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The 3D structure of the ternary complex, consisting of DNA ligase,
the proliferating cell nuclear antigen (PCNA) clamp, and DNA, was
investigated by single-particle analysis. This report presents the
structural view, where the crescent-shaped DNA ligase with 3
distinct domains surrounds the central DNA duplex, encircled by
the closed PCNA ring, thus forming a double-layer structure with
dual contacts between the 2 proteins. The relative orientations of
the DNA ligase domains, which remarkably differ from those of the
known crystal structures, suggest that a large domain rearrange-
ment occurs upon ternary complex formation. A second contact
was found between the PCNA ring and the middle adenylation
domain of the DNA ligase. Notably, the map revealed a substantial
DNA tilt from the PCNA ring axis. This structure allows us to
propose a switching mechanism for the replication factors oper-
ating on the PCNA ring.

DNA replication | electron microscopy | single-particle analysis |
DNA sliding clamp | protein-DNA complex

NA ligase plays essential roles in various DNA transactions,

such as joining Okazaki fragments in DNA replication and
nick-sealing at the final step of several DNA repair pathways,
including nucleotide excision repair, base excision repair, and
mismatch repair (1, 2). The enzyme catalyzes phosphodiester
bond formation at the nicks generated within dsDNA, through
the well-conserved 3-step reaction using either NAD* or ATP
as a cofactor (3). At the first step, the DNA ligase interacts with
the nucleotide cofactor to form a covalent ligase—nucleoside
monophosphate. At the second step, the bound AMP is trans-
ferred to the 5’ terminus of the DNA, and finally, a phosphodi-
ester bond is formed by a reaction between the 5'-DNA-
adenylate and the 3'-hydroxy group.

To date, 3 crystal structures of ATP-dependent eukaryotic-
type DNA ligases have been reported. The structures of the 2
archaeal DNA ligases from Pyrococcus furiosus (PfuLig) and
Sulfolobus solfataricus (SsoLig) were determined in the closed
(4) and extended forms (5), respectively. The structure of the
human DNA ligase 1 (hLigl) in complex with DNA (6) revealed
that the enzyme entirely encircles the nicked DNA. All of these
DNA ligases are in common composed of 3 domains, designated
as the DNA binding domain (DBD), the adenylation domain
(AdD), and the OB-fold domain (OBD), in the sequences from
the N to C termini. Although the internal architectures of these
domains are strikingly similar among the 3 DNA ligases, their
relative domain orientations within each enzyme are quite
different. Similar to many other replication factors, such as DNA
polymerase and Flap endonuclease 1 (FEN1), DNA ligases
exhibit the full activity by binding to proliferating cell nuclear
antigen (PCNA). A small-angle X-ray scattering analysis re-
vealed that the morphology of SsoLig in complex with PCNA
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coincides with the extended structure of SsoLig alone (5).
However, the structure of the ternary Lig-PCNA-DNA complex
remains unknown.

PCNA interacts with various protein factors to control DNA
metabolism. It works not only as the platform for these factors
on the DNA strand, but also as the conductor for the recruitment
and release of these crucial players (7-9). These protein factors
generally interact with the C-terminal and interdomain connect-
ing loop (IDCL) of PCNA through the consensus sequence,
which is called the PCNA binding protein box (PIP-box) (10) and
is generally located at the N or C terminus. The hLigl protein
also bears a PIP-box in the N-terminal domain (11, 12), whereas
the corresponding domain is missing in archaeal DNA ligases.
Recently, a functional PCNA binding motif of PfuLig, -QKSFF-,
was found in a loop within the middle of the DBD, rather than
the terminus of the enzyme (13).

