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Abstract Proliferating cell nuclear antigen (PCNA) is
known as a DNA sliding clamp that acts as a platform for
the assembly of enzymes involved in DNA replication and
repair. Previously, it was reported that a crenarchaeal
PCNA formed a heterotrimeric structure, and that each
PCNA subunit has distinct binding specificity to PCNA-
binding proteins. Here we describe the PCNA-binding
properties of a DNA ligase from the hyperthermophilic
crenarchaeon Aeropyrum pernix K1. Based on our findings
on the Pyrococcus furiosus DNA ligase—-PCNA interaction,
we predicted that the aromatic residue, Phel32, in the
DNA-binding domain of A. pernix DNA ligase (ApeLig)
would play a critical role in binding to A. pernix PCNA
(ApePCNA). Surface plasmon resonance analyses revealed
that the ApeLig F132A mutant does not interact with an
immobilized subunit of ApePCNA. Furthermore, we could
not detect any stimulation of the ligation activity of the
ApeLig F132A protein by ApePCNA in vitro. These results
indicated that the phenylalanine, which is located in our
predicted PCNA-binding region in ApeLig, has a critical
role for the physical and functional interaction with
ApePCNA.
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Abbreviations
DBD DNA-binding domain

DTT Dithiothreitol

FEN-1  Flap endonuclease 1

IDCL Interdomain connecting loop
K-Glu Potassium glutamate

PCNA  Proliferating cell nuclear antigen
PIP box PCNA interaction protein box
SPR Surface plasmon resonance
Introduction

DNA ligases catalyze nick-sealing reactions via three nu-
cleotidyl transfer steps, as described in recent review arti-
cles (Wilkinson et al. 2001; Tomkinson et al. 2006). In the
first step, DNA ligases form a covalent enzyme-AMP
intermediate by reacting with ATP or NAD" as a cofactor
(step 1). In the second step, DNA ligases recognize the
substrate DNA, and the AMP is subsequently transferred
from the ligases to the 5’-phosphate terminus of the DNA,
to form a DNA-adenylate intermediate (step 2). Then, in
the final step, the 5’-DNA-adenylate intermediate is
attacked by the adjacent 3’-hydroxy group of the DNA to
form a phosphodiester (step 3).

Generally, DNA ligases are grouped into two families,
according to their requirement for ATP or NAD" as a
nucleotide cofactor in the step 1 reaction. ATP-dependent
DNA ligases are widely found in all three domains of life
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(eukarya, bacteria, and archaea), whereas NAD"-dependent
DNA ligases exist in bacteria and some eukaryotic viruses
(Benarroch and Shuman 2006). A number of archaeal
ATP-dependent DNA ligases, which are homologous to
eukaryotic DNA ligase I, have been biochemically char-
acterized (Sriskanda et al. 2000; Lai et al. 2002; Keppeti-
pola and Shuman 2005; Jackson et al. 2006). It is
noteworthy that the ATP-dependent DNA ligases of hy-
perthermophilic euryarchaea, Thermococcus kodakaraen-
sis, Thermococcus fumicolans, and Thermococcus sp. NA1,
can utilize NAD"' as a cofactor (Nakatani et al. 2000;
Rolland et al. 2004; Kim et al. 2006). Interestingly, the
genetic analysis of a DNA ligase from the halophilic
euryarchaeon Haloferax volcanii revealed the existence of
both ATP- and NAD*-dependent DNA ligases in one
organism (Zhao et al. 2006; Poidevin and MacNeil 2006).
Based on a phylogenetic analysis, it was proposed that the
NAD*-dependent DNA ligase in H. volcanii was acquired
by lateral gene transfer from bacteria. In addition, some
archaeal ligases efficiently utilize ADP as well as ATP as a
cofactor, as described below.

