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Uracil-DNAglycosylase (UDG) is an important repair enzyme
in all organisms to remove uracil bases from DNA. Recent bio-
chemical studies have revealed that human nuclear UDG
(UNG2) forms a multiprotein complex in replication foci and
initiates the base excision repair pathway by interacting with
proliferating cell nuclear antigen (PCNA). Here, we show the
physical and functional interactions between UDG and PCNA
from the hyperthermophilic euryarchaeon, Pyrococcus furiosus.
The physical interaction between the two proteins was identi-
fied by a surface plasmon resonance analysis. Furthermore, the
uracil glycosylase activity of P. furiosusUDG is stimulated by P.
furiosus PCNA (PfuPCNA) in vitro. This stimulatory effect was
observed only when wild type PfuPCNA, but not a monomeric
PCNAmutant, was present in the reaction.Mutational analyses
revealed that ourpredictedPCNA-binding region (AKTLF) inP.
furiosus UDG is actually important for the interaction with
PfuPCNA. This is the first report describing the functional
interaction between archaeal UDG and PCNA.

Hydrolytic deamination of cytosine to uracil, which is a com-
mon type of mutagenic base lesion, leads to the formation of
U:G base pairs in DNA (1). The uracil base is also generated by
the misincorporation of dUMP during DNA replication, which
results in the formation of U:A base pairs. Damaged bases are
removed and restored by the base excision repair (BER)2 path-
way (reviewed in Refs. 2 and 3). Uracil-DNA glycosylase (UDG)

initiates the BER pathway by catalyzing the hydrolysis of the
N-glycosyl bonds linking the uracil base to the sugar-phosphate
backbone inDNA.The repair of the abasic site thus produced is
achieved by other enzymes, including AP endonuclease, which
produces an incision or nick in duplex DNA immediately 5� to
theAP site. Currently, theUDGs are classified into five families,
based on their substrate specificity and amino acid sequence
motifs in the active site (referred to asmotifs A andB), although
the UDGs form a single protein superfamily with a common
structural fold (reviewed in Refs. 4 and 5). The family 1 UDGs,
including the Ung proteins from Escherichia coli, herpes sim-
plex virus type 1, and humans, have beenmost extensively stud-
ied. The Ung enzymes remove the uracil base from both single-
and double-stranded DNA. In human cells, two types of
enzymes are produced by alternative splicing and are distrib-
uted to mitochondria (UNG1) and the nucleus (UNG2). The
family 2 enzymes can catalyze the removal of uracil and thy-
mine that is mispaired with guanine in double-stranded DNA.
Mismatch-specific uracil-DNA glycosylase and thymine-DNA
glycosylase belong to this family. The family 3 UDGs exhibit
unique substrate specificity for single-stranded DNA and
therefore have been named single strand-selective monofunc-
tional uracil-DNA glycosylase. This enzyme family actually has
broader specificity than the Ungs, and double-stranded DNA is a
substrate as well as single-stranded DNA. The family 4 UDGs are
known as the thermostable UDGs found in some thermophilic
bacteria and Archaea. Biochemical studies of Pyrobaculum
aerophilum UDG and the crystallographic analysis of Thermus
thermophilusUDG (TthUDG) revealed that themost characteris-
tic feature of the family 4 UDGs is the presence of structural iron-
sulfur (Fe-S) centers (6, 7). Recently, several reports have demon-
strated the existenceof Fe-S-containing enzymes that are involved
inDNAtransactions (8, 9). The family 5UDGswere identified as a
novel type of thermostable UDGbased on the secondUDG activ-
ity (UDGb) in P. aerophilum (10) and T. thermophilus (11).
Although the family 4 and family 5UDGs share sequence similar-
ity, their active site forms are different. The active site of the family
5 UDGs lacks a polar residue corresponding to a catalytic residue,
glutamate, in the family 4 UDGs. In addition, the family 5 UDG
from P. aerophilum can reportedly excise hypoxanthine (deami-
nated adenine) in DNA (10).
Several biochemical studies using human cell extracts have

provided evidence for the existence of a UNG2-associated
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repair complex at replication foci (12–14). The complex con-
tains a DNA sliding clamp called proliferating cell nuclear anti-
gen (PCNA), which acts as a processivity factor for replicative
DNA polymerases (reviewed in Ref. 15). Consistent with these
observations, physical and functional interactions between
human UNG2 and PCNA in vitro were confirmed with the
purified proteins (16). BesidesUNG2, severalDNAglycosylases
reportedly interact with PCNA (17–19). It is widely known that
many other replicative and repair enzymes interactwith PCNA,
via a consensus sequence called the PCNA-interacting protein
(PIP) box (15). The PIP box consists of the sequence QXX(L/I/
M)XX(F/Y)(F/Y). Inmany cases, the hydrophobicity of the aro-
matic side chain of the PCNA is important for the interaction
with PCNA-binding proteins (20–22). It was previously sug-
gested that human UNG2 interacts with PCNA via a typical
PCNA-binding motif, 4QKTLYSFF11, at the N terminus of the
protein (12).
In Archaea, the third domain of life, physical interactions