The trimeric ring of the PCNA clamp can, in principle, provide
at most 3 binding sites for each replication factor. The crystal
structure of the human FEN1-PCNA complex indeed presented
a view in which 3 FEN1 were bound in different orientations on
a single PCNA clamp (14). A biochemical study of the S.
solfataricus proteins supported the idea that 3 factors, such as
DNA polymerase B1, FEN1, and DNA ligase, could simulta-
neously bind to a single PCNA clamp (15). It is an attractive idea
to consider the “PCNA revolver” as the switching mechanism for
each factor on the single PCNA ring to work sequentially.
However, the actual view of this process remains unknown at the
molecular level. Indeed, the clamp loading ternary complex
revealed that the PCNA ring is almost completely covered by the
RFC molecule, thus preventing interactions with other factors
(16). The PCNA clamp and bacterial B clamp, which form
trimeric and dimeric structures, respectively, exhibit very similar
overall 3D structures with a pseudo 6-fold symmetry, despite
their low sequence similarity to each other (17-20). Intriguingly,
it was recently reported that the accommodated DNA is tilted by
22° from the ring axis in the bacterial clamp-DNA complex (21).
In agreement with this finding, the molecular dynamics simula-
tion indicated that the tilted DNA may play crucial roles in
switching among the protein factors bound to the PCNA (22).
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Fig. 1. Sample preparation and EM of the PfuLig-PCNA-DNA complex. (A)
Isolation of the PfuLig-PCNA-DNA complex by gel filtration chromatography.
Positions of the molecular mass standard markers are indicated on the top of
the profiles. The fraction numbers and the lane numbers of SDS gel electro-
phoresis are equivalent to each other. Lane M: morecular mass markers. (B)
Electron micrograph of the negatively-stained PfuLig-PCNA-DNA complex.
(Scale bar: 50 nm.)

Here, we report the 3D structure of the PfuLig-PCNA-nicked
DNA complex, which was obtained by EM single-particle anal-
ysis. We have successfully visualized the replication-relevant
ternary complex, where the closed clamp complexed with the
enzyme accommodates the substrate DNA. This complex struc-
ture also revealed a unique interaction between the DNA ligase
and the clamp and allowed us to envision how the PCNA
platform plays major roles in the sequential recruitment of
replication factors into the replisome.

Results

EM and Overall Structure of the Complex. Using nonligatable,
nicked DNA (a dideoxyribose at the 3’ terminus of the ligation
site), we successfully stabilized the intermediate state of the
DNA ligation, and thus isolated the PfuLig—-PCNA-nicked DNA
complex for structural analysis. The ternary complex eluted as a
single peak in gel filtration chromatography. The molecular mass
was estimated from the elution position to be ~164 kDa,
corresponding to the total mass of each protein (Lig: 63.8 k;
PCNA: 28.0 k; DNA: 19.6 k) at a stoichiometry of 1:3:1 for
PfuLig, PfuPCNA, and the nicked DNA (Fig. 14). The EM
images revealed that the particles were well-dispersed and
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Fig. 2. 3D structure of the PfuLig-PCNA-DNA complex. (A) Front view. (B)
Bottom view. The red dots and arrows indicate the concave edges and flat
edges, respectively, of the PCNA ring with the pseudo 6-fold symmetry. (C)
Back view. (D) Top view. (Scale bar: 5 nm.) (E) The reprojections of the 3D
structure of the complex (Upper), with the corresponding 2D class averages
(Lower). The side length of the individual images is 17.4 nm.

exhibited various shapes, but were almost the same size (Fig. 1B).
Together with the gel filtration profile, this result suggested that
single-particle analysis of the complex would be very promising.

The final 3D map (Fig. 2) showed that the complex comprises
mainly 2 regions, a lower hexagonal ring region, corresponding
to the PCNA, and an upper crescent- shaped region, which
extensively covers the lower ring. The edge length of the hexagon
was ~48 A, and the diameter of the central channel was 35 A
The center of the complex clearly showed thel5-A-thick rod-
shaped structure, which should be assigned to the dsDNA,
surrounded by both the ring and the crescent-shaped region.
Based on the 0.5 criterion of the Foourier shell correlation, the
resolution was estimated to be 15 A (Fig. S1A4).

The crystal structure of the PfuPCNA fits nicely into the lower
hexagonal ring (Fig. 34). This ring exhibited 3-fold symmetry,
rather than genuine 6-fold symmetry, as characterized by the
alternating flat and concave edges, corresponding to the IDCL
(Figs. 2B and 34, red arrows) and intersubunit interface (Figs.
2B and 34, red dots), respectively. This observation was impor-
tant to uniquely allocate the trimeric PfuPCNA crystal structure
in the hexagonal ring. The quality of the EM map at the
hexagonal ring region indicates that the assignments of the other
areas are also reliable. The length of the rod density coincides
with that of the 32-bp-long dsDNA, indicating that almost the
entire length of the DNA is visualized (Fig. 3B).