In Eukarya and Archaea, three enzymes, DNA poly-
merase, flap endonuclease 1 (FEN-1), and DNA ligase,
are required for lagging strand processing. These enzymes
interact with proliferating cell nuclear antigen (PCNA) to
accomplish the effective processing of lagging strand
synthesis (Maga and Hubscher 2003). It is well known
that PCNA interacting proteins from Eukarya and Ar-
chaea interact with PCNA via a consensus sequence,
termed the PCNA interacting protein box (PIP box) (Vi-
vona and Kelman 2003). The PIP box consists of the
sequence Qxxhxxaa, where x represents any amino acid, h
represents hydrophobic residues (e.g., Leu, Ile, or Met),
and a represents aromatic residues (e.g. Phe, Tyr, or Trp).
Human DNA ligase I was reported to form a stable
complex with a PCNA homotrimer that is topologically
linked to duplex DNA via an N-terminal PIP box motif
(Levin et al. 1997; Montecucco et al. 1998). In general,
PCNA is a homotrimer in eukaryotes and euryarchaea.
However, the authors of a biochemical study of Sulfolo-
bus solfataricus PCNA (SsoPCNA) proposed that the
crenarchacal PCNA forms a heterotrimeric structure,
which consists of three distinct subunits, PCNAI1, 2, and
3. Furthermore, it was found that S. solfataricus DNA
ligase (SsoLig) specifically binds to the PCNA3 subunit
to form a functional complex (Dionne et al. 2003). We
have been studying DNA ligase (PfulLig) and PCNA
(PfuPCNA) from Pyrococcus furiosus. We found the
pentapeptide motif QKSFF, which seems to be a shorter
version of a typical PIP box, in the middle loop region of
the DNA-binding domain of Pfulig, and demonstrated
that the motif actually plays an important role in binding
to the PfuPCNA homotrimer (Kiyonari et al. 2006).
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The biochemical properties of Aeropyrum pernix DNA
ligase (ApeLig) have already been characterized (Jeon and
Ishikawa 2003). The ApeLig is particularly interesting
because of its utilization of both ADP and ATP as cofac-
tors. A recent study revealed that a DNA ligase from
Staphylothermus marinus also utilizes both ATP and ADP
(Seo et al. 2006). A phylogenetic analysis of archaecal DNA
ligases revealed that the S. marinus DNA ligase is most
closely related to ApeLig. Thus, some types of crenar-
chaeal DNA ligases may be able to utilize ADP during the
step 1 reaction; however, the underlying molecular mech-
anisms and their biological meaning are not fully under-
stood. Accordingly, it is interesting to investigate the
cofactor specificity of DNA ligases from their structural
and functional aspects.

The three PCNA proteins were also identified in
A. pernix, and their stimulation effects on the DNA poly-
merase activity were reported (Daimon et al. 2002). An
extensive study of A. pernix PCNA (ApePCNA) interacting
proteins revealed that ApeLig preferentially binds to
PCNA3, among the three subunits (Imamura et al., sub-
mitted). In this study, we have characterized the physical
and functional interactions between ApeLig and Ape-
PCNA. We also predicted the ApePCNA interacting site in
ApeLig, based on the amino acid sequence alignment of
PfuLig and ApeLig, and examined it by site-specific
mutation analyses.

Materials and methods
Cloning the genes for ApeLig and its mutant proteins

The DNA ligase gene (lig) was amplified by PCR directly
from A. pernix genomic DNA using the oligonucleotides
5’-GCGAACCATATGGGGTGTCTGGTTTTGGCT-3’
and 5-GCTGGATCCTACTACACCTGCTCCGCCGGC-
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 Ndel-BamHI and inserted into
the corresponding sites of pET-21a (Novagen). The resul-
tant plasmid was designated as pET-ApeLig. To prepare
the expression plasmid for the amino acid substitution
(F132A), A PCR-mediated mutagenesis was performed
(QuickChange site-directed mutagenesis kit, Stratagene,
CA, USA) using F132A-F 5-GTCACCCTGGAGGCG-
gccATGGCGGGAGGG-3’ and F132A-R 5-CCCTCCCG
CCATggcCGCCTCCAGGGTGAC-3’ as the forward and
reverse primers, respectively (lowercase letters show the
desired nucleotide changes). The gene for the N-terminal
truncated ApeLig was amplified by PCR using Lig(18-
619)-F 5-GCGCCATATGCCTTTCAAGCCCGTGGCTG
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A-3" and Lig(18-619)-R 5-GCTGGATCCTACTACACC
TGCTCCGCCGGC-3’ as the forward and reverse primers,
respectively, and pET-ApeLig as the template DNA. The
amplified DNA was inserted into pGEM-T Easy, and the
nucleotide sequence was confirmed. The cloned gene was
digested by Ndel-BamHI and inserted into the corre-
sponding sites of pET-21a. The resultant plasmid was
designated as pET-ApeLigAN.

