Dynamics STORM
PhosphorImager and ImageQuant software.

RESULTS

Mutant Apn2 and PCNA proteins. A consensus PCNA-bind-
ing motif, NKSLDSFF (highly conserved residues are indi-
cated in bold), is present in the middle of the C-terminal
portion of Apn2, spanning amino acids 427 to 434 in the
520-amino-acid protein. To test whether this motif mediates
interaction of Apn2 with PCNA, we generated a mutant Apn2
protein, Apn2 A**°A**A** in which the highly conserved
leucine residue and the two consecutive phenylalanine residues
of the PCNA-binding motif have been changed to alanine
residues (Fig. 1A). The mutant protein was purified to appar-
ent homogeneity and during purification it behaved similarly to
the wild-type protein and displayed an identical electro-
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phoretic mobility to the wild-type protein on a sodium dodecyl
sulfate-polyacrylamide gel (data not shown).

The conserved PCNA-binding motif, similar to that in Apn2,
is present in a number of proteins with different functions, and
it has been shown to interact with the interdomain connector
loop (IDCL) of PCNA (15, 29). The crystal structure of Archae
FEN1 shows that the conserved QSTLESWF PCNA-binding
motif (highly conserved residues are indicated in bold) in this
protein is at the end of an a-helix that extends away from the
folded protein and that permits the docking of this region to
the IDCL of PCNA via the insertion of the highly conserved
hydrophobic residues into the hydrophobic pocket of IDCL
(12). To identify the regions of PCNA involved in interaction
with Apn2, we have examined the effect of two mutations in
PCNA, pcna-79 and pcena-90 (4). In the pena-79 protein, the
hydrophobic residues L'*® and I'*® that are present in the
IDCL have been changed to alanine residues, whereas in the
pcna-90 mutant, the P2 and K> residues that are present in
the carboxyl-terminal region have been changed to alanine
residues (Fig. 1B) (4).

Physical interaction of Apn2 with PCNA. We examined the
interaction of Apn2 with PCNA in vitro by gel filtration during
which only strong protein-protein interactions survive under
the solution conditions used. Purified wild-type Apn2 or the
Apn2 APPA*B3A®* protein was incubated with PCNA and
then passed through the gel filtration column. When alone,
Apn2 eluted in fractions 15 to 17 and PCNA eluted in fractions
13 to 15 (data not shown), but when the two proteins were
mixed together, Apn2 and PCNA coeluted in the higher mo-
lecular mass range, in peak fractions 12 to 14 (Fig. 2A). How-
ever, the Apn2 A*°A*3A** protein failed to interact with
PCNA, as the mutant Apn2 protein and PCNA eluted sepa-
rately, in fractions 15 to 17 and 13 to 15, respectively (Fig. 2B),
which is coincident with the positions of the wild-type Apn2
protein and PCNA when they were gel filtered alone. These
observations indicate that Apn2 interacts with PCNA in vitro,
that this interaction is mediated through the conserved PCNA-
binding motif of Apn2, and that mutations in this site abolish
the interaction. The Apn2-PCNA interaction is strong, as it is
stable in 300 mM NaCl (data not shown).

To identify the domain of PCNA which mediates the inter-
action with Apn2, we gel filtered Apn2 with the IDCL mutant
pcna-79 protein or with the C-terminal mutant pcna-90 protein
(Fig. 1B). The interaction of Apn2 with pcna-90 was not no-
ticeably affected as, analogous to wild-type PCNA, both the
Apn2 and pcna-90 proteins coeluted in fractions 12 to 14 (Fig.
2, compare panels A and C). However, the interaction of Apn2
with pcna-79 was eliminated, as the two proteins eluted sepa-
rately from the column (Fig. 2, compare panels B and D).
These results indicate that in the absence of DNA, the IDCL
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FIG. 2. Physical interaction of Apn2 with PCNA by gel filtration. In
the reactions, 3.5 pg of the Apn2 protein and 5 pg of PCNA were
incubated in different combinations and gel filtered. (A) Wild-type
Apn2 with PCNA. (B) Mutant Apn2 A*®°A*?A% with PCNA.
(C) Wild-type Apn2 with pcna-90. (D) Wild-type Apn2 with pcna-79.
The fraction numbers and the elution positions of the molecular mass
markers for the gel filtration column are shown on the top. The posi-
tions of molecular mass standards on the protein gels are indicated on
the left.

of PCNA and the PCNA-binding motif of Apn2 are responsi-
ble for sustaining the interaction between these two proteins.