between PCNA and the family 4 UDGs from P. aerophilum and
Sulfolobus solfataricus have been reported (23, 24). These pre-
vious studies revealed that the two successive hydrophobic
amino acid residues within the C-terminal PCNA-binding
motif are important for the binding to their cognate PCNA
(193PITLDNFL200 for S. solfataricus UDG and 185GGG-
LDRFL192 for P. aerophilum UDG). Although the direct inter-
actions between PCNA and the UDGs from the two crenar-
chaeal organisms described above were well documented, the
functionalmeaning of the interaction is not fully understood. In
addition, it is interesting that the unusual PCNA-binding
motifs found in these crenarchaeal UDGs are not conserved in
Archaea, and especially, several euryarchaeal UDGs lack the
C-terminal region containing the PCNA-binding motif of the
crenarchaeal UDGs (23). Thus, it is unclear whether all of
the archaeal UDGs can form complexes with PCNA.Moreover,
there has been no report describing the purification of a BER
complex from archaeal cell extracts. Thus, little is currently
known about the interactions of archaeal UDGs with other
related protein factors. Interestingly, the complex formation
between archaeal family B DNA polymerase and UDG was
described previously (25). The family BDNApolymerases from
the hyperthermophilic Archaea specifically recognize a uracil
base in the template strand and stall DNA polymerization in
vitro. This property of the archaeal DNA polymerases has been
implicated as an intrinsic ability for the removal of the uracil
base (25–27). The rate of cytosine deamination to uracil is
accelerated at high temperature (28). These findings raised the
possibility that a unique mechanism for uracil excision repair
may exist in hyperthermophilic Archaea.
In this study, we describe the physical and functional inter-

actions between the PCNA and UDG proteins from the hyper-
thermophilic euryarchaeon, Pyrococcus furiosus. The physical
interaction between P. furiosusUDG (PfuUDG) and P. furiosus
PCNA (PfuPCNA) was detected by a surface plasmon reso-
nance (SPR) analysis. The stimulatory effect of PfuPCNAon the
uracil-N-glycosylase activity of PfuUDG in vitro was also
observed. Based on our knowledge, the PCNA-interacting site
was predicted in the PfuUDG sequence, and the pentapeptide
sequence 152AKTLF156 in PfuUDG was demonstrated to be

directly involved in binding to PfuPCNA. Interestingly, the
PCNA-binding motif found in PfuUDG was not located at the
extreme C terminus, as in the crenarchaeal UDGs, but toward
the middle of the peptide chain.

EXPERIMENTAL PROCEDURES

Cloning theGenes Encoding PfuUDGand ItsMutant Proteins—
The uracil DNA glycosylase gene (udg) was amplified by PCR
directly from P. furiosus genomic DNA, using the oligonucleo-
tides 5�-GCGCCATATGTCAAAGCATGAGCTAATGAA-3�
and 5�-GCGCGGATCCCTAAATCCCTAGTTTTTCTA-3�
as the forward and reverse primers, respectively. The amplified
gene was cloned into the pGEM-T Easy vector (Promega), and
its nucleotide sequence was confirmed. The cloned gene was
digested by NdeI-BamHI and inserted into the corresponding
sites of the expression vector, pET-21a (Novagen). The result-
ant plasmid was designated pET-udg. Amino acid substitutions
were introduced into the udg gene on the pET-udg plasmid
by a PCR-mediated mutagenesis (QuikChange site-directed
mutagenesis kit; Stratagene) using the appropriate primers.
Their sequences are available upon request.
Protein Purification—To obtain recombinant PfuUDG,

E. coli Rosetta(DE3)pLysS cells (Novagen) carrying pET-udg
were grown in 1 liter of LBmedium, containing 50�g/ml ampi-
cillin and 34 �g/ml chloramphenicol, at 37 °C. The cells were
cultured to A600 � 0.60, and expression of the udg gene was
induced by adding isopropyl �-D-thiogalactopyranoside to a
final concentration of 1mMand continuing the culture for 3 h at
37 °C. After cultivation, the cells were harvested and disrupted
by sonication in buffer A (50 mM Tris-HCl, pH 8.0, 0.5 mM
DTT, and 10% glycerol). The soluble cell extract, obtained by
centrifugation at 12,000 � g for 20 min, was heated at 80 °C for
20 min. The heat-resistant fraction obtained by centrifugation
was treated with 0.15% polyethyleneimine to remove the
nucleic acids. The soluble proteins were precipitated by 80%
saturated ammonium sulfate. The precipitate was resuspended
in buffer B (50 mM Tris-HCl, pH 8.0, 1 M (NH4)2SO4, 0.5 mM
dithiothreitol, and 10% glycerol) and was subjected to chroma-
tography on aHitrap phenyl column (GEHealthcare). The pro-
teins containing the UDG activity were eluted at 0 M ammo-
nium sulfate, and the eluted proteins were dialyzed against
buffer C (50 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 0.5 mM dithio-
threitol, and 10% glycerol). The dialysate was loaded onto a
HitrapQ column (GEHealthcare), and the proteinswere eluted
in the flow-through fraction. The eluted proteins were sub-
jected to chromatography on a Hitrap SP column (GE Health-
care). The proteins containing UDG activity were eluted at 0.25
M sodium chloride, pooled, and stored at 4 °C. The mutated
PfuUDG proteins prepared in this study were purified by the
same procedures. The purification of PfuPCNAand itsmutants
was performed as described previously (29). P. furiosus Pol BI
(PfuPolBI) was prepared as described previously (30). The
purity of each protein used in this study was evaluated by SDS-
PAGE. No extra band was detected by Coomassie Brilliant Blue
staining of the gel containing 2 �g of each purified protein. The
protein concentrations were calculated by measuring the
absorbance at 280 nm. The theoretical molecular absorption
coefficient of each molecule was calculated based on its trypto-
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phan and tyrosine content, as described (31). The calculated
molar extinction coefficients of PfuUDG, PfuPCNA, and
PfuPolBI are 24,410, 7450, and 129,040, respectively.
Uracil DNA Glycosylase Assay—The 49-mer deoxynucle-