Fitting of the Crystal Structures of DNA Ligases. The upper crescent
region consisted of 3 domains, which all contacted the DNA rod
(Figs. 2 and 3). The first 2 large domains contacted the PCNA
hexagonal ring at 2 of the flat edges (IDCL). This finding was
consistent with the characteristics of PCNA IDCL, which func-
tions as a universal platform for various PCNA binding proteins.
The third drooping domain, with a slightly smaller size, con-
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Fig. 3. Docking of the crystal structures of each component into the EM map of the ternary complex. (A) PfuPCNA crystal structure fitted to the EM map. The
red dots and arrows indicate the intersubunit interfaces and interdomain connecting loop regions of the PCNA ring, respectively. The 3 PCNA subunits are
displayed in green, orange, and red ribbon models to highlight the trimeric configuration of the PCNA clamp. The disordered regions of the IDCLs are shown
by broken lines. (B) Oblique view of the complex. The crystal structures of PfuLig DBD (yellow), AdD (light blue), and OBD (purple) were docked independently
into the map. The atomic models of PCNA and DNA are represented by green and blue ribbon models, respectively. The PCNA interacting -QKSFF- motif in DBD
(red stick) and the DNA interacting residues Arg-523 and Phe-524 in OBD (red stick) are shown. (C) Back view of the complex. The 2 Lig-PCNA interactions are
denoted by the red arrows and notations. Both ends of the DBD-AdD loop are colored red. The -QKSFF- motif in the contact 1 area and the AdD residues
(His-323-Glu-326) near the contact 2 area are represented by red stick models. (D) Side view of the complex.

tacted the top of the DNA rod and the second domain. Notably,
no interaction was observed between the third domain and
PCNA.

Based on the overall shapes and sizes of the 3 domains, we
could convincingly identify the first 2 large density regions in our
EM map as the DBD and AdD, and the third drooping density
as the OBD (Fig. 3B, denoted by DBD, AdD, and OBD).
However, the relative orientations of each domain, particularly
that of the OBD, were quite different from those in the crystals,
and none of the 3 eukaryotic-type DNA ligase structures could
be fitted as an intact molecule into the upper density region. The
large discrepancy of the OBD orientation should be ascribed to
the striking flexibility of the DNA ligase molecule (5), as
proposed from the comparison of the 3 crystal structures from
the human (6), S. solfataricus (5), and P. furiosus (4) proteins.
These 3 structures indeed exhibited different OBD arrange-
ments. Among the 3, SsoLig alone exhibited the stretched
domain arrangement (5) (Fig. S2 A4 and B). The DNA-free
PfuLig and hLigl in complex with DNA adopted the closed
conformations, and both exhibited interactions between the
N-terminal DBD and the C-terminal OBD. However, even these
2 closed conformations exhibited the pivot motion of OBD by
nearly 180° (4, 6). In contrast to the OBD, the orientations
between DBD and AdD were similar among the 3 crystals.
Especially, the structures of the 2 archaeal DNA ligases fit nicely
into the first 2 domains of the EM map (Fig. S2 4 and B),
although a better result was obtained when the loop between
DBD and AdD was eliminated and then each domain was fitted
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independently (Fig. S34). Although we did not assume any
further restriction of the domain orientation when using the
fitting tool of the Chimera program, the -QKSFF- motif (13) in
the DBD was located close to the PCNA, and both ends of the
cleaved DBD-AdD loop were close to each other, highlighting
the reliability of the docking model.

Notably, AdD presents the second contact site between
PfuLig and PCNA (Fig. 3 C and D). According to the docked
atomic model of AdD, this contact site involves the loop
(R321-N324) between helices A3 and A4 (the third and fourth
helices of AdD), in addition to several residues at the N terminus
of helix A4.