Interaction of Apn2 with PCNA in the two-hybrid system. To
examine whether Apn2 interacts with PCNA in vivo, we per-
formed a two-hybrid analysis. The wild-type APN2 and the
apn2 A*°A*34%* open reading frames were cloned in fusion
with the GAL4 BD in the pGBT9 two-hybrid vector. The HF7¢
yeast reporter strain was transformed with a plasmid contain-
ing the GAL4 BD fusion construct expressing either the wild-
type or mutant Apn2 protein and the plasmid harboring the
GAL4 AD in fusion with PCNA. The interaction between the
GAL4 BD-Apn2 protein and GAL4 AD-PCNA was measured
in liquid B-galactosidase assays, and the results of these exper-
iments are summarized in Table 1. The wild-type Apn2 protein

TABLE 1. Interaction of Apn2 with PCNA in the yeast two-hybrid system

Mean B-galactosidase activity

DNA BD fusion AD fusion (Miller units) = SD Fold activation
GAL4 BD-Apn2 (wt) GAL4 AD 0.02 = 0.003 1
GAL4 BD-Apn2 (wt) GAL4 AD-PCNA 1.4 +0.1 70
GAL4 BD-Apn2 APOABIA434 GAL4 AD-PCNA 0.14 = 0.03 7




VoL. 22, 2002

A B c
3 > 5' exonucl 3' phosphodi AP end
DNA sub 5'—— 5'—PG 5'®—ap———
z 3
Q (%]
g §
gE g¢
gaq agg
‘_«m & - 75 nt
=
(%]
o
- o &
[
e § %
B
. —=37nt —3-PG
— 30 nt
Lane 1 2 3 4 56 789
Primer hydrolyzed (%) 0 21 92 0 20 69 033

FIG. 3. Stimulation of the 3'—=5" exonuclease and 3’-phosphodies-
terase activities of Apn2 by PCNA. Apn2 (5 nM) was incubated with
DNA substrate (20 nM) in a standard reaction mixture containing 0
mM NaCl for 10 min at 30°C. Reactions were carried out in the
absence (lanes 2, 5, and 8) or presence (lanes 3, 6, and 9) of PCNA (50
nM). No protein (np) was added to the reactions in lanes 1, 4, and 7.
Reaction products were analyzed on an 8 M urea-10% polyacrylamide
gel. The 3'—=5" exonuclease activity was assayed on a 44- and 75-nt
partial DNA duplex containing a 5’ **P-labeled strand with a 3’ re-
cessed terminus (A). Phosphodiesterase activity was tested on a 35-
and 70-nt partial DNA duplex containing a 5’ **P-labeled strand with
a recessed 3’-PG terminus (B). The AP endonuclease assay was ex-
amined on a 75-nt DNA duplex containing a single abasic site at
position 31 on the 5’ *?P-labeled strand (C). The asterisks indicate the
radioactively labeled termini.

showed strong interaction with PCNA, resulting in a 70-fold
higher B-galactosidase activity than the background level. The
Apn2 APA3A* mutant protein yielded only a sevenfold
increase in the B-galactosidase activity, indicating that muta-
tions in the PCNA-binding motif strongly impair, but do not
abolish, the interaction of Apn2 with PCNA. These results
verify that Apn2 and PCNA interact in vivo and that this
interaction is predominantly mediated through the conserved
PCNA-binding motif of Apn2.

Stimulation of the 3'—5’ exonuclease and 3’-phosphodies-
terase activities of Apn2 by PCNA. Yeast Apn2 has a strong
3'—5" exonuclease activity, specific for double-stranded DNA,
and a 3’-phosphodiesterase activity that can remove a 3'-ter-
minal group such as a 3'-PG from the DNA (26). In addition,
Apn?2 has a weak AP endonuclease activity (25). To assess the
functional significance of Apn2 interaction with PCNA for
each of these activities, we examined whether the presence of
PCNA would affect the activity of Apn2 on the various DNA
substrates shown in Fig. 3. On linear DNA templates, PCNA
can slide onto the DNA, albeit less efficiently than when loaded
by RFC (2).

