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ABSTRACT. Proliferating cell nuclear antigen (PCNA) has recently been identified as a target for the binding

of proteins involved in DNA replication, DNA repair, and cell cycle control. The interactions between
PCNA and a number of these proteins are known to be mediated by a conserved peptide motif. In this
study, a random peptide library in which peptide sequences are displayed©Bnabiebacterial flagellin

protein was screened for PCNA-binding sequences. Analysis of the retrieved peptide sequences verified
the presence of the known PCNA-binding motif. In addition, a second, larger group of peptides containing

a different consensus sequence for PCNA binding was discovered. This sequence was found to be present
on DNA polymerase), and a peptide conforming to this sequence was demonstrated to bind to PCNA.
Database search and analysis show that many proteins contain the second consensus sequence. These
include proteins that are involved in DNA replication, repair, and cell cycle control. The demonstration

of this second PCNA-binding motif may provide a basis for identifying and experimentally testing specific
proteins for the structural basis for PCNA binding.

Proliferating cell nuclear antigen (PCNA) is a highly
conserved eukaryotic protein that functions in DNA replica-
tion as a molecular sliding clamp that permits highly
processive synthesis by DNA polymerade(pol 6) ().
PCNA, originally identified as a processivity factor for pol
0, has been intensively investigated both in terms of its
structure and in terms of its role in cellular processes.
Expression of recombinant human PCNA and its physico-
chemical characterization established that it is a trimeric
protein @), and the crystal structures of both yeast PCNA
(3) and human PCNA 4) have shown that they are
structurally and functionally homologous to the T4 gene 45
protein and thg3 subunit of E. coli DNA polymerase Il
holoenzyme DNA sliding clamp$( 6). PCNA interacts with
the clamp loader replication factor C (RFC)—9), DNA
polymerase (10, 11, replication endonuclease FEN-12(

13), and DNA ligase | {4) and plays a role in both leading-
and lagging-strand DNA synthesis at the replication fork.

by virtue of its functions as a sliding clamp, may have
multiple cellular functions associated with processes involv-
ing DNA modification or synthesis. Moreover, it may be a
target for cell cycle regulation, as evidenced by its interac-
tions with cyclin D, p21, p5744), and GADD45 20, 2J).

The ability of PCNA to interact with multiple protein
partners having disparate structures is explicable at least in
part through the existence of a PCNA-binding motif that is
present on a number of its binding proteir&5) This
conserved PCNA-binding motif was termed the PCNA
interaction protein box (PIP-box26). An alignment of these
binding motifs shows that it consists of the sequence Q-x-
x-(h)-x-x-(a)-(a) (where “h” represents residues with mod-
erately hydrophobic side chains, e.g., L, I, M; “a” represents
residues with highly hydrophobic, aromatic side chains, e.g.,
F, Y; and “X” is any residue)35, 26. Proteins which exhibit
such a PCNA-binding PIP-box include p21, Fenl, XPG, and
Dacapo protein, which is a cyclin-dependent kinase inhibitor

During the past several years, it has been shown that PCNA(27, 2§, and thePogotransposonZ9). In the case of p21,

also interacts with proteins involved in cell cycle progression
and DNA repair. The DNA repair endonuclease XPIG)(
the major nuclear uracil DNAglycosylase (UNG2) 16),
and the mismatch repair protein MSHRISH3 heterodimer
(17) interact with PCNA. PCNA also binds to DNA
(cytosine-5) methyltransferase (MCMT)8), cyclin D (19),

the cell cycle regulated nuclear protein Gadd2®, 1), and
the cell cycle regulatory protein p224, 23. Thus, PCNA,
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the structural basis for the interaction of this motif with
PCNA has been determined at the atomic level by crystallo-
graphic analysis of a p21 peptid® CNA complex 4). The
peptide consisted of residues 139-GRKRRQTSMTDFYHS-
KRRLIFS-160, and harbors the sequence QTSMTDFY
which conforms to the PIP-box. The interaction of the peptide
with PCNA involves three general features: interaction with
a large hydrophobic pocket, a small hydrophobic pocket, and
an extended interaction with the interdomain connector loop
of PCNA (@). The residues in the PIP-box interact with the
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residues of the PIP-box. Thus, in the case of p21, the PIP-

hox represents only part of the proteiprotein interface with

PCNA. A 20 amino acid sequence that exists in both the
N-terminal region of DNA ligase | and the large subunit of
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RFC has been proposed to function as a replication factory Preparation of PCNA.Five milliliter overnight cell
targeting sequence (RFTS). This sequence also binds tocultures ofE. coli DHa containing the PCNA expression
PCNA (30). plasmid previously describe@)(were used to inoculate 1 L