otide (5�-AGCTATGACCATGATTACGAATTGUTTAA-
TTCGTGCAGGCATGGTAGCT-3�) labeled with 32P at the
5� terminus was annealed to either the 49-mer deoxynucle-
otide, 5�-AGCTACCATGCCTGCACGAATTAAGCAAT-
TCGTAATCATGGTCATAGCT-3�, or 5�-AGCTACCAT-
GCCTGCACGAATTAAACAATTCGTAATCATGGTCA-
TAGCT-3� in TAMbuffer (40mMTris acetate, pH 7.8, and 0.5
mM magnesium acetate) to produce a double-stranded sub-
strate with aG:U base pair or a A:U base pair at the center of the
49-mer. The purified PfuUDGproteins (at different concentra-
tions for each experiment, as described in the figure legends)
were incubated with 5 nM DNA substrate, prepared as
described above, in 20 �l of assay buffer (50 mM Tris-HCl, pH
8.0, 1 mM EDTA, 1 mM dithiothreitol, and 0.1 �g/ml bovine
serum albumin) at 60 °C for 15 min. The reactions were then
subjected to hot alkali treatment by the addition of 2 �l of 200
mM NaOH and an incubation for 10 min at 90 °C. After the
treatment, the same volume of 200 mM HCl was added to neu-
tralize the samples, and then a 6-�l aliquot of loading dye (98%
formamide, 10 mM EDTA, 0.1% bromphenol blue, and 0.1%
xylene cyanol) was added. Samples were heated at 98 °C for 5
min and chilled rapidly on ice prior to loading onto a denatur-
ing 12% polyacrylamide gel containing 7 M urea. After electro-
phoresis, the gels were dried and were scanned with a FLA5000
imager to detect the 32P-labeled DNA. Three independent
experiments were carried out in succession for each condition
required in this study, and the S.E. values are shown as vertical
lines on the plots in each graph.
Measurements of UV-visible Spectra—The purifiedwild-type

PfuUDG, C17S, C20S, and C17/20S proteins were concen-
trated to 180 �M with Ultrafree-0.5 centrifugal filter devices
(Millipore). The UV-visible absorption spectra of the proteins
were measured with an Ultrospec 3100 Pro (GE Healthcare).
Surface Plasmon Resonance Analysis—A Biacore system was

used to study the physical interaction between PfuUDG and
PfuPCNA. Highly purified recombinant PfuUDG or PfuPCNA
was bound to a CM5 sensor chip (research grade; Biacore)
according to the manufacturer’s recommendations. To meas-
ure the kinetic parameters, various concentrations of PfuUDG
(0.4, 0.6, 0.8, 1.0, and 1.2 �M) were applied to the immobilized
PCNA. The physical interaction between PfuUDG and
PfuPolBI was evaluated in the samemanner. All measurements
were conducted at 25 °C, in buffer containing 10 mM HEPES
(pH 7.4), 150 mM NaCl, and 0.005% Tween 20. At the end of
each cycle, the bound proteinwas removed bywashingwith 2 M
NaCl. The equilibrium constant (KD) for PfuUDG binding to
PfuPCNA was determined from the association and dissocia-
tion curves of the sensorgrams, using the BIAevaluation pro-
gram (Biacore).
Model Building of PfuUDG�PfuPCNA�DNA—The molecular

model was constructed from the crystal structures of T. ther-
mophilus UDG (Protein Data Bank code 2ddg) and P. furiosus
PCNA (Protein Data Bank code 1isq) by using two in-house
programs, BIOMOL and SEARCHCMP, andMOE (Ryoka Sys-

tems Inc.). BIOMOL can calculate the biological quaternary
structure from the asymmetric unit of a crystal structure (32).
SEARCHCMP assembles two molecular structures by search-
ing for and superposing the same or similar molecules in two
Protein Data Bank files. The trimeric form of PfuPCNA was
madewith BIOMOL, and then the UDG�PCNA complex (com-
plex-1) was assembled by superposing the corresponding new
PCNA interaction site in TthUDG and the bound PIP-box pep-
tide in the PfuPCNA trimer. The homology model of PfuUDG
was constructed with MOE from TthUDG and was used to
replace the TthUDG in the complex-1 model. The position of
the dsDNA was based on that in the co-crystal structure of
TthUDG-DNA, which was recently published (33). Since the
bound dsDNA substrate co-crystallized with TthUDG was not
long enough to penetrate PCNA, a B-type dsDNA model was
also assembled into complex-1 to build the ternary complex
(complex-2). Finally, the assembled model was energy-mini-
mized with MOE to obtain the final model of the
PfuUDG�PfuPCNA�DNA complex (complex-3).