It appears that the discrepancy of the domain configuration
between PfuLig and hLigl can be attributed to these 2 PfuLig—
PfuPCNA contacts. The atomic model of hLigl in the human
LigI-DNA crystal could not be docked into the EM map of the
ternary complex, and the overlay of the DNA between our EM
map and the hLigl-DNA crystal structure indicated that a
considerable region of hLigl protrudes from the EM map (Fig.
S2C). In the EM map of the ternary complex structure, the
PfuLig winds about halfway around the DNA rod and does not
completely enclose the DNA substrate, as seen in the hLigl-
DNA complex (6). The domain configuration in the hLigl-DNA
crystal is completely free from the restrictions of contacting
PCNA, thus allowing the DNA ligase domains to encircle the
DNA more tightly. A similar closed ligase structure, encircling
the substrate DNA, was also observed in the chlorella virus DNA
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ligase-DNA complex, which was crystallized in the absence of
PCNA (23).

The DBD of PfuLig and hLigl consists of 2 triangular,
prism-shaped subdomains (4, 6), which are connected through 2
loops (Fig. S3B) and referred to as the “terminal part” (helices
I-III and X-XII) and the “middle part” (helices IV-1X) (4). The
PCNA binding -QKSFF- motif is located in the middle part
subdomain, which corresponds to the lower part of the DBD
region in our EM map. In the fitting, the middle part subdomain
could be best docked into the EM map, when the 2 linker loops
between the 2 DBD subdomains were cut and the middle part
subdomain was fitted independently (Fig. 3C and Fig. S3A4).
Thus, we obtained the entirely consistent model, where the
-QKSFF- motif lies closer to the C terminus and IDCL of PCNA
(Fig. 3 B and C and Fig. S34). This improvement of the docking
procedure seems to be reasonable, considering that a 25° kink
motion in the DBD was observed between the PfuLig and hLigl
crystal structures (4, 6).

Although the dockings of the DNA ligase domains and the
PCNA subunits into our EM map were mostly straightforward,
we found notable ambiguity in the docking of OBD, which might
be caused by the poor quality of the density map in this area.
Consistently, the orientations of the OBD were strikingly dif-
ferent among the 3 crystals, suggesting the high mobility of this
domain (4-6). This unfixed location of the OBD was also
highlighted from the crystal structures of smaller ATP-
dependent DNA ligases (23, 24), which exhibited OBD orien-
tations, not only different from our structure, but also from each
other. Furthermore, in the EM map, this domain alone lacks
contact with PCNA, whereas the DBD and AdD interact with
PCNA. Thus, the final model was constructed, assuming that 2
basic residues, Arg-523 and Phe-524, corresponding to Arg-871
and Phe-872 involved in DNA binding in hLigl (6), should
interact with the DNA (Fig. 3B).

DNA Interacts with the PCNA in a Tilted Configuration. An intriguing
contact was observed between the DNA rod density and the
inner wall of the hexagonal ring (Fig. 34). This contact was
consistently observed in all of the preliminary 3D maps, which
were independently calculated by using different datasets and
different initial reference 3D maps and refinement parameters
(Fig. S1). Notably, the DNA did not pass perpendicularly to the
PCNA plane, but was tilted by 16° from the PCNA 3-fold axis
(Fig. 4).

The crystal structure of the bacterial B-clamp in complex with
DNA clearly revealed that the DNA was tilted from the clamp
axis and bound to the inner walls of the clamp channel on
opposite sides (21). Within the clamp-loading complex, by
contrast, the dsDNA runs perpendicularly to the PCNA plane
and in parallel to the symmetrical axis and lacks apparent
contacts with the PCNA (16). These results suggested that the
actual DNA orientations in ternary complexes differ among the
enzymes (DNA ligase in our case), that contact both DNA and
PCNA, although the DNA in complex with PCNA alone may tilt
by up to 20°, as predicted (22).

To identify potential amino acid residues involved in the DNA
contact, we aligned the crystal structure of PfuPCNA with that
of the Escherichia coli B-clamp complexed with DNA. The 2
structures superimposed well (90% structural overlap, rmsd =
3.7 A), despite their low sequence identity (12%). The B-clamp-
DNA complex structure revealed that residues N15, R24, R73,
R80, H148, N149, and R205 are involved in DNA binding. The
alignment allowed us to predict that PfluPCNA residues K209
(for B-clamp R205), H75 (for K198), K77, K78, and K81 (for R80
or R205) correspond to these key residues (Fig. S4). Intriguingly,
K209 and K81 lie very close to the DNA-PCNA contact region
in the EM map (Fig. 4), suggesting that the interfaces of the
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Fig.4. Cross-section of the EM map of the complex showing the tilted DNA
in contact with the inner wall of the PCNA. (A) Side view. (B) Bottom view. The
key lysine residues K81 and K209 (red sphere) for the PCNA-DNA interaction,
predicted from the crystal structure of the 8 clamp-DNA complex and the
sequence alignment of the B-clamp and PCNA, are labeled in red notation,
together with K84, which was also found close to the PCNA-DNA contact.

clamps with DNA may be conserved among bacteria, archaea,
and eukaryotes.