Overproduction and purification of ApeLig proteins

To obtain the recombinant Apelig, E. coli BL21
codonPlus™(DE3)-RIL cells (Stratagene) carrying pET—
ApeLig were grown in 11 of LB medium, containing
50 pg/ml ampicillin and 34 pg/ml chloramphenicol at
37°C. The cells were cultured to an Agyp=0.50, and
expression of the lig gene was induced by adding iso-
propyl p-p-thiogalactopyranoside (IPTG) to a final con-
centration of 1 mM and 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—HCI,
pH 8.0, 0.5 mM DTT, 0.1 mM EDTA, and 10% glyc-
erol). The soluble cell extract, obtained by centrifugation
at 12,000xg for 20 min was heated at 80°C for 30 min.
The heat-resistant fraction obtained by centrifugation was
treated with 0.15% polyethylenimine to remove the nu-
cleic acids. The soluble proteins were precipitated by
80% saturated ammonium sulfate. The precipitate was
resuspended in buffer B (50 mM Tris-HCI, pH 8.0, 1 M
(NH4),S04, 0.5 mM DTT, 0.1 mM EDTA, and 10%
glycerol) and was subjected to chromatography on a
Hitrap Phenyl column (GE Healthcare Biosciences). The
proteins were eluted at 0 M ammonium sulfate, and the
eluted proteins were dialyzed against buffer C (50 mM
Tris—HCI, pH 8.0, 0.1 M NaCl, 0.5 mM DTT, 0.1 mM
EDTA, and 10% glycerol). The dialysate was loaded
onto a Hitrap Q column (GE Healthcare Biosciences),
and the proteins were eluted in the flow-through fraction.
The eluted proteins were dialyzed against buffer D
(50 mM Tris—HCI, pH 8.0, 0.05 M NaCl, 0.5 mM DTT,
0.1 mM EDTA, and 10% glycerol), and the dialysate was
subjected to chromatography on a Hitrap SP column (GE
Healthcare Biosciences). The proteins were eluted at
0.1-0.15 M sodium chloride, pooled, and stored at 4°C.
The mutant ApeLig proteins were purified by the same
procedures. The purity of each protein used in this study
was evaluated by SDS-PAGE. No extra band was de-
tected by Coomassie Brilliant Blue staining of the gel
containing 2 pg of each purified protein. The protein
concentrations were calculated by measuring the absor-
bance at 280 nm. The theoretical molecular absorption
coefficient of each protein was calculated, based on its
tryptophan and tyrosine content.

Overproduction and purification of ApePCNA proteins

Preparation of A. pernix PCNA was performed as de-
scribed previously (Imamura et al. 2007). Briefly, E. coli
Rosetta (DE3) cells (Novagen), carrying pET-PCNA-1,
-2, or -3, were grown in 11 of LB medium, containing
50-pg/ml ampicillin and 34-pg/ml chloramphenicol, at
37°C. The cells were cultured to an Aggy of 0.5, and then
the expression of the pcna genes was induced by adding
isopropyl f-p-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM, and the cultivation was continued
for a further 5-h at 37°C. The cells were harvested and
disrupted by sonication in buffer A, containing 50 mM
Tris—-HCI, pH 8.0, 0.5 mM DTT, 0.1 mM EDTA, and
10% glycerol. The soluble cell extracts, obtained by
centrifugation (12,000xg, 20 min), were heated at 75°C
for 15 min. The heat-resistant fractions obtained by cen-
trifugation were treated with 0.15% polyethylenimine to
remove the nucleic acids. The soluble proteins were
precipitated by 80% saturation with ammonium sulfate.
The precipitate was resuspended in buffer B, containing
50 mM Tris-HCI, pH 8.0, 1 M (NH4),SOy4, 0.5 mM DTT,
0.1 mM EDTA, and 10% glycerol, and was subjected to
chromatography on a Hitrap Phenyl column (GE Health-
care Biosciences). The PCNA1, PCNA2, and PCNA3
proteins were eluted with ammonium sulfate at 0.15-0.45,
0.35-0.55, and 0.3-0.5 M, respectively. The eluted pro-
teins were dialyzed against buffer A. The dialysates were
loaded onto a Hitrap Heparin column (GE Healthcare
Biosciences), and the proteins were eluted at 0.3-0.35 M
sodium chloride. The eluted proteins were dialyzed
against buffer A, and the dialysate was subjected to
chromatography on a Hitrap Q column (GE Healthcare).
The proteins were eluted with 0.1-0.15 M sodium chlo-
ride, pooled, and stored at 4°C.

Based on our biochemical analyses, A. pernix PCNAs
can form several different oligomeric states in solution, and
the heterotrimeric form of PCNA1-PCNA2-PCNA3 seems
to be preferential when all three subunits exist in the
solution (Imamura et al. 2007). To isolate the heterotrimer
of PCNA1-PCNA2-PCNA3, purified PCNA subunits were
mixed with equal molar ratio and the mixture was sub-
jected to a gel filtration chromatography as described pre-
viously (Imamura et al. 2007).

Western blot analysis

Aeropyrum pernix cells were disrupted by sonication in
buffer A, and the extract was obtained by centrifugation
(25,000xg for 15 min). The A. pernix cell extract (35 pg
of protein) and the purified ApeLig proteins (3 ng)
were separated by 10% SDS-PAGE, blotted onto poly-
vinylidene difluoride membranes, and reacted with
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anti-ApeLig antiserum. The bands were detected by using
an enhanced chemiluminescence system (ECL Plus, GE
Healthcare Biosciences) according to the supplier’s
recommendations.