RESULTS

Biochemical Properties of PfuUDG—Sequence homology
searches revealed the presence of a family 4 UDG homolog in
the P. furiosus genome. An amino acid sequence alignment
between theP. furiosusUDGcandidate and theT. thermophilus
UDG reviewed that the active site motifs are well conserved
between them (Fig. 1). Furthermore, four cysteine residues
(Cys17, Cys20, Cys88, andCys104), whichwould be important for
the formation of the Fe-S cluster, are completely conserved
between the two sequences (Fig. 1). Therefore, we cloned the
gene (open reading frame PF1385), expressed it in E. coli cells,
and purified the recombinant protein to investigate its bio-
chemical properties. The purified protein had a brown color,
suggesting the existence of an Fe-S cluster, as shown previously
for other family 4 UDGs (7, 34). The uracil excision activity of
the protein was detected by using a synthetic oligonucleotide
containing a uracil base at the center as the substrate, and we
designated the gene product as PfuUDG, a member of the fam-
ily 4 UDGs. As shown in Fig. 2A, PfuUDG can remove uracil

FIGURE 1. Amino acid sequence comparison of PfuUDG and TthUDG. The
amino acid sequences of the two family 4 UDGs were aligned, using the pro-
gram ClustalW. *, identical residues between the two UDGs; colons and peri-
ods, residues with conserved and semiconserved substitutions, respectively.
The dashes indicate gaps. The secondary structure of TthUDG is shown above
the corresponding residues, based on the crystal structure (7). Amino acid
sequences of the active site motifs A and B are boxed, and the conserved
cysteine residues for the Fe-S cluster formation are shown in black boxes. The
PCNA-binding motif in PfuUDG, proposed in this study, is underlined.
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from both single- and double-stranded DNAs. Like the other
family 4UDGs, divalent cations were not required for the activ-
ity. In addition, the maximum enzyme activity of PfuUDG was
observed at 80 °C (data not shown).
To test the importance of the cysteine residues for the for-

mation of the Fe-S cluster, we constructed the serine-substi-
tuted mutants C17S, C20S, and C17S/C20S. All of the serine-
substituted PfuUDGs were purified by the same procedure as
used for the wild-type PfuUDG, and the yields of purified pro-
teins (3 mg from 1 liter of culture) were not different from that

of wild type PfuUDG.The purifiedC17S andC20S proteins had
a brown color similar to that of the wild type protein, whereas
the C17S/C20Smutant was purified as a colorless fraction (Fig.
2B). As shown in Fig. 2C, the UV-visible absorption spectra of
the wild-type, C17S, and C20S protein had a broad shoulder at
a wavelength of 400 nm, which is specific for Fe-S proteins (34).
In contrast, a decrease in the absorbance at 400 nm was
observed in the spectrum of the C17S/C20S mutant (Fig. 2C).
The colorless fractionation of the C17S/C20S protein indicates
the loss of the Fe-S cluster by these substitutions. Due to color
fading after the protein purification, the spectra of the colored
proteins (wild-type, C17S, and C20S) were inconsistent. A sim-
ilar observation about the fading was reported previously (9).
Since the amount of purified C17S/C20S mutant protein was
the same as that of wild type from the same procedure, includ-
ing the heat treatment (80 °C for 20min), as that of thewild type
protein, the apparent thermostability of the mutant protein
must not be very different from that of thewild-type enzyme. In
order to examine the role of the Fe-S cluster in the enzymatic
reaction, the specific activities of the mutant proteins were
compared. Decreased activity was observed for the C17S/C20S
mutant protein, but themutant enzyme still possesses substan-
tial activity, indicating that the Fe-S cluster does not participate
in the glycosylase activity directly (Fig. 2D).
Physical Interaction between PfuUDG and PCNA—It was

previously reported that two crenarchaeal family 4 UDGs
(fromP. aerophilum and S. solfataricus) physically interact with
PCNA (23, 24).However, theC-terminal PCNA-bindingmotifs
found in these UDGs were not completely conserved in the
archaeal UDGs. Especially, several euryarchaeal UDGs, includ-
ing PfuUDG, have slightly shorter sequences as compared with
the above crenarchaeal UDGs and lack the PCNA-binding
motifs (23).We therefore performed SPR experiments to inves-
tigate the physical interaction between PfuUDGand PfuPCNA.
Purified PfuPCNA was immobilized on the Biacore CM5 sen-
sor chip, and wild-type PfuUDG was injected at different con-
centrations. A clear sensorgram indicating the physical interac-
tion between PfuUDG and the immobilized PfuPCNA was
obtained, as shown in Fig. 3. The calculated equilibrium con-
stant (KD) for wild-type PfuUDG from the sensorgrams

FIGURE 2. Biochemical properties of PfuUDG. A, the substrate specificity of
PfuUDG was examined by using a synthetic 49-mer oligonucleotide contain-
ing a uracil base at the center. Wild-type PfuUDG (20 fmol) was incubated with
100 fmol of the double-stranded DNA substrates containing G:C*, G:U*, and
A:U* base pairs (the asterisk indicates the 32P-labeled oligonucleotide) in the
reaction, as described under “Experimental Procedures.” A single-stranded
(ss) DNA was also tested in the same manner as the double-stranded DNA
substrates. B, the colors of the purified wild-type (WT) and mutant (C17S,
C20S, and C17S/C20S) PfuUDG protein solutions at a concentration of 180 �M

are shown. C, the UV-visible absorption spectra (280 – 600 nm) of the PfuUDG
proteins at a concentration of 180 �M are shown. D, comparison of the
enzyme activities of the wild-type and mutant (C17S, C20S, and C17S/C20S)
PfuUDGs. Various amounts of the PfuUDG proteins, as indicated, were incu-
bated with 100 fmol of the uracil-containing DNA substrate (G:U*) in the reac-
tion, as described under “Experimental Procedures.” The uracil excision effi-
ciency is plotted as a function of the enzyme concentration.