Discussion

DNA replication, repair, and cell cycle control involve various
proteins that interact with PCNA. Therefore, PCNA not merely
serves as a platform for DNA, but also coordinates PCNA
binding proteins to cooperatively function in the above cellular
processes, although the precise mechanism is still unknown (7,
8). Our ternary complex structure could provide important clues
to understanding the switching mechanism of PCNA binding
proteins operating on DNA.

Based on our structural model, we considered a mechanism in
which these partners are bound and released sequentially. In
fact, most of the PCNA binding proteins share the same binding
sites, such as IDCL and the C-terminal tail of the PCNA. Our
structural features exclude the possibility that the 3 protein
factors contact the single PCNA ring at the same time, because
DNA ligase occupies 2 of the 3 subunits of the PCNA trimer.
Likewise, in the RFC-PCNA-DNA complex, RFC entirely
covers the PCNA ring, thus blocking the entry of other protein
factors (16). Collectively, our ternary complex, containing DNA
ligase, appears to favor a mechanism involving the sequential
binding and release of replication factors, as schematically
represented in Fig. 5. In solution, a DNA ligase can adopt various
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Fig.5. Switching mechanism of PCNA binding factors. (A-C) Model switching mechanism proposed in this work. (A) In solution, the DNA ligase adopts various
conformations, such as the closed and extended configurations, as observed in the PfuLig and SsoLig crystal structures, respectively. (B) Upon binding to PCNA
and DNA, the DNA ligase forms the intermediate crescent configuration, which embraces the DNA. (C) The DNA ligase grips the DNA to accomplish the ligation
of nicked DNA, as observed in the crystal structure of hLigl-DNA. Accordingly, the binding sites will be released, thereby enabling the PCNA ring to interact with
the PIP-box of the next enzyme. (D) Switching induced by the DNA tilt and swinging-in and -out of the factors bound on the PCNA revolver, proposed in previous
works (14, 15, 21, 22). (E) FEN1-PCNA crystal structure, superimposed on the EM map. FEN1 in the X (blue), Y (red), and Z (green) configurations, placed on the

free IDCL region of PCNA (yellow).

conformations between the extended (5) and closed (4) forms
(Fig. 54). Our ternary structure could be regarded as an
intermediate state, just before DNA ligation. Under the con-
straints within the ternary complex, the interaction with the
DNA and PCNA would modulate the domain configuration of
the DNA ligase molecule relative to PCNA, thereby inducing the
kink motion within the DBD. This motion would generate the
intermediate state, in which the DNA ligase forms the crescent
configuration, embracing the DNA (Fig. 5B). The intermediate
state, sustained through the bipartite interactions with PCNA,
may explain the inhibitory effect of PCNA on ligation, as
reported (25). When DNA ligase catalyzes the ligation reaction,
tight binding between the enzyme and the substrate DNA, as
revealed by the hLigl-DNA complex crystal structure (6), is
required. Thus, it is not surprising that the conformation of DNA
ligase complexed with DNA is distinct from that within our
ternary complex. It is intriguing to consider that 1 of the 2
contacts, most possibly at the weaker AJD-PCNA contact site
rather than that with the -QKSFF- motif, would be free in the
ligase reaction, allowing the next factor (e.g., RFC for the clamp
unloading) to interact with the PCNA ring through its PIP-box
(Fig. 5C). Furthermore, the ternary complex structure may even
allow us to envision that the extensive DNA ligase—PCNA
contact could block the entry of other PCNA binding proteins.
The structure also implies that the ligation reaction would be
coupled with the dissociation of DNA ligase from PCNA,
thereby ensuring the correct order of various reactions in the
replication factory.