DNA ligation assay

The substrate DNA used in the ligation assay was a 49-bp
DNA duplex containing a single nick at the center.
The 22-mer deoxynucleotide (5-AATTCGTGCAGG
CATGGTAGCT-3"), which was labeled with **P at the
5’-terminus, and the 27 mer deoxynucleotide (5-AG
CTATGACCATGATTACGAATTGCTT-3") were an-
nealed to the 49-mer deoxyoligonucleotide with a com-
plementary sequence, in 40 mM Tris—acetate (pH 7.8) and
0.5 mM magnesium acetate. The purified ApeLig proteins
(at different concentrations for each experiment, as de-
scribed in the figure legends) were incubated with the
nicked DNA substrate (5 nM), prepared as described
above, in 20 pl of ligation buffer, containing 50 mM Tris—
HCI (pH 7.5), 15 mM MgCl,, 1 mM DTT, 0.1 mM ATP,
0.1% Tween 20, and 0.1 mg/ml BSA, at 60°C for 15 min.
Reactions were initiated by the addition of enzyme and
were terminated with 5 pl of stop solution, containing 98%
formamide, 10 mM EDTA, 0.1% bromophenol blue, and
0.1% xylene cyanol. Samples were heated at 100°C for
5 min and chilled rapidly on ice prior to loading onto a
10% polyacrylamide gel containing 8 M urea. After elec-
trophoresis, the gels were dried and were scanned with an
FLAS5000 imaging analyzer (Fuji Film, Japan) to detect the
32p_labeled DNA. Three independent experiments were
carried out in succession for each ligation condition in this
study, and the standard errors are shown as vertical lines on
the plots in each graph.

Surface plasmon resonance analysis

A BIAcore system was used to study the physical inter-
action between ApeLig and ApePCNA3. Highly purified
recombinant ApePCNA3 was fixed on a CMS5 sensor chip
(research grade; Biacore) according to the manufacturer’s
recommendations. To measure the kinetic parameters,
various concentrations of ApeLig (0.50, 0.75, 1.0, 1.5,
2.0 uM) were applied to the immobilized ApePCNA3. All
measurements were performed at a continuous flow rate of
30 pl/min, in a buffer containing 10 mM HEPES (pH 7.4),
150 mM NacCl, and 0.005% Tween 20. At the end of each
cycle, the bound protein was removed by washing with
2 M NaCl. The kinetic constants for ApeLig binding to
ApePCNA3 were determined from the association and
dissociation curves of the sensorgrams, using the BIA-
evaluation program (Biacore).
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Results
Expression of the Apelig gene in A. pernix

The complete genome sequence of A. pernix was deter-
mined (Kawarabayasi et al. 1999), and the putative DNA
ligase gene (APE1094) was identified. The predicted
ApeLig gene encodes a protein of 619 amino acids, with a
calculated mass of 69196.2 Da. The amino acid sequence
alignment shows that ApeLig has an N-terminal extended
region, which is absent from all known archaeal DNA lig-
ases (Fig. 1a). Recently, the genes in the A. pernix genome
were completely re-annotated, based on the results of pro-
teome analyses (Yamazaki et al. 2006), which can be ac-
cessed at http://www.bio.nite.go.jp/dogan/GeneralFeature?
GENOME_ID=ape_G1. One interesting finding from that
work was that A. pernix preferentially uses TTG, rather than
ATG and GTG, as the translation initiation codon. There-
fore, some ORFs were modified in the revised database. The
re-annotated ApeLig gene encodes a protein of 602 amino
acids (67747.6 Da), in which 17 amino acids were truncated
from the N-terminus of the originally annotated protein
(Fig. 1b). However, no experimental evidence for this
602 aa protein has been obtained yet. To determine the
actual initiation codon of the ApeLig gene in the A. pernix
cells, we analyzed the size of the ApeLig protein produced
in vivo, by a western blot analysis with anti-ApeLig anti-
serum. As shown in Fig. 1c, the protein band detected in the
A. pernix cell extract migrated to exactly the same position
as that of the recombinant ApeLig(1-619) produced in
E. coli. On the other hand, the ApeLig(18-619) protein
migrated was slightly faster than the ApeLig(1-619) protein
and the protein detected in A. pernix cell extracts. In addi-
tion, we examined the specific activities of the two re-
combinant ApeLig proteins. As a result, the specific
activities for the nick sealing reaction of the two ApeLigs,
(1-691) and (18-619), were almost the same in vitro
(Fig. 2), and therefore, the N-terminal region with the extra
17 amino acids seems to be dispensable for, at least, the
DNA ligation activity. Based on the western analysis, we
decided to use the ApeLig (1-619) protein, which hereafter
we refer to as wild-type ApeLig in this report. Elucidation
of the functional role of the N-terminal 17 amino acids
remains as an interesting pursuit.