FIGURE 3. Physical interaction between PfuUDG and PfuPCNA. The SPR
analysis was performed using a Biacore system to detect the physical interac-
tion between PfuUDG and PfuPCNA. Purified PfuPCNA was immobilized on a
Biacore sensor chip, and various concentrations of purified PfuUDG (0.4 –1.2
�M) were injected for 120 s. The equilibrium constant (KD) was calculated from
the obtained sensorgrams.
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obtained with five different concentrations was 2.2 � 10�7 M,
which was comparable with that for the P. furiosus DNA ligase
(PfuLig)-PfuPCNA interaction (1.1� 10�7 M) and the PfuPolB-
PfuPCNA interaction (9.9 � 10�8 M) determined by our SPR
analysis (35, 36). These observations suggested that PfuUDG
can interact with PfuPCNA via an unidentified binding motif.
Enhancement of Uracil Glycosylase Activity by the PCNA

Trimer—Some PCNA-interacting enzymes are reportedly
stimulated by PCNA in vitro. Therefore, we performed the
enzyme assay of PfuUDG in the presence of 0–450 nM PCNA
(as a monomer concentration) to investigate the effect of
PfuPCNA on the PfuUDG activity. As shown in Fig. 4, the ura-
cil-cleaving activity of PfuUDG was increased in a PCNA
concentration-dependent manner. The PfuUDG activity was
stimulated 2.3-fold by PfuPCNA at a concentration of 300 nM.
It is not clearwhy the stimulation effect of PCNAon the activity
is relatively low at this stage; however, the effect is the same as
the case of humanUNG2 and PCNA, as reported earlier (16). In
our previous study of PfuLig-PfuPCNA interaction, stimulation
effect of PCNAon the ligation reactionwas especially distinct at
high salt reaction conditions, which are more similar to the
physiological condition in the P. furiosus cells (35). In the case
of PfuUDG, however, the glycosylase activity was drastically
decreased at high salt concentrations (over 0.3 M KCl or potas-
sium glutamate) both in the presence and absence of PfuPCNA
(data not shown).
In addition, a vast excess of PCNA is required for the func-

tional interaction in vitro, as shown in our previous study (35).
This discrepancy could be explained by the difficulty of loading
PCNAonto theDNA fragment in the assaymixture. ThePCNA
trimer loads by diffusion onto the double-stranded DNA sub-

strate from the ends, without a clamp loader (replication factor
C) in this case. This is probably a limited process, and efficient
loading requires an excess amount of PCNA, as discussed pre-
viously for the human DNA ligase-PCNA interaction (37).
Since no stimulation effect was observed in the case of the
monomeric mutant PCNA, D143A/D147A, the toroidal struc-
ture of PCNA is required for the functional interaction. This
experiment also excludes the possibility that the increasing
activity of PfuUDG is due to a stabilization effect by higher
protein concentrations in the reaction mixtures.
Identification of a PCNA-binding Motif in PfuUDG—The

typical PIP box sequence is not present within the PfuUDG
sequence. To determine the region responsible for PCNAbind-
ing in PfuUDG, we constructed a series of truncated PfuUDG
genes. However, not all of the truncated genes could be
expressed at levels sufficient for characterization. Previous
studies of P. aerophilumUDGand S. solfataricusUDG revealed
that the successive hydrophobic amino acid residues, Phe-Leu,
are important for the physical interaction with PCNA (23, 24).
We previously demonstrated that the hydrophobicity of the
aromatic residues (103QKSFF107) is critical for the physical and
functional interactions between PfuLig and PfuPCNA (35).
Moreover, the cluster of basic amino acids adjacent to the bind-
ing motif seemed to be important for the archaeal DNA ligase-
PCNA interactions (35). Based on these findings, we visually
scanned the sequence to predict the PCNA-binding site in
PfuUDG and found the amino acid sequence (152AKTLF156),
which is similar to the PCNA-bindingmotif of PfuLig (Fig. 5A).
The putative PCNA-binding motif found in PfuUDG may be a
shorter version of the PIP box sequence within the human
UDG2, as in the case of DNA ligases (Fig. 5B).
To examinewhether the putative bindingmotif of PfuUDG is

actually involved in PCNA binding, site-specific mutational

FIGURE 4. Stimulatory effect of the PCNA trimer on the uracil excision
ability of PfuUDG. A, PfuUDG (20 fmol) was incubated with 100 fmol of ura-
cil-containing DNA substrate (G:U*) and 0 – 450 nM of wild-type (WT) or a
monomeric mutant (D143A/D147A) PfuPCNA, in a reaction containing 0.1 M

KCl, as described under “Experimental Procedures.” B, the uracil excision effi-
ciencies are plotted as a function of the PCNA concentration as a monomer.