Because PCNA appears to be involved in the binding of cultures (Terrific media) and grown at 3T until the Asoo
a number of protein partners, the question of whether it reached 0.3. After addition of isopropyl-1-thibp-galacto-
contains sites for recognizing other peptide motifs can be pyranoside to a concentration of 0.3 mM, the cultures were
raised. In addition, the short sequence of the PIP-box, andgrown for another 16 h at 28C. The cells were harvested,
the fact that only three of eight residues in this sequence areand the PCNA were purified as described by Zhang et al.
conserved, suggests that its presence in a given protein doewith minor modifications 2). Before loading on a Sephacryl
not necessarily provide strong evidence that the protein bindsS-200 column for purification, the preparation was first
PCNA. Conversely, not all the known PCNA-binding purified by chromatography on a Mono P column.
proteins contain sequences which might conform to the PIP-  Growth of the E. coli Peptide Librarythe FliTrx random
box matif, e.g., cyclin D and paf. Mutational analyses of  peptide library is based on the system described by Lu et al.
PCNA have shown that mutations in different regions of (32). TheE. colistrain GI826 containing pFliTrx with inserts
PCNA can result in differential effects with a given partner was grown with shaking for 18 h at 2& in IMC medium
[reviewed by Tsurimoto31)]. To obtain more information  containing 100ug/mL ampicillin. The cultures (1x 10
on the peptide motifs that are recognized by PCNA, a randomcells) in 50 mL of IMC medium were induced to express
peptide library was screened against PCNA. The resultsthe thioredoxin-flagellin fusion proteins containing the
provide evidence that PCNA may bind to a second class of peptide inserts by adding ampicillin (10@g/mL) and
peptides in addition to those conforming to the PIP-box, and tryptophan (10Q:g/mL) and grown for another-68 h at 25
further verify the existence of the conserved motif (PIP-box). °C.

Immobilization of PCNA on Culture Plateshe purified

EXPERIMENTAL PROCEDURES PCNA was dialyzed overnight with TGD buffer. PCNA was

Materials. The FliTrx random peptide library was obtained immobilized on 60 mm plastic Petri dishes by adsorption
from Invitrogen (San Diego, CA). The Sephacryl S-200 from 1 mL of PCNA solution (106120ug of PCNA/plate)
column and Mono P column for PCNA purification, the with gentle agitation for 1 h. After washing the plate with
activated CH-Sepharose, the T7 Sequenase version 2.0 DNALO mL of sterile water, the immobilized plate was agitated
sequencing kit, the protein biotinylation system, and the ECL for 1 h with 10 mL of blocking solution.
chemiluminescence detection reagents were purchased from Panning of the Random Peptide Display Librarjhe
Amersham-Pharmacia Biotech Inc. The QIA prep miniprep panning technique was performed as described in the
kit for plasmid isolation was obtained from QIAGEN. Rbl manufacturer’s procedure with minor modifications. After
synthetic peptides, C1 (1047-LEERFSRLWTQCQRCQGSL- the 6 h induction, the following were added to the 50 mL of
HED-1068), C2 (1069-VICTSRDCPIFYMRKKVRKDLED- induced cells: 0.5 g of nonfat dry milk, 1.5 mif &M NacCl,
1090), C3 (1091-DLEDQEQLLRRFGPPGPEAW-1107), N2 and 2.5 mL of 20%-methyl mannoside. The induced cells
(129-GVTDEGFSVCCHIHGFAPYFY-149), N2a (129- (10 mL) were added to the plate containing immobilized
GVTDEGFSVC-138), N2b (139-CHIHGFAPYFY-149), PCNA. The plate was rotated gently for 1 min at 50 rpm
N2—1 (mutant of N2, 129-GVTDEG&SVCCHIHGFAPYFY- and allowed to incubate for 60 min at room temperature.
149, F— A), N2—2 (mutant of N2, 129-GVTDEGRVC- The bacterial culture was decanted. The plate was washed
CHIHGFAPYFY-149, S— R), N2-3 (mutant of N2, 129- by gentle agitation for 5 min with 10 mL of IMC medium
GVTDEGFSVACHIHGFAPYFY-149, C — A), N2—4 containing 10Q«g/mL ampicillin and 1%o-methyl manno-
(mutant of N2, 129-GVTDEGFSVCEIHGFAPYFY-149, side, and the wash was repeated 4 times. The fifth wash was
H — A), N2—5 (mutant of N2, 129-GVTDEGFSVCCHI- fully decanted, and the PCNA-bound bacteria were detached
AGFAPYFY-149, H— A), N2—6 (mutant of N2, 129- into a small volume of IMC medium by vortexing the plate
GVTDEGFSVAAHIHGFAPYFY-149, CC— AA), N2AAA for 30 s. The detached bacteria were grown as described
(mutant of N2, 129-GVTDEGFSVCCHIHGFARAA -149, above. The culture was then induced by growth with
YFY — AAA), and N4 (276-RLKEKATQCQLEADVL- tryptophan-containing medium, and the cycle of panning was
WSDV-295), were synthesized by the Protein Chemistry repeated. Nine rounds of panning were performed.
Core Laboratories (Miami, FL). The IMC medium used for  Biotin-Labeled PCNAPurified recombinant PCNA (1 mg/
growth of theE. coli peptide library was 6 g/L N&PO,, 3 mL) was dialyzed overnight in 40 mM sodium bicarbonate
g/L KH,PO,, 0.5 g/L NaCl, 1 g/L NHCI, pH 7.4, 0.2% buffer, and concentrated on a Centricon-30 filter. PCNA was
casamino acids, 0.5% glucose, and 1 mM MgTGD buffer labeled with biotin by reaction with biotinamidocaproate
consists of 50 mM Tris-HCI, 5% glycerol, 1 mM DTT, pH  N-hydroxysuccinamide ester. One milliliter of PCNA solution
7.8. The blocking solution consisted of 1% nonfat dry milk, (0.5 mg/mL) was incubated with 2bL of biotinamido-
150 mM NacCl, 1%a-methyl mannoside, and 1Q@g/mL caproateN-hydroxysuccinamide ester (5 mg/mL) at room
ampicillin in IMC medium. Tke 1 L of RM medium temperature fo 1l h with constant agitation. The reaction
containel 6 g of NgHPQ,, 3 g of KH,POy, 0.5 g of NaCl, mixture was passed through a Sephadex G-25 column
1 g of NH,CI, pH 7.4, 20 g of casamino acids, 10 mL of equilibrated with 5 mL of phosphate-buffered saline (PBS)
50% glycerol, 10Q:g/mL ampicillin, and 1 mM MgGl. The containing 1% bovine serum albumin (BSA). The conjugated
plating medium for RMG plates contained 15 g of agarin 1 PCNA was diluted 1000-fold in PBS containing 1% BSA
L of RM medium containing 10@g/mL ampicillin. TGEED and 0.2% sodium azide, and stored &tCt
buffer consists of 50 mM Tris-HCI (pH 7.8), 5% glycerol Preparation of Positie Clones for Analysigfter the ninth
0.5 mM EDTA, 0.1 mM EGTA, and 1 mM dithiothreitol. ~ panning, the cultures were streaked onto RMG-Amp plates,
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and single colonies were selected. Each colony was inocu-