Alternatively, we can consider the flip-flop transition mech-
anism, which enables protein factors to internally switch for
different functions on the same DNA clamp (Fig. 5D). Intrigu-
ingly, the S. solfataricus PCNA heterotrimer binds FEN1, DNA

Mayanagi et al.

ligase, and DNA polymerase simultaneously on each subunit of
PCNA (15), implying that a flip-flop transition mechanism may
occur among these replication factors. Consistent with this idea,
the crystal structure of the human FEN1-PCNA complex (14)
revealed that 3 FENIs are bound to the single PCNA ring, in
different configurations. The crystal structure of the B-clamp—
DNA complex (21) also allowed the authors to propose an
intriguing model, in which the 2 DNA polymerases (Pol III and
Pol IV) bound to the same clamp ring can switch with each other,
in response to alternate tilting movements of the DNA duplex
accommodated within the clamp.

To test this model, we superimposed our ternary complex
model onto the FEN1-PCNA crystal structure (14) (Fig. 5E).
The fitting of PCNA in the FEN1-PCNA crystal structure into
our 3D map revealed that the third binding site of PCNA was
completely open for the FENT1 interaction, and that the globular
domain of FENI in the X configuration did not clash with the
DNA ligase. Meanwhile, a slight collision was observed between
Lig OBD and FEN1 in the Y or Z configuration. However, when
considering the positional flexibility of OBD, its rearrangement
would allow FEN1 to adopt the Y and Z configurations as well.

Taken together, it is possible that the protein factors on the
DNA clamp in vivo adopt several switching mechanisms, includ-
ing the 2 models discussed above. Our structural study of the
PfuLig-PCNA-DNA complex revealed that the architectures of
the DNA and the protein factors on the DNA clamp are strikingly
versatile in different functional states. In particular, considering
previous findings (16, 21, 22), the orientations of DNA duplexes
could broadly vary, depending on the protein factors bound to
PCNA. Presumably, this versatile architecture would facilitate the
functional switching between different proteins.
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Experimental Procedures

EM and Single-Particle Image Analysis. The PfuLig and PfuPCNA were prepared
as described (20, 26). The substrate DNA used in the sample preparation was
a 32-bp DNA duplex containing a single nick. The 19-mer deoxynucleotide
(5'-GCTTCTGTGCTGATGCGTdAC-3") and the 13-mer deoxynucleotide (5'-
PGTCGGACTGAACC-3’) were annealed to the 32-mer deoxyoligonucleotide
with a complementary sequence, in 40 mM Tris acetate (pH 7.8) and 0.5 mM
magnesium acetate. The purified PfuLig (10 uM) and PfuPCNA (30 M) were
incubated with the nicked DNA substrate (10 uM) in 70 L of ligation buffer,
containing 20 mM Mes (pH 6.5), 10 mM MgCl,, 50 mM NacCl, 0.1 mM ATP, and
0.1% Tween 20, at 50 °C for 15 min. The mixture was incubated at 20 °C for 15
min and was subsequently loaded onto a gel filtration column (Superdex 200
PC 3.2-30; GE Healthcare) equilibrated with elution buffer [20 mM Mes (pH
6.5), 10 mM MgCl;, and 50 mM NaCl]. The fractions corresponding to the
reconstructed complex were confirmed by SDS/PAGE.

A 3-pL aliquot of sample solution was applied to a copper grid supporting
a continuous thin-carbon film, left for 1 min, and then stained with 3 drops of
2% uranyl acetate. Images were recorded by a BioScan CCD camera (Gatan)
with a pixel size of 5.1 A/pixel or 3.1 A/pixel, using a JEM1010 electron
microscope (JEOL) operated at an accelerating voltage of 100 kV. The mag-
nification of the images was calibrated by using tobacco mosaic virus as a
reference sample. A minimum dose system was used to reduce the electron
radiation damage of the sample.

A total of 7,480 images of PfuLig—Pfu PCNA-nicked DNA (lig-PCNA-DNA)
were selected by using the BOXER program in EMAN (27). Alignment, classi-
fication, and averaging of the particle images were performed by using the
image analysis tools in IMAGIC (28). The initial 3D model was obtained from
images taken with a pixel size of 5.1 A/pixel, using the common-line method.
Subsequent iterative alignment and 3D reconstruction were performed by
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