FIGURE 5. Putative PCNA-binding motif in PfuUDG. A, the PCNA-binding
motifs found in PfuPolB (36) and PfuLig (35) are shown. Based on the PfuLig-
PCNA interaction, a PCNA-binding motif 152AKTLF156 was predicted in
PfuUDG. The basic residue and the glutamine (Q), serine/threonine (S/T) and
phenylalanine (F) residues are highlighted in blue, magenta, light blue, and
yellow, respectively. The locations of the PCNA-binding motifs in PfuPolB,
PfuLig, and PfuUDG are shown in red boxes. B, comparison of the amino acid
sequences of the PCNA-binding motifs among the Ligs and UDGs from
eukaryotes and Archaea. Identical and similar amino acid residues are con-
nected by solid and broken lines, respectively.
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analyses were performed. At the first, we substituted the last
two hydrophobic residues with alanine (L155A/F156A). The
SPR analysis showed that the PCNA binding affinity of the
L155A/F156A mutant protein was obviously decreased, but it
still bound to PCNA (Fig. 6). In addition, the uracil glycosylase
activity of the L155A/F156A mutant was stimulated by PCNA
in vitro (1.9-fold as compared with 2.3-fold for wild type UDG
as described above). These observations indicated that other
amino acid residues also function in PCNA binding. Therefore,
we constructed and purified two more mutant UDG proteins,
K153A andT154A. As a result, the decreased binding affinity to
PCNA was also observed with the T154A mutant, whereas the
mutant K153A interacted with immobilized PCNA with
slightly higher affinity, as compared with wild-type PfuUDG
(Fig. 6). TheKD value for the K153Amutant-PCNA interaction
was calculated to be 1.7 � 10�7 M (Fig. S1). These observations
suggested that the basic residue Lys153 does not play an impor-
tant role in PCNAbinding.Wenext prepared the triple alanine-
substituted mutant T154A/L155A/F156A (hereafter desig-
natedAKAAA) to examine the importance of both the hydroxyl
group andhydrophobic side chains in the putative PCNA-bind-
ing motif. As a result, the sensorgram showed that the AKAAA
mutant had almost no binding affinity to PfuUDG (Fig. 6). Con-
sistently, no stimulatory effect of PfuPCNA on the AKAAA
mutantwas observed in the uracil glycosylase assay (Fig. 7). The
sensorgramofAKAAA indicated that themutantmay still have
very weak binding ability, suggesting the possibility that a phys-
ical interaction via Ala152 cannot be ruled out, because the
detailed role of the Ala152 was not evaluated by an alanine-
substituted mutant analysis. The specific activity of the
AKAAA mutant was confirmed to be the same as that of wild-
type PfuUDG (Fig. S2). Hence, the decreased response of the
AKAAAmutant to PCNA is not due to the lower enzyme activ-
ity. Taken together, we suggest that the short amino acid
sequence, AKTLF, which resembles the PCNA-binding motif
found in PfuLig, plays a critical role in the physical and func-
tional interactions between PfuUDG and PfuPCNA.

DISCUSSION

We have shown that the open reading frame PF1385, with a
family 4 UDG-like sequence, is actually a uracil DNA glyco-
sylase in P. furiosus cells. Our biochemical analyses revealed
that the PfuUDG is a typical family 4 UDG containing an Fe-S
cluster. Recent studies have demonstrated that the Fe-S cluster
is important for the archaeal XPD helicase and primase activi-
ties (8, 9). The functional roles of the Fe-S cluster have been
discussed in the studies of family 4 UDGs from P. aerophilum
(35) and T. thermophilus (7). These reports suggest that the
Fe-S cluster in the UDGs is not involved directly in catalysis,
because the Fe-S cluster is far from the active site in the ternary
structure of the UDG proteins. Our site-directed mutagenesis
analyses of PfuUDGsupport the idea, and the Fe-S cluster prob-
ably contributes to stabilization of the local loop structure of
the UDG proteins, as suggested previously. Further biochemi-
cal and biophysical studies will be required to understand the
detailed role of the Fe-S cluster in the family 4 UDGs.
We presented here the physical and functional interaction

between PfuUDG and PfuPCNA in vitro. The PCNA ring
loaded on the DNA strand probably contributes to decreasing
the dissociation of bound UDG from DNA. It is also possible
that PCNA-UDG complex formation serves to increase the
affinity ofUDG forDNAstrand.We identified the PCNA-bind-
ing site in the UDG protein. To investigate whether the identi-
fied PCNA-binding site is actually functional in the BER com-
plex, we attempted to build a three-dimensional structure
model of the PfuUDG�PfuPCNA�DNA complex, using the

FIGURE 6. Physical interaction between PfuUDG mutants and PCNA.
Using the PCNA-immobilized Biacore sensor chip, as described in the legend
to Fig. 3, wild-type (WT) and mutant (K153A, T154A, L155A/F156A, and
T154A/L155A/F156A) PfuUDG proteins (1.0 �M) were assayed to investigate
their physical interactions with PCNA.