lated into 4 mL of RM medium, and grown at 3C to
saturation with shaking (245 rpm) for 20 h until tiAggo
reached 2.63.0. The cultures (100L) were then inoculated
with 3 mL of IMC medium containing 10@g/mL ampicillin
and 10Qug/mL tryptophan, and grown at 3C for 8 h until
the cells reached mid-log phase (0.6 42 The remainder
of the noninduced cultures was saved at@ for DNA
isolations.

Overlay Blotting with Biotinylated PCNAAfter induction,
the cells were harvested and resuspended inL5§ SDS—
PAGE sample buffer and heated at 1TD for 5 min. Ten
microliters of sample was loaded and subjected to electro-
phoresis on SDSPAGE (10% acrylamide), and transferred
to a nitrocellulose membrane. The blot was blocked with
5% nonfat dry milk in PBST (Ix PBS, plus 0.05% Tween
20) for 2 h atroom temperature with shaking followed by
four washes of PBST for 10 min each. The blot was then
incubated with biotinylated PCNA (0.zg/mL) at 4 °C
overnight or fo 2 h atroom temperature with shaking. The
blot was washed 5 times with PBST for 15 min each. It was
subsequently incubated with streptavidimorseradish per-
oxidase conjugate diluted in PBST (1:10 00Q) fch atroom
temperature with shaking. After washing 5 times with PBST
for 15 min each, the blot was developed using a chemi-

luminescence method (ECL detection system, Amersham).

DNA Sequencing-he remaining noninduced cultures from
above were collected, and the pFliTrx plasmids were isolated.
DNA sequencing was performed by the dideoxy chain

Xu et al.

(3000 rpm, 8 s) and washed 7 times with 0.1 M NaHCO
0.6 M NacCl, pH 8.3. After the final wash, the beads were
resuspended in 4L of SDS-PAGE sample buffer and
boiled for 5 min. The supernatant was then taken directly
for SDS-PAGE and Western blot analysis using anti-PCNA
antibody @3). The same procedure was used for coupling
of bovine serum albumin, which was used as a control.

Enzyme Actity Assay.DNA polymerased activity was
assayed with poly(dA)/oligo(dT) as a template-primer and
[BH]dTTP as the nucleotide donor. First, increasing amounts
(1 mg/mL) of various synthetic peptides were added to 5
uL of PCNA (0.1 mg/mL) in each tube. The reactions
consisted of either 0, 1, 2, 4, on& of the peptide(s). Each
reaction was brought to the same volume by adding TGEED
buffer. Each volume was mixed and allowed to react at room
temperature for 1 h. Then,8_ of DNA polymerase and 45
uL of poly(dA)/oligo(dT) were added to each reaction. The
reaction mixtures were incubated at 32 for 30 min. The
samples were spotted onto DE81 filter paper circles and
placed under a lamp for 10 min. Filters were washed 3 times
in 0.3 M ammonium formate for 10 min each time and once
with 95% ethanol for 5 min. Pa) activity was determined
by DNA binding to the DE81 filters as described by Lee et
al. (34).

RESULTS

Panning of the FliTrx Random Peptide Display Library
Using PCNAThe FliTrx random peptide display library used

termination method using the T7 Sequenase version 2.0 DNAIS based on the display of peptides on the flagell& ofoli.

sequencing system (Amersham). The primer used for DNA
sequencing was the FliTrx forward sequencing primér, 5
ATTCACCTGACTGACGAC-3.

Sequence Analysi$he amino acid sequences of inserted

peptides were analyzed by the Motif program at the Genome-

Net Database (Kyoto University and the University of Tokyo,

The FliTrx library has a diversity of 1.7% 1 individual
dodecapeptides; each is flanked by the sequences CPG and
GPC at its N and C termini, respectively. These peptides
are inserted into the active-site loop of thioredoxin, which

is itself fused into the major flagellin protein &f coli. After
induction of the flagellin fusion protein in the cells, the

Japan). The protein sequence database used for search waptides are thus displayed on the flagella. The screening
SWISSPROT. The query pattern entered in the search wasconsisted of consecutive rounds of panning on Petri dishes

written in PROSITE format.