Physical interaction between the ApeLig
and PCNA3 proteins

We previously reported that PfuLig interacts with PCNA
via a novel PCNA-binding motif. Interestingly, this novel
PCNA binding motif is widely conserved in the same re-
gion of other archaeal DNA ligases (Kiyonari et al. 2006).
Therefore, we examined whether the corresponding region
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Fig. 1 ApeLig has an N-terminal extended region (a) Amino acid
sequence alignment of the N-terminal regions of archaeal DNA
ligases. Identical residues among the ligases are marked as *“*’’, and
residues with conserved and semi-conserved substitutions are marked
as ‘"’ and “*.”’, respectively. Ape, Aeropyrum pernix; Sso, Sulfolobus
solfataricus; Pae, Pyrobaculum aerophilum; Mma, Methanosarcia
mazei; Tko, Thermococcus kodakaraensis; Pfu, Pyrococcus furiosus;
Mka, Methanopyrus kandleri; Neq, Nanoarchaeum equitans; Afu,
Archaeoglobus fulgidus; Hal, Halobacterium sp. NRC-1. b N-
terminal amino acid sequences of the two ApeLig proteins. ApeLig
(1-619) is the originally annotated protein and ApeLig (18-619) is the
re-annotated protein. ¢ A. pernix cell extracts (35 pg) and
recombinant ApeLig proteins (3 ng) were separated by SDS-10%
PAGE and then were analyzed by western blotting with anti-ApeLig
antiserum. The positions and sizes (in kilodaltons) of pre-stained
marker polypeptides are indicated on the left. The ApeLig protein
usually migrates faster than the position based on the calculated
molecular weight (69196.2 Da) in comparison to the protein size
markers we used

of ApeLig actually plays an important role in binding to
ApePCNA. Based on amino acid sequence alignments with
PfuLig, we predicted that one phenylalanine residue at
position 132 (Phel32) in the putative PCNA-binding re-
gion is important for the interaction with ApeLig—PCNA3
(Fig. 3). We constructed the expression plasmid and puri-
fied the produced alanine-substitution mutant, ApeLig
F132A, and then performed surface plasmon resonance
(SPR) experiments to analyze the physical interaction be-
tween ApeLig and ApePCNA. A. pernix has three PCNA
proteins, PCNA1, 2, and 3, and these proteins preferentially

100 1
—@— Apelig WT

—6— Apelig (18-619)
80 1

60 1

40 1

Ligation (fmol)

20 1

0 1 2 3 4
Enzyme (nM)

Fig. 2 The enzymatic activity of the N-terminally truncated mutant
protein. The ligation activities of wild-type (WT) and ApeLig (18-
619) were compared. Various amounts of Apelig proteins, as
indicated, were incubated with 100 fmol of nicked DNA in the
reaction mixture, as described in the Materials and methods. The
ligation efficiency is plotted as a function of the enzyme concentration

form functional heterotrimers consisting of PCNA1-2-3.
We already determined that ApeLig has specific affinity to
the PCNA3 subunit among them (Imamura et al., submit-
ted). Therefore, the purified PCNA3 protein was immobi-
lized on the Biacore CM5 sensor chip, and subsequently,
the wild type and F132A proteins were injected at different
concentrations. Physical interactions between immobilized
ApePCNA3 and ApeLig wild type were detected, but
ApeLig F132A showed no binding affinity, according to
the SPR sensorgrams (Fig. 4). The calculated equilibrium
constant (Kp) for ApeLig wild type was 7.0 x 107" M,
which is comparable to that of the PfuLig—-PCNA interac-
tion determined by the SPR analysis (Kp: 1.1 X 1077 M)
(Kiyonari et al. 2006). These results show that the PCNA-
binding modes of archaecal DNA ligases are remarkably
conserved, in terms of the interaction motifs and equili-
brium constant.

The ligation activity of ApeLig is enhanced
by the PCNA heterotrimer at high salt concentrations