Apn2 shows a 3'—5' exonuclease activity on the partial
DNA duplex in which it digests the 5'-labeled strand, with a
recessed 3’ terminus, from the 3’ end (Fig. 3A). PCNA
strongly stimulated the 3'—5" exonuclease activity of Apn2, as
there was greatly enhanced hydrolysis of the labeled strand as
well as the generation of shorter digestion products (Fig. 3A).
A double-stranded DNA substrate containing a 3’-PG residue
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in the 5’-labeled strand was used to monitor the removal of the
3'-PG group by Apn2 (Fig. 3B). Enzymatic removal of the
3'-PG group results in a 3'-hydroxyl terminus, which confers a
slower electrophoretic mobility to DNA on a denaturing poly-
acrylamide gel. The addition of PCNA strongly stimulated the
removal of the 3'-PG by Apn2 (Fig. 3B). The AP endonuclease
activity of Apn2 was assayed using a 75-nt duplex DNA sub-
strate in which the 5'-labeled strand contains a single abasic
site (Fig. 3C). Apn2 catalyzes the hydrolysis of the 5'-phos-
phodiester bond at the abasic site, generating a 30-nt labeled
oligomer. Surprisingly, the addition of PCNA did not stimulate
the AP endonuclease activity of Apn2 (Fig. 3C). However,
because the endonuclease assay was carried out in the absence
of Mg>* and we do not know whether PCNA is able to slide
efficiently onto linear DNA under those conditions, we cannot
draw definite conclusions regarding the stimulation of the en-
donuclease activity of Apn2 by PCNA. Therefore, we have
focused our further studies on the 3'—5’ exonuclease activity
of Apn2, which is stimulated by PCNA.

PCNA cooperates with RFC and RPA to stimulate the 3’ —5’
exonuclease activity of Apn2. We examined whether RFC, a
multisubunit clamp loader which couples the hydrolysis of ATP
to the loading of PCNA onto DNA, and RPA, a single-
stranded DNA-binding protein, affect the PCNA-dependent
stimulation of the 3'—5' exonuclease activity of Apn2. In these
studies we used a short linear 31- and 75-nt primer-template
DNA substrate, designed such that both ends of the template
DNA had a single-stranded region. On this DNA substrate, the
PCNA ring remains more stably bound than on a blunt-ended
DNA substrate. We examined the effect of PCNA in the pres-
ence of RFC and RPA on Apn2 activity at two different salt
concentrations, 0 and 150 mM NaCl. The Apn2 exonuclease
activity is very sensitive to salt, exhibiting the highest activity in
the absence of any salt, whereas at a high salt concentration
(150 mM NacCl), which more closely reflects the physiological
salt concentration (16), Apn2 exhibits little exonuclease activ-
ity (Fig. 4, compare lanes 2 and 10). At a low salt concentration
(0 mM NaCl), PCNA alone highly stimulated the exonuclease
activity of Apn2, and the addition of RFC and RPA did not
stimulate this activity further (Fig. 4, lanes 1 to 8). This prob-
ably reflects that at a low salt concentration, PCNA alone
passively slides onto the DNA substrate from the end of the
template. However, at a high salt concentration, no significant
enhancement of the exonuclease activity of Apn2 occurred,
unless PCNA was added together with RFC and RPA (Fig. 4,
lanes 9 to 16). This suggests that at a high salt concentration,
PCNA is loaded onto DNA by RFC, and the coating of the
single-stranded DNA with RPA may either prevent PCNA
from sliding off the DNA or stabilize interactions with the
other proteins.

Disruption of the PCNA-binding motif does not inactivate
the PCNA-dependent stimulation of 3'—5’ exonuclease activ-
ity of Apn2. Next, we examined the contribution of the PCNA-
binding motif in Apn2 to PCNA-dependent stimulation of its
3'—5" exonuclease activity. The exonuclease activity of the
wild-type Apn2 protein and the Apn2 A**°A*>A** protein
with mutations in the PCNA-binding motif was assayed with
PCNA at a low salt concentration and with the combination of
PCNA, RFC, and RPA at a high salt concentration (Fig. 5).
Surprisingly, PCNA stimulated the exonuclease activity of the
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FIG. 4. PCNA, RFC, and RPA cooperatively stimulate the 3'—5’
exonuclease activity of Apn2. Apn2 was incubated with DNA substrate
in standard reaction buffer containing 0 mM NaCl (lanes 1 to 8) or 150
mM NaCl (lanes 9 to 16) in the presence or absence of PCNA, RFC,
and/or RPA for 10 min at 30°C. The complete reaction mixture con-
tained Apn2 (5 nM), 31- and 75-nt partial duplex DNA substrate (20
nM) containing a 5' *?P-labeled primer recessed at both ends, and
PCNA (50 nM), RFC (5 nM), and RPA (50 nM). No Apn2 was added
in lanes 1 and 9. PCNA, RFC, RPA, and combinations of these pro-
teins were omitted from the reaction mix as indicated at the top.