Dot Blot Analysis for the Interaction between Pl
Synthetic Peptides and PCNAbout 5ug of each peptide
was dotted onto a nitrocellulose membrane and air-dried for
45 min at room temperature. After blocking the membrane
with 5% nonfat dry milk in TBST (1x TBS, plus 0.05%
Tween 20) fo 2 h atroom temperature with shaking, the

to which PCNA was immobilized. After nine rounds of
panning (see Experimental Procedures), the plasmids from
individual E. coli isolates were isolated and analyzed. To
confirm that these isolates were indeed binding to PCNA, a
PCNA overlay method was employed to detect thioredexin
flagellin fusion proteins that bind to PCNA. This was done
by SDS-PAGE of theE. coli proteins, followed by overlay

membrane was visualized by following the same proceduresblotting with biotin-conjugated PCNA. Figure 1 shows an

as for the PCNA overlay described above.

Preparation of Immobilized Peptides and Adsorption of
PCNA on N4- or N2-6-SepharoséActivated CH-Sepharose
(0.25 g) was suspended in cold 2 mM HCI for 15 min and
then washed 6 times with ice-cold 0.1 M NaHE©.5 M
NacCl, pH 8.3 (separated by centrifugation, 3000 rpm, 8 s).
The gel was then mixed with the peptide solution (N4 and
N2—-6, 2.5 mgin 1 mL of 0.1 M NaHC¢ 0.5 M NaCl, pH

example of this analysis in which eight isolates were tested.
It can be seen that there are five isolates which show a
positive overlay for PCNA binding to a protein of 68 kDa.
The latter size is consistent with an expected size of the
fusion protein sinc&. colithioredoxin has a molecular mass
of 12 kDa @5) andE. coliflagellin has a molecular mass of
60 kDa (36).

Analysis of the Peptide Sequences Isolated by Panning of

8.3), and the suspension was rotated end-over-end overnighthe FliTrx Library. Eighty-five peptide inserts were obtained

at 4°C. The gel was blocked by incubation with 1 mL of
0.2 M glycine, pH 8, for 20 h at 4C and then washed 6
times with 0.1 M NaHC@, 0.5 M NacCl, pH 8.3 (separated
by centrifugation, 3000 rpm, 8 s). Purified recombinant
human PCNA (4QcL, 0.1 ug/ul) was mixed with 4QuL of

from the panning of the FliTrx library, and 49 of these were
positive clones by the PCNA overlay method. Inspection of
the insert peptide sequences of these positive clones shows
that they did not fall into a single family. In Table 1, two
groups of peptide sequences which clearly form two separate

N4 or N2—6 coupled to CH-Sepharose. The suspension wasfamilies are shown. The first of these (Group |, Table 1)

mixed at 37°C for 1 h. The beads were then centrifuged

contained those sequences that matched or were similar to



PCNA-Binding Motif Biochemistry, Vol. 40, No. 14, 2004515

Ml U | 1 l 2 ] 3 | 4 | 5 | 6 |7 |8 Table 1: Peptide Sequences from Screening of the FliTrx Random

Peptide Library with PCNA as the Bait
1;3: Group I (PIP-Box motif)
70 -
55 ® o oo 8-6 KQGRLAGFFXKLG
384 + P 9-15 FQPAVGDFYASK
33.5 4 7-1a ATQHSKRAYAVG
‘ 7-12 SORRSGPYAATL
9-47 ACVNRQSREDEF
ENEEEEEn 9.19 TTGSGHGFYKPG
118 = 9-21 MWRSEFYTPPDE
- 7-3 EFQCPREALKAH
:;: :w 7-2 DFQCPREALKAH
38+ didh it Group II.
3357 8-2 YEGEYIRSCWPG
8-9b YEGEY  RSCWPG
Ficure 1: Binding of PCNA to thioredoxirflagellin fusion 8-9a YEGSTIRSCWPG
proteins. The binding of PCNA to the thioredoxifiagellin fusion 8-9 YEGSTIPSCWPG

proteins of the isolates obtained by panning of the random peptide
library was tested by PCNA overlay of bacterial extracts (see
Experimental Procedures). Induced cultures of isolated colonies
were collected and resuspended in 1A&00f SDS—-PAGE loading PROSITE search engine. Nearly 1500 hits were obtained,

buffer. The samples were boiled for 5 min and then loaded onto and among the hits were a number of enzymes/proteins
SDS-PAGE (5uL). After transfer to the nitrocellulose membrane, |a|ated to the replication of human viruses (not shown).

the blot was exposed to biotinylated PCNA and detected using T .
streptavidin-horseradish peroxidase conjugate (see Experimental A New PCNA-Binding Motif Found from the Isolates of

Procedures). The upper panel shows a representative overlay blotheé FliTrx Random Peptide LibraryThe third group of
for eight individual isolates (lanes—8). The lane marked “M” peptides that were aligned is shown in Table 2, and is
contained the protein standards, and the lane marked “U” is that of subdivided into Groups IlIA, 11IB, and llIC. This group

a culture containing the FIiTrx plasmid without induction. The lower consists of 29 members, about one-third of the total
panel shows the Coomassie blue stain for protein. The position of : -
sequences that were isolated. Group IlIB contains 13