FIGURE 7. The functional interaction between PfuUDG and PCNA. A, wild-
type (WT) and mutant (T154A/L155A/F156A) PfuUDGs (20 fmol each) were
incubated with 100 fmol of uracil-containing DNA substrate (G:U*) and
0 – 450 nM wild-type PfuPCNA in a reaction mixture containing 0.1 M KCl, as
described under “Experimental Procedures.” B, the uracil excision efficiencies
are plotted as a function of the PCNA concentration as a trimer. These reac-
tions were performed three times independently for each combination of
UDG and PCNA, including the cases presented in Fig. 4, at the same time, and
therefore, the plot with the error bar for PCNA WT is exactly the same as that
shown in Fig. 4.
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available structural data. Themolecularmodel was constructed
from the co-crystal structures of T. thermophilusUDG�dsDNA
(Fig. S3a) and P. furiosus PCNA (Fig. S3b). The trimer of
PfuPCNA was formed (Fig. S3c), and then the UDG�PCNA
complex (supplemental Fig. S3d) was assembled by superpos-
ing the corresponding region in TthUDG on the newly identi-
fied PCNA-binding site of PfuUDG. The homology model of
PfuUDG was constructed from TthUDG (Fig. S3e) and then
was used in place of the TthUDG in the complex-1 model. The
position of the dsDNAwas based on that in the co-crystal struc-
ture of TthUDG-DNA. However, the TthUDG-bound dsDNA
was not long enough to penetrate PCNA, and therefore, a
B-type dsDNA model (Fig. S3f) was also assembled into com-
plex-1, to build complex 2 (Fig. S3g). The assembledmodel was
energy-minimized with MOE to obtain the final PfuUDG�
PfuPCNA�DNA complex (complex-3; supplemental Fig. S3h).
The structuremodel is shown in Fig. 8A. This ternary structure
model revealed that the dsDNA in complex with PfuUDG

would pierce the hole of the
PfuPCNA ring, when the newly
found PCNA-binding site (colored
red) was properly placed at the PIP-
binding site of PfuPCNA. The
bound dsDNA displayed a 15° incli-
nation from the 3-fold axis (normal
to the PCNA ring) ofPfuPCNA.The
PCNA-binding motif sequence was
nearby, as shown in Fig. 8B (blue in
the stick model). The Leu-155 and
Phe-156 residues in PfuUDG were
placed in the conserved, hydropho-
bic pocket of PfuPCNA, including
Leu-48 and Leu-242. This hydro-
phobic interaction mode is clearly
conserved in the PfuPCNA-RFCL
interaction, in which Leu-473 and
Phe-474 correspond to the two
hydrophobic residues. The posi-
tively charged Lys-153 in PfuUDG
might interact with Glu-224 in
PfuPCNA, although the mutation
analysis showed that the interaction
is not critical for PfuUDG�PfuPCNA
binding, as described above.
Direct evidence to show the func-

tional interaction between PfuUDG
and PfuPCNA in the P. furiosus cells
should be obtained. However, our
biochemical and structural investi-
gations presented here strongly
support that PfuUDG and
PfuPCNA work together in the
replisome, and therefore, PfuUDG
may be a functional counterpart of
hUNG2 in the replication-associ-
ated repair pathway at replication
fork, as proposed previously for the
P. aerophilum (23) and S. solfatari-

cus (24) UDGs. Recently, a multiprotein complex, including
UNG2, APE1 (AP endonuclease), XRCC1, Pol�, Pol�, Pol�,
Pol�, DNA ligase 1, and DNA-dependent protein kinase, was
isolated from the nuclei of human cycling cells (14). It should be
investigated whether the same kind of protein complex can
be isolated from the chromatin fraction of P. furiosus cells.
We already cloned and expressed the gene for an AP endo-
nuclease from P. furiosus.3We are presently trying to analyze
the interaction between PfuAP and PfuPCNA as well as that
between PfuUDG and PfuAP.
It is well known that the archaeal family B DNA polymerases

have uracil recognition ability to stop theDNA strand synthesis
before the uracil site in the template in vitro, although it is not
clear whether the uracil recognition actually functions in the
cells. One possibility is that DNA polymerase stalls at a uracil

3 S. Kiyonari, S. Tahara, and Y. Ishino, unpublished results.

FIGURE 8. Molecular model of the PfuUDG�PCNA�DNA complex. A, the assembled model revealed that the
dsDNA (stick model) complexed with PfuUDG (colored mint) pierces the hole of the PfuPCNA trimer (subunits
are colored blue, dark blue, and green, respectively) when the newly identified PCNA-binding site (colored red)
was properly placed at the PIP-binding site of PfuPCNA. B, close-up view of the PfuUDG PIP-box peptide (blue
in the stick model) bound to PfuPCNA (a). The hydrophobic Leu-155 and Phe-156 of PfuUDG are placed in the
conserved hydrophobic pocket of Leu-48 and Leu-242 in PfuPCNA. This interaction mode is clearly conserved
in the interaction of PfuPCNA-RFCL as shown in (b) drawn from our previous study (43).
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site, and then it recruits UDG to initiate a uracil excision repair
pathway (25, 38). If PolBI and UDG interact with each other to
form a complex in the replisome, then it would be an efficient
replication/repair unit for the uracil removal. In this case, the
PolBI�PCNA complex would have to synthesize DNA through
the template containing an abasic site.We investigatedwhether
PolBI and PCNA directly interact with each other by an SPR
analysis. Purified PfuUDG was immobilized on the Biacore
CM5 sensor chip, and wild-type PfuPCNA was injected as a
control. The physical interaction between PCNA and immobi-
lized PfuUDG was identified by the SPR sensorgram. On the
other hand, we could not detect a direct interaction between
PfuPolBI and PfuUDG (data not shown). This result suggests
that PfuUDG cannot form a stable complex with PfuPolBI, at
least by itself.Wedemonstrated previously that the processivity
of PolBI is enhanced by PfuPCNA (36, 39, 40) and identified the
PCNA-binding site in Pol BI (36). It is possible that PfuUDG is
recruited onto the stalled uracil site by PCNA, which binds
PolBI, and then the AP endonuclease is recruited to reorganize
the replisome.
There are several DNA glycosylases in the cell, and they