Apn2 A*PA*B3A® protein, in spite of the fact that this mu-
tant protein displays a severe defect in the binding of PCNA in
the absence of DNA in gel filtration experiments. However,
the Apn2 A**°A**3A** protein is stimulated by PCNA to a
somewhat lower level than the wild-type protein (Fig. 5, com-
pare lanes 4 and 6 and lanes 10 and 12). As a control, we also
tested the E59A mutant protein, in which the change of the
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FIG. 5. Effect of mutations in Apn2 on the stimulation of its 3’ =5’
exonuclease activity by PCNA. Standard Apn2 exonuclease assays
were carried out on a 31- and 75-nt primer-template partial duplex
DNA substrate (20 nM) in the absence (lanes 1 to 6) or presence (lanes
7 to 12) of 150 mM NacCl for 10 min at 30°C. The primer was recessed
on both ends and labeled at its 5" end. The reactions were performed
in the presence of wild-type Apn2 (lanes 1 and 7), Apn2 ES9A (lanes
2 and 8), or Apn2 A®YA*3AY (lanes 3 and 9) alone (2 nM each), or
the wild-type and mutant Apn2 proteins were assayed for activity in the
presence of PCNA (50 nM) (lanes 4 to 6) or PCNA (50 nM) together
with RFC (5§ nM) and RPA (50 nM) (lanes 10 to 12).
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FIG. 6. Effect of pcna-79 and pcna-90 on the 3'—5' exonuclease
activity of Apn2. Apn2 (2 nM) was assayed on a 27- and 75-nt primer-
template partial duplex DNA (20 nM), wherein the 5’ 3?P-labeled
primer was recessed on both ends, for 10 min at 30°C. Reactions were
carried out at a 150 mM NaCl concentration and in the presence of
REC (5 nM) and RPA (50 nM) plus wild-type PCNA (lane 2), pcna-79
(lane 3), or pcna-90 (lane 4) (50 nM each), as indicated. No PCNA was
added in lane 1. The percentage of primer hydrolyzed by Apn2 was
quantitated by a phosphorimager.

active site Glu59 residue to Ala inactivates the Apn2 exonu-
clease activity (26). This mutant protein showed no exonucle-
ase activity in the presence of PCNA, indicating that the exo-
nuclease activity being stimulated by PCNA was in fact due to
Apn2 (Fig. 5, lanes 2, 5, 8, and 11).

Contribution of the IDCL and C-terminal regions of PCNA
to stimulation of 3’ =5’ exonuclease activity of Apn2. Next, we
examined whether the IDCL mutant pcna-79 and the C-termi-
nal mutant pcna-90 are able to stimulate the exonuclease ac-
tivity of Apn2 (Fig. 6). At the physiological salt concentration,
where the stimulation of Apn2 exonuclease activity by PCNA
requires the cooperative action of RFC and RPA, the pcna-79
protein was reduced in its proficiency, while the pcna-90 pro-
tein was highly defective (Fig. 6). The deficiency of pcna-90
does not arise from a defect in the loading of this mutant
protein onto DNA, since previous experiments have shown
that pcna-90 is efficiently loaded onto singly primed DNA by
RFC and stimulates the processive DNA synthesis activity of
DNA polymerase d (4).

DISCUSSION

Physical and functional interaction of Apn2 with PCNA.
Here we show that purified Apn2 cofractionates with PCNA in
gel filtration studies, and two-hybrid analyses indicate that the
two proteins interact in vivo. Importantly, PCNA stimulates
the 3'—5" exonuclease and 3’-phosphodiesterase activities of
Apn2. Also, while PCNA alone can stimulate the Apn2 exo-
nuclease at a low salt concentration (0 mM NacCl), at a higher
salt concentration (150 mM NaCl) which approximates physi-
ological levels, RFC and RPA are required, in addition to
PCNA, to effect the stimulation. The lack of requirement of
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RFC and RPA for the PCNA-dependent stimulation of Apn2
exonuclease activity at low salt concentrations is consistent
with the view that under these conditions, PCNA can slide
onto the ends of linear DNA without the assistance of RFC,
but that at high salt concentrations, PCNA is actively loaded
onto DNA by RFC (2).

Contribution of the conserved motif in Apn2 to PCNA bind-
ing. The conserved motif NKSLDSFF present in the C-termi-
nal region of Apn2 mediates the interaction of Apn2 with
PCNA, since interaction with PCNA is greatly impaired both
in vitro and in vivo with the mutant Apn2 protein in which the
highly conserved L and FF residues have all been changed to
alanine residues. Surprisingly, however, PCNA was able to
stimulate the exonuclease activity of the Apn2 A*°A*33A+
mutant protein, although the efficiency of stimulation was
somewhat reduced. These observations suggest that in the ab-
sence of DNA, Apn2 associates with PCNA via its conserved
PCNA-binding motif, whereas when the proteins are assem-
bled onto the substrate DNA, the mode of Apn2 binding to
PCNA changes and is not that dependent on the conserved
PCNA-binding motif in Apn2.