the 68 kDa thioredoxifrflagellin fusion protein is indicated by !
arrows. members, and is the largest of the 3 subgroups. Groups IlIA
and I1IB are clearly related, while Group IlIC is more closely
the known PCNA PIP-box motif. Only the first five of the related to Group IIIB. The distinguishing feature of Groups
sequences in Group | can be obviously matched to the PIP-IIIA and IlIB is the presence of a highly conserved KA pair,
box. Sequences-& and 9-15 conformed closely to the followed by two to four aliphatic hydrophobic residues that
specifications of the PIP-box, Qxx(h)xx(a)(a) (h, residues are mainly leucines. Group llIA is distinguished from Groups
with moderately hydrophobic side chains, e.g., L, I, M; a, llIB and llIC by the presence of a conserved pair of residues
residues with highly hydrophobic, aromatic side chains, e.g., that consists of a basic residue often followed by leucine
F, Y; x, any residues). The next three possessed only a singlehat is N-terminal to the KA pair that is absent in Groups
aromatic residue, as has been found for the PIP-box forIlIB and llIC. Group llIC is lacking the conserved basic
Drosophila p21 6). The next two peptides (919 and residue of the KA pair that is present in Group IlIA and
9—21) contained a pair of aromatic residues but without the Group IIIB. The overall motif was termed the KA-box.
conserved glutamine. PCNA overlay analysis confirmed that ~ Attempts were made to search for related sequences using
9—19 reacts with PCNA. Members of the PIP-box motif query patterns for the KA-box motifs in Groups IIIA and
which also do not contain the conserved glutamine are thoselllB in the SWISSPROT database using the PROSITE search
present in p5724), and the PIP-box sequence that has been engine. However, because of the shortness of the sequence
proposed to reside in the N2 region of the 125 kDa catalytic and a lack of very strong conservation, a large number of
subunit of pold (37). Two additional sequences<(3 and “hits” were obtained. For example, using a query pattern
7—2) are shown in Group I, but these can only be considered based on Group llIA, over 600 hits were obtained using the
as marginal members of the PIP-box as they lack the aromaticPROSITE program. Using a shorter query pattern, based on
residues. Group 111B, nearly 3000 hits were obtained. It is noted
The second group (Group Il) only contained four members parenthetically that use of the PIP-box motif provides even
which are strongly related and are characterized by thelarger numbers of hits. Included among the hits were a
presence of two or three aromatic residues. The searchnumber of proteins that are involved with DNA replication,
sequence Y-x(3)-[YT]-x(4)-W was used to search for DNA repair, and cell cycle control. Among these were
related sequences in the SWISSPROT database using theequences present in the N-terminus of the catalytic subunit




4516 Biochemistry, Vol. 40, No. 14, 2001

Table 2: The Major Group of PCNA-Binding Peptides Isolated by
Peptide Library Screenifg

Group [IIA 9-44
9-36
9-47b
9-47a
9-47c
9-26
9-47d

Group [IIB  9-13
9-13a
9-11
9-59
9-43
9-22
9-51
9-61
9-18
9-4
9-62
9-56
9-52

Group IIIC 8-16:
8-7
7-1
7-15
9-28
8-21
8-8
9-48
9-3

Xu et al.

on nitrocellulose membranes and overlayed with biotinylated
PCNA. The blot was visualized using a chemiluminescence
method (see Experimental Procedures). A peptide corre-
sponding to the N4 region of human pél p125 (276-
RLKEKATQCQLEADVLWSDV-295) was tested together
with peptides derived from other portions of the pbl
sequence (Figure 2). The peptides tested included three from
the C-terminus (C1, C2, C3), and peptides based on the
conserved N2 regions of pdl These were the N2 peptide
(129-GVTDEGFSVCCHIHGFAPYFY-149), N26 (129-
GVTDEGFSVAAHIHGFAPYFY-149), in which cysteines
138 and 139 were mutated to alanines and which has
previously been shown to bind PCN&Y, 39, the two half-
peptides of the N2 sequence, N2a (129-GVTDEGFSVC-138)
and N2b (139-CHIHGFAPYFY-149), and N2AAA (129-
GVTDEGFSVCCHIHGFARAA -149). Also included in
these experiments were PCNA, purified calf thymus ol
and bovine serum albumin (BSA). The results showed that
only peptides N4, N2, N26, and N2b gave positive signals
(Figure 2). In the same experiment, positive signals were
obtained with PCNA itself and with the pdl enzyme but

not with BSA. The difference between this experiment and
our previous studies3@) is the use of a more sensitive
chemiluminescence assay for binding, and suggests that the
N4 peptide, while it does bind to PCNA, may not bind as
strongly as the N2 peptide. It was also found that addition
of the N4 peptide could successfully block the binding of
biotinylated PCNA to the p125 catalytic subunit of goin
overlay experiments (data not shown).

A second experimental approach to confirm if these
peptides could bind to PCNA was to test for their ability to
inhibit the PCNA stimulation of pob activity. The results
are shown in Figure 3. The N2 peptide, as a positive control,
inhibits the PCNA stimulation of pal as we have previously
shown 39). The N4 peptide also inhibited the PCNA
stimulation of pold, as did the half-peptide N2b, although
both of these were clearly less potent than the full-length
N2 peptide. None of the other peptides tested (C1, C3, N2a,
N2AAA) inhibited pol 6 activity. The potency of inhibition

@ Residues that are conserved over more than one group are showrP]c pol 6_by N4 was roughly 5-fold less eﬁeCti\,/,e than the
in boldface and are shaded. Where a second residue in the same columf2 peptide. These results demonstrate the ability of the N4

is conserved, it is shown in boldface alone.

of pol 6. The region of similarity of the pod sequences
falls in what is termed the N4 region by Yang et &@8),
and is conserved among pdlenzymes from eukaryotes as
well as in several viral polymerases including those of HSV,
EBV, and CMV. An alignment of the N4 regions of pél

of different species with members of the Group IIIA and
I1IB peptides is shown in Table 3.