It is well known that most archaea, which exist in high
salt as well as high temperature environments, contain
high intracellular potassium ion concentrations (Roberts
2004). The exact salt concentration in the A. pernix cells
is not known yet; however, the salt concentration required
for the optimal growth condition of A. pernix is 3.5%
(Sako et al. 1996). We initially examined the effect of
increasing the salt concentration on the nick-joining
activity of ApeLig by supplementing the reaction with
KCl and potassium glutamate (K-Glu) salts. The enzyme
activity was reduced by each of these monovalent salts in
a concentration-dependent manner (data not shown), as
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Fig. 3 Amino acid sequence - —1 ]
comparison of PfuLig and PfulLig 1 MRYLELAQLYQKLEKTTMKLIKTRLVADFLKKVPDDHLEF IPY
ApeLig. The dashes indicate Apelig 1 MGCLVLASSSGGVGGGDMPFKPVAEAFASMERITSRTGLTLLLTRLFKSTPPGMGIWY
gaps, and identical residues e d enBaF w il Moy o ¥
between the two ligases are =3 I T -
marked as ***"’, and residues PfuLig 44 LILGEVFPEWD-ERELGVGEKLLIKAVAMATGIDAKEIEESVKDTGDLG--————————-
with conserved and semi- ApelLig 61 LIQGKLGPDWKGLPELGVGEKLLVKAIALAYKATEERVERLYKSVGDLGSVAERLSREYR
conserved substitutions are EZ K S ¢ 3 seesktokokotolok ok k% Dotk k| skekokok
marked as ‘“:”” and ““.”’,
tively. Th d — | — —=
stroture of PfuLig is shown Pfulig 92 ESTALAVKKKKEZSHESOPLTIKRVYQTLVKVAETTGEGSQDKKVKYLADLFMDAEPLEA
above the correspondi ApeLig 121 SRAARAVTLE#HAGGGEALTVRRVYNTLYRIAMADGEGSRDIKLRLLAGLLADAEPVEA
) ponding sk T ekl ek ik DIk D kobkKIR KD kR KD bk Dbk
residues, based on the crystal 132
structure (Nishida et al. 2006). 13— — H
Shaded boxes 1 to VI present the PfuLig 152 KYLARTILGTMRTGVAEGLLRDAIAMAFH-—VKVELVERAYMLTSDFGYVAKIAKLEGN
six motifs commonly found in ApeLig 181 KYIVRFVEGRLRVGVGDATVLDALAMAFGGGAHARPVIERAYNLRADLGYIAEVVAREGV
ATP-dependent DNA ligases. dok ok Dok Dok ek D D sk Dskolokk Doikskekok ko Ik ldeklIskll, k%
The PCNA binding sequence i T e, T P — —
QKSFF, found in PfuLig, is PfuLig 209 EGLAKVQVQLGKPIKPMLAQQAASIRDALLEMGGEAEFE IKYDGARVQVHKDGSKIIVYS
enclosed in black box, and the ApeLig 241 DALRGVKPQVGVPIRPMLAERGRDPAEILRKVGGRAVVEYKYDGERAQIHKKDGEVYIYS
aromatic residue Phel32, found Codk kD kI ckekldokekkl D D ok Lok ok |k koK ok ok ikk, | L Dk
in the corresponding region of
ApeLig, is indicated . — 1 —-—————— 11—
PfuLig 269 RRLENVTRAIPEIVEALKEAIIPEKAIVEGELVAIGENGRPLPFQYVLRRFRRKHNIEEM
ApeLig 301 RRLENITRMFPDVVEMARKGLKAGEAIVEGEIVAVDPDNYEIQPFQVLMQRKRKHDIHRV
sofoksiok ok Dk DRk D01 dokolkkidkl. [ o dok D Ddelok k| L
M1
eee———p——— —=p—a—p—{
PfuLig 329 MEKIPLELNLFDVLYVDGQSLIDTKFIDRRRTLEEIIKGNEKIKVAENLITKKVEEAEAF
ApelLig 361 MREVPVA"JFLFDALWDGEDLTSKPLPERRRRLKEIWETPLWRLAESIETSDPEELWTF
*, Lk :Mlnlkl**m Jk L ek kldekl [ Tk Dok k%
a
———— — ——— ———
PfuLig 389 YKRALEMGHEGLMAKRLD--AVYEPGNRGKKWLKIK-———-PTMENLDLVIIGAEWGEGR
ApeLig 421 FLKAI EEGAEGVWKAVHRDSWTAGVRGWLWKLI@DYKSEMHDTVDLWVG#.FYGRGK
Dok ok BRI Dk |k kk RokIk Dk Ddok Dk kD
IV
— re—. — 1 ——)p—
PfuLig 442 RAHLFGSFILGAYDPETGEFLEVGKVGSGFTDDDLVEF TKMLKPLI IKEEGK—————
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reported previously (Jeon and Ishikawa 2003). We re-
ported that a functional interaction between PfulLig and
PCNA was observed not at low ionic strength, but at high
K-Glu concentrations, at which a DNA ligase alone
cannot bind to a nicked DNA substrate, and discussed the
possibility of the inhibitory effect of a high concentration
of chloride ion on the enzyme activity (Kiyonari et al.
2006). Therefore, we examined whether the ApePCNA
heterotrimer can stimulate the ligation activity of ApeLig
wild type and ApeLig F132A at high K-Glu concentra-
tions. Before we compared the effects of ApePCNA on
these enzyme activities, ligation reactions were performed
to determine the specific activities of each enzyme. As
shown in Fig. 5a, the wild type and F132A enzymes
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showed almost the same ligation activity in the reaction
conditions without the addition of salts. The stimulation
effect of the ApePCNA heterotrimer (1-2-3) on the wild-
type enzyme was observed at 0.3 M K-Glu, but the effect
was decreased at >3 nM PCNA heterotrimer (Fig. 5b).
The optimum K-Glu concentrations for the ApePCNA-
dependent ligation activity of ApeLig are 0.2-0.3 M (data
not shown). These salt concentrations are slightly lower
than the case of the reaction with PfuLig and PfuPCNA
interaction (0.3-0.4 M K-Glu, Kiyonari et al. 20006).
Consistent with our SPR analysis observations, the Ape-
Lig FI132A was not stimulated by the PCNA heterotrimer,
probably due to the loss of the binding ability to the
PCNA3 subunit. Taken together, we concluded that the
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Fig. 4 Physical interaction between ApeLig and ApePCNA3 protein.
An SPR analysis was performed using a Biacore system to detect the
physical interaction between the ApeLig and ApePCNA3 proteins.
Purified ApePCNA3 was immobilized on a Biacore sensor chip, and
the wild-type (WT) and F132A mutant protein (1 M) were each
injected for 120 s, at a constant flow rate of 30 pl/min

aromatic residue Phel32 has a critical role for the func-
tional interaction with ApePCNA.