Distinct domains in PCNA modulate its binding to Apn2 in
the absence or presence of DNA. Two PCNA mutant proteins,
pcna-79 and pena-90, have enabled us to identify the respective
roles of the IDCL and the C-terminal regions of PCNA in
Apn?2 binding. Our gel filtration studies indicate that mutations
in the IDCL of PCNA inactivate the interaction with Apn2,
whereas mutations in the C-terminal region of PCNA have no
effect on this interaction. Because mutations in the PCNA-
binding motif of Apn2, as well as in the IDCL region of PCNA,
impair the interaction of Apn2 with PCNA in gel filtration
studies, these results support the premise that in the absence of
DNA, the conserved PCNA-binding motif of Apn2 binds the
IDCL region of PCNA. The mode of binding changes, how-
ever, in the presence of DNA. At the physiological salt con-
centration, the pcna-90 protein displays a much greater defect
in its ability to stimulate the Apn2 activity than pcna-79. From
these observations, we infer that when PCNA is actively re-
cruited to the primer-template junction by RFC, the IDCL
region of PCNA is not as necessary for interaction with Apn2
but the C-terminal region of PCNA is essential for this inter-
action.

These observations suggest a model in which Apn?2 interacts
with different regions of PCNA, dependent upon whether
Apn2 binds PCNA in the absence of DNA or whether Apn2 is
bound to the DNA at the primer-template junction (Fig. 7). In
the absence of DNA, association of Apn2 with PCNA is me-
diated by the interaction of the conserved PCNA-binding motif
of Apn2 with the IDCL of PCNA (Fig. 2). The preformed
Apn2-PCNA complex can then load onto the ends of linear
DNA and slide on such DNA. Upon reaching the primer-
template junction, however, the mode of Apn2 binding to
PCNA switches from the IDCL region to the C-terminal re-
gion (Fig. 7), and the consensus PCNA-binding domain of
Apn?2 is no longer required for productive interaction.

Possible significance of Apn2 binding to different domains
of PCNA. Previously, FEN1, a 5'—3’ flap endonuclease which
functions in the removal of RNA-DNA primers during Oka-
zaki fragment maturation, has been shown to interact with
PCNA in two distinct modes (5) in a manner similar to that
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FIG. 7. Schematic model for the interaction of Apn2 with PCNA.
In the absence of DNA (top), the conserved PCNA-binding motif of
Apn2 and the IDCL of PCNA mediate the interaction between the two
proteins. Upon encountering a 3" primer-template junction (bottom),
the C-terminal tail of PCNA becomes engaged in the interaction. The
IDCL part of PCNA is shown in black, and the C-terminal portion is
shown in gray.

shown here for Apn2. For both these proteins, the initial bind-
ing to PCNA in the absence of DNA is effected via the inter-
action of the consensus PCNA-binding motif with the IDCL of
PCNA, whereas the stimulation of their respective nuclease
activities requires their interaction with the C-terminal domain
of PCNA. This suggests that both these proteins complex with
PCNA in the absence of DNA via interaction with the IDCL
portion, which raises the possibility that such preformed com-
plexes are then loaded onto the DNA by RFC. Subsequently,
both proteins might undergo a conformational change which
enables them to bind the C-terminal portion of PCNA. How-
ever, in striking contrast to both these nucleases, S. cerevisiae
Pold interacts with the DNA-bound PCNA via its IDCL do-
main. Mutations in the IDCL eliminate the interaction of
PCNA with Pol3, and they also cause a dramatic reduction in
processivity, particularly on a DNA substrate with secondary
structure, whereas mutations in the C terminus of PCNA have
no effect on the binding of Pold or on its activity (4). These
observations indicating that nucleases such as FEN1 and Apn2
bind the DNA-bound PCNA at its C terminus, whereas Pold
binds PCNA in the IDCL region, suggest the possibility that a
nuclease and Pold could simultaneously bind PCNA, which
might enable the two proteins to function in a highly coordi-
nated fashion. Thus, Apn2 bound to PCNA together with Pold
may be able to remove only the nucleotide with the damaged
3’ terminus because of the subsequent efficient filling in of the
1-nt gap by the associated Pold. In such a scenario, PCNA
would play a key role in promoting efficient short patch repair
of 3’-damaged termini by coordinating the degradative and
polymerizing activities of two different proteins.
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