The Peptide, N4, Containing the New PCNA-Binding Motif
Interacts with PCNAIn previous studies, we had examined
the binding of PCNA to peptides conforming to conserved
regions in the N-terminus of human pd] and have found
that the N2 region, but not the N4 region, bound to PCNA
by a dot blot procedure using a PCNA overlay method
followed by detection with a monoclonal antibody against
PCNA and a chemical staining procedur@); For this

peptide to inhibit the PCNA stimulation of pél consistent
with its having the ability to bind to pab.

The demonstration that the C-terminal half, but not the
N-terminal half of the N2 peptide, showed positive interac-
tions with PCNA by inhibition assays provides additional
evidence that the N2 peptide contains a variant of the PIP-
box (37, 39. This is also consistent with the demonstration
that the N2 peptide, but not the N2AAA peptide in which
the aromatic resides of the PIP-b@5( 26§ are mutated to
alanine, is able to inhibit the PCNA stimulation of pdl
Experiments in which other mutations of N2 (Figure 4) were
tested showed that all these were able to inhibitbpattivity,
consistent with our previous data showing that these same
peptides were able to bind biotinylated PCNA in overlay
experiments 7).

A more direct test of the ability of the N4 peptide to bind
PCNA was performed. The N4 and NB peptides were

reason, the issue of whether a peptide containing the N4immobilized on CH-Sepharose (see Experimental Proce-

region would bind to PCNA was reinvestigated with the use

dures) and tested for their abilities to bind PCNA. Recom-

of more sensitive detection methods. Dot blot experiments binant human PCNA was incubated with the peptide
were performed in which samples of peptides were placed Sepharose beads to which either N4 or-M2had been
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Table 3: Alignment of the N4 Regions of the 125 kDa Subunit of & alith the Group Il Peptides

N4 regions of pol 3:
soy-bean 237 RTAKSLSYCQLEFDCL 252 AF020193
S. pombe 260 RYQNRVSNCQIEAWIN 275 L07734
EBV 259 RLOHRDSYAELEYDCE 274 V01555
hamster 272 RTEKKATQCQLEVDVL 287 AJ222691
rat 272 RAEKKATLCQLEVDVL 287 054747
bovine 275 RPEGKATLCQLEADVL 290  M80395
human 276 RLKEKATQCQLEADVL 291  MO1735
Peptides: IIIA 9-47b RLC-KALNGPNES
9-47a RLC-KPANPPNES
9-26 HLC-KAHQWPLRE
9-47d HLC-KALMARTRYV
Peptides: IIIB ~ 9-59 AGRKASLITLRGR
9-18 AIRKAGQVTLIM
9-43 KARLGSLAIRCG
9-61 RALDARLGAGGR
9-52 LKAVEMLMGVLR
9-56 TEGKATNSRTLI
9-4 AITRVLRLQLGR

a Sequences from the N4 regions of goare aligned with representative peptides from Groups IlIIA and IlIB. Conserved residues are shown in
boldface and are shaded. Accession numbers are given on the right.

120

.o
BSA_  |Cl| C3| N2j 100
£ £ 80
L L3 e \ 3

N4 N2-6 | Pol 5| |BSA < 60

PCNA |Pold | [N2a | [N2b 2AAA 20
Ficure 2: Dot blot analysis of the binding of PCNA to synthetic oL . . .
peptides. The synthetic peptides or proteins were dot blotted onto 0 20 40 60 80 100
nitrocellulose and tested for PCNA binding by the use of biotinyl- Peptide [xM]

ated PCNA (Experimental Procedures). The blots were visualized S - . .
using a chemiluminescence method. The synthetic peptides usedGURE 3: _Inhibition of pol 6 activity by the synthetic peptides
were as follows: C1 (1047-LEERFSRLWTQCQRCQGSLHED- N4 and N2. Human pab activity was assayed as described under
1068), C2 (1069-VICTSRDCPIFYMRKKVRKDLED-1090), C3 Experimental Procedures in the presence of PCNA and varying
(1091-DLEDQEQLLRRFGPPGPEAW-1107), N2 (129-GVTDE- concentrationsyM) of the peptides. Results are shown as relative

GFSVCCHIHGFAPYFY-149), N2a (129-GVTDEGFSVC-138), activities. Polo synthetic peptides used in the assay include:
N2b (139-CHIHGFAPYFY-149), N26 (mutant of N2, 129- ~ Cl (1047-LEERFSRLWTQCQRCQGSLHED-1068), C3 (1091-

GVTDEGFS\AAHIHGFAPYFY-149, CC- AA), N2AAA (Mu- DLEDQEQLLRRFGPPGPEAW-1107), N2 (129-GVTDEGFSV-

AAA), and N4 (276-RLKEKATQCQLEADVLWSDV-295). BSA, (139-CHIHGFAPYFY-149), N4 (276-RLKEKATQCQLEADVL-
purified calf thymus pob, and PCNA were also tested. WSDV-295), and N2AAA (mutant of N2, 129-GVTDEGFSVC-

CHIHGFAPAAA -149, YFY — AAA).

attached; the beads were washed, extracted with SDS buffer . i i
and then Western blotted with antibody against PCNA (see PCNA further .VeI’I.erS that the .C-termlnal portion of the
Experimental Procedures). The results show that both theConserved region in the N-terminus of DNA polymerdse
N4-Sepharose and the NB-Sepharose beads were capable 1S involved in PCNA binding.
of .bl'ndlng.PCNA as'shown by SDSAGE and silver . DISCUSSION
staining (Figure 5). Similar tests of bovine serum albumin
coupled to Sepharose were negative. The results of this study show not only that sequences