Discussion

We prepared two ApeLig proteins (1-691) and (18-619),
based on the open reading frames started by GTG and
ATG, respectively, in this study. A comparison of the two
recombinant proteins with the native ApeLig in the A.
pernix cells by a western blot analysis suggested that the
(1-691) protein is probably produced in A. pernix. How-
ever, the specific activities for the in vitro DNA ligation
reaction are the same between the two enzymes. Therefore,
the N-terminal 17 amino acids seem to be dispensable for
the ligation activity. Our preliminary study showed that
ApeLig (1-691) is more heat-stable than ApeLig (18-691),
when these enzymes were incubated at 110°C for 20 min
(data not shown). The N-terminal region probably con-
tributes, at least, to the stability of the ApeLig protein in
the hyperthermophilic archaeal cells. This N-terminal re-
gion might be involved in interactions with other proteins
that regulate the ApeLig activity to adjust it to different
processes in the DNA transactions.

It is known that human DNA ligase I forms a stable
complex with PCNA. However, the functional role of the
complex formation is unclear, because several groups have
reported contradictory observations, about the stimulatory
effect of PCNA on DNA ligase activity (Levin et al. 1997,
Jonsson et al. 1998; Tom et al. 2001). We demonstrated
that the ligation activity of Pfulig is obviously stimulated
by PfuPCNA at a physiological salt concentration, al-
though a large amount of PCNA is required for the stim-
ulation of Pfulig activity in vitro (The PfuPCNA
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Fig. 5 Functional interaction between ApeLig and the PCNA
heterotrimer. a The ligation activities of the wild-type (WT) and
F132A mutant proteins were compared. Various amounts of ApeLig
proteins, as indicated, were incubated with 100 fmol of nicked DNA
in the reaction mixture, as described in the Materials and methods.
The ligation efficiency is plotted as a function of the enzyme
concentration. b The stimulatory effect of the ApePCNA heterotrimer
on the ligation activity of the ApeLig proteins. The ApeLig proteins
(4 fmol) were incubated with 100 fmol of nicked DNA and 0-9 nM
PCNA heterotrimer in a reaction mixture containing 0.3 M K-Glu, as
described in the Materials and methods. The ligation efficiency is
plotted as a function of the enzyme concentration

concentration-dependent stimulation of PfuLig activity
reaches to the maximum at 50 nM for the 5 nM DNA
substrate), probably due to the difficulty of loading of the
PCNA ring onto the double-stranded DNA substrate in the
assay mixture (Kiyonari et al. 2006). The PCNA ring was
probably loaded by diffusion onto the ends of the DNA
fragment, and therefore, this step may be a rate-limiting
process in the in vitro reaction using oligodeoxynucleotide
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Putative PCNA binding region

Ape 106 GDLGSVAERLSREYRSRAARAVTLEAMAGGGEALT

Sso 88 GDLGEVARRLK-—-SKQ
Pae 89 GDVGEAARRAL————AASKRPGLL GSQKPLE-——
Xk Ik |k ok
DBD AdD OB
Apelig l 11 ] ] |
ApePCNA
heterotrimer
IDCL

Fig. 6 Amino acid sequence alignment of the PCNA binding regions
in crenarchaeal DNA ligases. Identical residues among the ligases are
marked as ““*’’, and residues with conserved and semi-conserved
substitutions are marked as ‘“:>” and ‘*.”’, respectively. Phenylalanine
residues are enclosed in a black box and the PCNA binding motif of
SsoLig is underlined (Pascal et al. 2006). The interaction between
ApeLig and the PCNA heterotrimer is schematically drawn.

substrates, as discussed previously (Tom et al. 2001). As
shown in Fig. 5b, the ApeLig activity was enhanced by
ApePCNA in a concentration-dependent manner, and the
stimulatory effect was decreased at >3 nM PCNA. The
difference of the concentration dependency between
PfuPCNA and ApePCNA suggested that the ApePCNA
heterotrimer can be loaded onto the DNA substrate more
efficiently than the PfuPCNA homotrimer, and once it is
formed, the PCNA heterotrimer-DNA complex may be
quite stable. In the reaction mixtures with high concen-
trations of ApePCNA, accumulation of an excess amount
of PCNA heterotrimer might prevent the binding of
DNA ligase to the nicked site on the double-stranded DNA
substrate. The binding affinities of these PCNAs to DNA
should be compared to address this issue. Since the cal-
culated equilibrium constant for the ApeLig—PCNA3
interaction is similar to that of the PfuLig-PCNA interac-
tion, the inhibitory effect of ApePCNA on ligation by
ApeLig with a lower concentration as compared with
PfuPCNA is not due to the formation of the ApeLig—
ApePCNA complex without the DNA substrate.