probably share the base excision repair functions for each spe-
cific aberrant base. The family 5 UDGs are now recognized as
functioning counteract the mutagenic threats of cytosine and
adenine deaminations, because this family of enzymes catalyzes
the removal of hypoxanthine as well as uracil. The family 5
UDGs have so far been found only in hyperthermophilic
Archaea and eubacteria and are predicted to be important for
habitation at elevated temperatures. Actually, one family 4 and
one family 5 UDG are present in P. aerophilum and T. ther-
mophilus. There is no PCNA-binding motif-like sequence in
the P. aerophilum UDGb (family 5), and therefore, a PCNA-
independent BER pathway, in addition to the PCNA-depend-
ent pathway with UDGa (family 4), probably functions at least
in these archaeal cells. In the genome sequence of P. furiosus,
however, there is only one family 4 UDG-like sequence as char-

acterized in this study and no family
5 UDG. It would be interest-
ing to search for other DNA
glycosylases with a new family
sequence in P. furiosus cells.

Furthermore, several BER path-
ways are known, and two types of
repair synthesis/ligation, long patch
repair and short patch repair, have
been well studied. However, there
are no sequence homologs corre-
sponding to Pol� and LigIII, which
purportedly function in the short
patch repair process, in the P. furio-
sus genome. It would also be inter-
esting to investigate the process of
BER after UDG/AP endonuclease
reactions in P. furiosus.
As shown in Fig. 9A, the PCNA-

binding motif found in PfuUDG is
conserved in Thermococcales
(Pyrococcus and Thermococcus spe-

cies), although the basic residue at the second position has
diversified (Lys for P. furiosus, Arg for P. abyssi and P. horiko-
shii, andHis forThermococcus kodakarensis). Our SPR analyses
showed that the K153A mutant interacts with immobilized
PfuPCNA with slightly stronger affinity. It is not clear at this
stage why the Lys to Ala substitution provides PfuUDG with
more affinity to PfuPCNA, but the result implies, at least, that
the basic residue found in this type of PCNA-binding motif is
not important for the interaction. In general, a glutamine resi-
due is highly conserved in the typical PIP box motif; however,
the pentapeptide motif found in this study lacks a glutamine
residue. Our prediction of the PCNA-binding motifs in
archaeal DNA ligases revealed that not all of the putative
sequences have a glutamine residue (35, 41). In addition, the
experimentally confirmed PCNA-binding motifs in crenar-
chaeal UDG lack a glutamine residue (23, 24). Thus, a PCNA-
bindingmotif without a glutamine residuemay commonly exist
in archaeal PCNA-binding proteins, especially in the short
binding motifs.
Interestingly, the PCNA-binding motif discovered in

PfuUDG is clearly deleted in the UDG sequences deduced from
the genomes of the uncultured euryarchaea, Alv-FOS1 andAlv-
FOS4 (Fig. 9A). Instead, a PCNA-binding motif-like sequence,
2QTSLF6, is present at the N-terminal region in the Alv-FOS
UDG sequences (Fig. 9B). InMethanoculleus marisnigri UDG,
no recognizable PCNA-binding motif sequence is present in
either the N- or C-terminal region. Since the three amino acid
residues, 154TLF156, in PfuUDG are important for the PCNA
binding, the short amino acid sequence 171LLF173 in M.
marisnigri UDG may play an important role in PCNA binding
(Fig. 9A). It has been proposed that a family 4 UDG from the
euryarchaeon Archaeoglobus fulgidus has a PCNA-binding
motif at the extreme C-terminal region, like the other crenar-
chaeal UDGs (42), suggesting that the locations of the PCNA-
binding sites in euryarchaeal UDGsmay be diversified. It would
be evolutionally very interesting to determinewhy the positions

FIGURE 9. Conservation of the PCNA-binding motif found in PfuUDG. A, amino acid sequence alignment of
the C-terminal regions of the archaeal family 4 UDGs. To investigate the conservation of the PCNA-binding
motif identified in this study, a BLAST search was performed (available on the World Wide Web). Some crenar-
chaeal species were intentionally omitted from the results to focus the discussion on the conservation of
PCNA-binding motifs mainly in euryarchaeal UDGs. Experimentally confirmed and putative PCNA-binding
motifs are shown in black boxes and gray boxes, respectively. B, alignment of the amino acid sequences of the
N-terminal regions of the archaeal family 4 UDG.
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of the PCNA-binding sites are so diverse in the amino acid
chains of UDG if these motif sequences actually interact with
PCNA. Three-dimensional structural analyses of the UDG-
PCNA-DNA complexes will shed light on the puzzle to eluci-
date the biological meaning of the variety of PCNA binding
positions among these enzymes with the same function.
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