Both experiments, dot blot and adsorption of PCNA on corresponding to the known PIP-box can be selected using
N4- or N2—-6-Sepharose, show that peptides N4 and-82  arandom peptide display library, but also that there is a novel
are able to bind PCNA. Zhang et aB7) recently found that ~ family of peptides that bind to PCNA. This novel group
the N2 region of DNA pob could interact with PCNA. The  comprised approximately one-third of the sequences isolated.
peptide N2-6 is similar to its parent peptide, N2, in the While the alignment of these peptides did not provide a
ability of PCNA binding. The ability of N26 to bind to singularly tight consensus, the results reveal a novel peptide
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120 through a region identified as the conserved N2 reg8 (
39) which contains a variant of the PIP-box. Thus, the
implications of this study are that pdlinteracts with PCNA
through the possession of at least two PCNA-binding motifs.
A multisite interaction would favor formation of the pol
0—PCNA complex, since it would strengthen the association
of the two proteins. Moreover, there is the additional
possibility that these interactions could involve different
PCNA molecules, since PCNA is a homotrimeric protein.
This type of interaction could provide additional strength to
the stability of a trimeric PCNApol 6 complex. Indeed,
there is some experimental evidence based on cross-linking
experiments which indicates that p125 preferentially forms
a complex with trimeric PCNA37?).

As already noted under Results, both the PIP-box and the
KA-box motifs involve relatively short peptide sequences
FIGURE 4: Inhibition of pol 6 activity by the mutant peptides of  hich do not have very strong signatures, so that database
E)%beti'rlqun;r?g | %"rg‘zegﬁfg’gym"‘{ﬁ: ;rzssaeﬁ% g‘fs Pdcesz”gﬁg \;J;r(;llier:g searching provides a large number of hits. This emphasizes
concentrations M) of the mutant peptides of N2. Results are the need for experimental verlflcat|c_)n of the fu.nctlonal a}b.mty
shown as relative activities. Pél synthetic peptides used in the  Of any proposed sequence in a given protein to participate
assay are shown below the figure (mutated amino acids are markedn PCNA binding. The identification of a second motif that
in boldface letters). may be involved in PCNA binding is of particular signifi-

A, N4-Sepharose B. N2-6-Sepharose cance, as it may be of utility in identifying PCNA-binding
— " T 4 A domains in candidate proteins _that b|nq to PCNA. Further-
_ more, not all known PCNA-binding proteins contain the PIP-
box sequence, and the existence of a second motif may
provide an explanation.

The identification of PCNA-binding motifs is of signifi-
cance since it would provide insights to the structural basis
for the versatility of PCNA, given the current information
that it is the nexus for multiple proteirprotein interactions
that underlie its participation in DNA replication, repair, and
cell cycle control processes. A role for PCNA in cell cycle
control has been indicated by the finding that cyclin/cdks

. . o formed quaternary complexes with PCNA and p29,(40,
Ficure 5: Binding of PCNA to immobilized N4 and N26 . ; . . .
peptides. N4 and N26 peptides were covalently coupled to CH- 41). The interaction of PCNA with different cyclin/cdks

Sepharose. The Sepharose beadsud0were then used to bind ~ during the cell cycle suggested that the regulated distribution
purified recombinant human PCNA (4@, 0.1 uglul). After of PCNA could be an important link to cell cycle control of

stringent washing to remove nonspecifically _bound material, the DNA. p21 has been intensively studied since it was
beads were extracted with SDS-buffer and subjected to-S&E discovered to be an inhibitor of the of cyclin/cdke2( and

and Western blotting using an antibody to PCNA (see Experimental L AR
Procedures). Panel A: binding of PCNA to N4-Sepharose. Lane (© b€ transcriptionally regulated by p583. p21 inhibits

P, purified PCNA; lane 1, binding of PCNA to BSASepharose; pol ¢ in vitro and provides an attractive potential molecular
lane 2, binding of PCNA to N4-Sepharose; lanes 1A and 2B, silver mechanism whereby p53 induction could arrest DNA

stain of eluates corresponding to lanes 1 and 2. Panel B: binding synthesis 23, 44 by competing for binding to PCNA46,
to N2—6-Sepharose. Lane 3, binding of PCNA to BS8epharose; 46)

lane 4, binding of PCNA to N26-Sepharose; lanes 3A and 4B,
silver stain of eluates corresponding to lanes 3 and 4. The arrow  Recently, a number of additional proteins that bind to

marks the position of PCNA. PCNA have been identified7¢21, 24, 47-52). These
motif (KA-box) that is able to bind PCNA. This was findings have major implications for understanding the role
confirmed by a positive overlay of the flageHithioredoxin of PCNA. These PCNA-binding proteins fall into three major
fusion proteins with biotinylated PCNA. As a result of groups: DNA replication proteinsthe catalytic and third
database searches, it was noted that the N4 region af pol subunits of pold (10, 11, 37, 4749), RFC (7—9), pol €
contains a sequence that conforms to the KA-box. Experi- (50), FEN1 (12, 13, and DNA ligase | {4); DNA repair
mental tests by the use of synthetic peptides in overlay andproteins—XPG (15), uraci-DNA glycosylase (UNG216),
affinity chromatography experiments showed that the N4 mismatch repair proteins MSH2, MLH1, and PM3&1);
peptide could bind to PCNA. This provides strong evidence cell cycle regulatory proteirsp21 22, 23, p57 @4), and
that the N4 region of pod participates in PCNA binding,  the cyclins (9). The use of PCNA affinity chromatography
and also the first evidence for a functional KA-box in a has also identified an association of a number of replication
PCNA-binding protein. and repair proteins with PCNALY, 5. A number of these
The identification of a KA-box in pod is of interest, since  have been shown to possess functional PIP-boxes, and
we have demonstrated by a number of experimental ap-sequence alignments have provided additional candidates for
proaches that the p125 subunit of pahteracts with PCNA PCNA binding @5, 26, 4749).