Human DNA ligase I interacts with PCNA via a typical
PIP box motif, 2-QRSIMSFF-9, which is located at the
N-terminus of the DBD (Montecucco et al. 1998). The
crystal structure of human DNA ligase in complex with a
nicked DNA substrate and biochemical analyses of the
enzyme revealed that eukaryotic DNA ligase comprises the
N-terminal DNA-binding domain (DBD), the middle
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Eukaryotic DNA ligase comprises three domains, N-terminal DNA-
binding domain (DBD), the middle adenylation domain (AdD), and
the C-terminal OB (oligonucleotide/oligosaccharide binding)-fold
domain (OB). ApeLig interacts with the PCNA3 subunit via the
binding motif located in the middle of the DBD. Ape, Aeropyrum
pernix; Sso, Sulfolobus solfataricus; Pae, Pyrobaculum aerophilum

adenylation domain, and the C-terminal OB (oligonucleo-
tide/oligosaccharide binding)-fold domain (Pascal et al.
2004). The authors proposed a model structure of Lig
I-PCNA. However, their crystal analysis used an N-termi-
nally truncated protein lacking the PIP box for Lig I, and
therefore, it is difficult to discuss the interaction at the N-
terminal PIP box from this work. Archaeal DNA ligases do
not seem to have a clear PIP box motif (Warbrick 2000;
Grabowski and Kelman 2003). Based on our crystal
structure (Nishida et al. 2006) and mutational analyses of
PfuLig (Kiyonari et al. 2006), we identified a novel PCNA-
binding motif, 103-QKSFF-107. This novel motif is lo-
cated in a loop structure in the middle of the DBD, but not
at the N-terminus of PfuLig. During the preparation of this
manuscript, the crystal structure of SsoLig was reported
(Pascal et al. 2006), in which the PCNA-binding motif was
identified in the loop region corresponding to that we
identified in PfuLig. In the crystal structure of SsoLig, the
loop region is disordered, and therefore, the PCNA-binding
region is predicted to be flexible. A structural comparison
of the novel motif found in the PfuLig with the PIP box
motif of the P. furiosus RFC (replication factor C) large
subunit, complexed with PCNA (Matsumiya et al. 2002),
revealed that locations of the amino acid residues respon-
sible for the hydrophobic and ionic interactions clearly
correspond between the two PCNA-binding motifs. Nota-
bly, the three-dimensional positions of Q103 in PfuLig and
Q470 in RFCL (for ionic interaction) and F106/F107 in
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PfuLig and F476/L473 in RFCL (for hydrophobic interac-
tion) are remarkably conserved between the two PCNA
interacting motifs. An amino acid sequence alignment of
the putative PCNA-binding regions of the crenarchaeal
DNA ligases showed that the glutamine residue is not
conserved in the A. pernix and Pyrobaculum aerophilum
DNA ligases (Fig. 6). Our present observations of the
ApeLig—ApePCNA interaction suggest that the glutamine
residue may not be required for PCNA-binding. Consistent
with this idea, we found that although the glutamine residue
is conserved in the PCNA-binding motif 103-QKSFF-107
of PfuLig, the single substitution of the aromatic amino acid
residue of PfulLig, F106A, abolished the binding ability to
PfuPCNA (Kiyonari et al. 2006). Further crystallographic
and biochemical studies are required to understand the de-
tailed interaction mode (role of each amino acid) in the
PCNA-binding motifs of the archaeal DNA ligases. A re-
cent crystallographic study of the SsoPCNAI-PCNA2-
FEN1 complex shed light on the mechanism of the binding
specificity for each PCNA-binding protein (Dore et al.
2006). S. solfataricus FEN-1 binds specifically to the
PCNA1 subunit via the typical PIP box sequence, 339-
QTGLDRWE-346, at its C-terminus. The PIP box binds to
the interdomain-connecting loop (IDCL) of PCNAI. A
structural comparison between the two SsoPCNA proteins
revealed that the IDCL of PCNAI adopts a unique con-
formation, which is suitable for FEN1, but not for DNA
polymerase and ligase. This structural study supports the
idea that the PCNA-binding specificity of the crenarchaeal
replicative enzymes is regulated by the sterical matching
and hindrance between IDCL and PIP box. X-ray crystal-
lographic studies of the ApeLig—PCNA3 complex will be
required to provide a framework to understand the inter-
action mode and the binding specificity of ApeLig to
ApePCNA. Continuous research on the archaeal PCNA and
PCNA-binding proteins will greatly contribute toward
elucidating the basic molecular mechanisms of the DNA
transaction processes not only in the archaeal cells, but also
in the more complicated eukaryotic cells.
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