100
80
60

40

Relative Activity

20

0 T
0 10 20 30 40 50
Peptide [xM]

N2AAA GVTDEGFSVCCHIHGFAPARA —2&—
N2-1 GVTDEGASVCCHIHGFAPYFY —&—
N2-2 GVTDEGFRVCCHIHGFAPYFY —@—
N2-3 GVTDEGFSVACHIHGFAPYFY —i—
N2-4 GVTDEGFSVCCAIHGFAPYFY —O—
N2-5 GVTDEGFSVCCHIAGFAPYFY —e—
N2-6 GVTDEGFSVAAHIHGFAPYFY —V—
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Table 4: Selected Proteins Containing Regions of Similarity to the N4 Regions @f &udl the Group 11l PCNA-Binding Peptides

Pol & (N4 region) 276 RLKEKATQCQLEADVL 291 MO01735
Pol ¢ 1533 KTICRAIQRFLLAYKE 1548 Q07864
RFC-140 682 KSSLEAIVAESLNNTS 697 P35251
RFC 38 221 RNLRKALLMCEACRVQ 236 P40938
RFC 37 244 GDLREKAITFLQSATRL 259 P35249
XPC 712 RA-RKARLAEPQLREE 726 Q01831
XPC (Mouse) 676 RA-REKARHLGAQLHDH 69 P51612
XPD 224 ELARRKRAVVVFDEAHNTI 239 P18074

612 HHYGRAVIMFGVPYVY 627 P18074
630 SRILRARLEYLRDOQFQ 645 P18074

XPG 116 ROQATRKRTAFRSKRDEAL 131 P28715
XPG (xenopus) 116 RQAIRAALSGNKQSNE 131 P14629
UNG2 74 IQRNKAAALLRLAARN 89 X15653
UNG2 (mouse) 56 IQRNKAAALLRLAARN 71 P97931
MCM3 311 DYVKKAILCLLLGGVE 326 P25205
MCM3 (8. cere) 374 DHIKKAILLMLMGGVE 390 P24279
MCMS 706 HAIHKVLQLMLRRGEI 721 P33992
MCMS (8. cere) 746 LALDKALYALEKHETI 766 P29496
MCM7 348 EDVKEKALLLLLVGGVD 363 P33993
MCM7 (xenopus) 347 EDVRKKALLLLLVGGVD 362 Q91876
MSH6 724 AIFTRKAYQRMVLDAVT 739 P52701
MSHS6 (mouse) 721 AVFTRASQRMVLDAVT 736 P54276
Cyclin D3 92 VPTRRKAQLQLLGAVCM 107 P30281
Cyclin D3 (mouse) 92 VPTRRKAQLQLLGTVCL 107 P30282
BRCA 1 516 DFIKKADLA-VQOKTPE 530 P38398
BRCA 1 (mouse) 509 DFIKKADSAGVQRTPD 524 P48754
BRCA 2 2725 WYAVREKAQLDPPLLAVL 2740 P51587
BRCA 2 (mouse) 2646 WYAVKAQLDPPLLAVL 2661 P97929

a Conserved residues are shown in boldface and are shaded. Accession numbers are shown on the right, and proteins are those of human unless
otherwise noted.

As already noted, database searches using the limitedhere. Tests by Otterlei et alL) of the ability of N-terminally
sequences of the PIP-box and the KA-box need to be treatedruncated UNG2 mutants to bind to PCNA by an ELISA
with caution. Nevertheless, an intriguing number of proteins method revealed that the PIP-box was the major determinant
that contain the KA-box could be identified. Some of these for PCNA binding by UNGZ2; nevertheless, a weak ELISA
are shown in Table 4. This list includes members of the reaction was observed with a truncated UNG2 mutant in
MCM (mini chromosome maintenance protein) family, pol which the PIP-box had been deleted but which still contained
€, three XP proteins (XPC, XPG, XPD), mismatch repair the KA-box, leaving open the possibility that this might be
protein MSH6, cyclin D3, and BRCA1 and BRCA2. While due to PCNA interaction with the KA-box.
the possibility that the KA-boxes in these proteins could serve  In summary, we have provided the first evidence for novel
as interaction sites for PCNA binding is purely speculative, peptide motifs for PCNA binding. These findings point to
evidence that these in fact interact with PCNA and the potential relationships that may be important to explore, and
potential functional significance of such interactions need also provide a starting point for site-directed mutational
to be considered. studies that could provide evidence for the identities of the

The nuclear uracitDNA glycosylase (UNG2) that is PCNA-binding regions. Clearly, much further work needs
involved in base excision repair has been shown to bind bothto be done to establish the function of these motifs in PCNA
PCNA and RPA 16). UNG2 contains a PIP-box at the binding.

N-terminus, and two binding sites for RPAG). One of the
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