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Background: NucS, new bipolar nuclease acting on branched DNA repair substrates, interacts with proliferating cell
nuclear antigen (PCNA).
Results: PCNA and NucS form a stable 1:1 complex and PCNA directs the activity of NucS toward single-stranded/double-
stranded DNA junctions in branched DNA substrates.
Conclusion: PCNA regulates NucS activity, preventing the nonspecific cleavage of NucS on the chromatin.
Significance: This study will help understand how PCNA regulates its client enzymes.

Pyrococcus abyssiNucS is the foundingmember of a new fam-
ily of structure-specific DNA endonucleases that interact with
the replication clampproliferating cell nuclear antigen (PCNA).
Using a combination of small angle x-ray scattering and surface
plasmon resonance analyses, we demonstrate the formation of a
stable complex in solution, in which one molecule of the Pab-
NucS homodimer binds to the outside surface of the PabPCNA
homotrimer. Using fluorescent labels, PCNA is shown to
increase the binding affinity of NucS toward single-strand/dou-
ble-strand junctions on5�and3� flaps, aswell as tomodulate the
cleavage specificity on the branched DNA structures. Our
results indicate that the presence of a single major contact
between thePabNucSandPabPCNAproteins, togetherwith the
complex-induced DNA bending, facilitate conformational flex-
ibility required for specific cleavage at the single-strand/
double-strand DNA junction.

To counteract the deleterious effects of the large variety of
DNA lesions caused by endogenous or environmental factors,
living organisms have evolved amultitude of biochemical strat-
egies to maintain genomic integrity. DNA can be repaired
either by directly reversing damage or, alternatively, by excision
of abnormal DNA elements prior to DNA repair. Removal of
these elements requires many nucleases that in a highly con-
trolled fashion resolve irregular DNA structures like flaps,

loops, splayed arms, replication forks, and Holliday junctions
formed during DNA repair and/or recombination. Many of
these abnormal structures contain highly toxic single-stranded
regions. Nucleases function either autonomously or in complex
with additional proteins, such as DNA polymerases that work
in close association with nucleases to increase the fidelity of the
replicationmachinery. One of themost studied nucleases is the
RecB protein that is closely associated with the RecBCD com-
plex involved in the recovery of double strand breaks using
homologous recombination (1–4). Structural studies (1, 2)
indicate that the RecB protein has a helicase activity that sepa-
rates the two strands of damaged DNA. The resulting “fork”
structure is then processed by the RecB nuclease activity (5).
Although Archaea appear to lack the RecBCD complex,

many archeal genomes nevertheless, encode proteins that have
been annotated as “predicted RecB family nuclease” (6, 7). The
structure and biochemical characterizations of Pab2263, one of
the RecB-like nucleases in Pyrococcus abyssi, have been
described (8–10). This protein binds to ssDNA4 at nanomolar
concentrations and possesses a nuclease activity specific for
ssDNA and was thus dubbed “NucS.” Qualitative experiments
have indicated that both 3� and 5� extremities of ssDNA are
cleaved by P. abyssi NucS (PabNucS). Although bipolar endo-
nucleases are not common, human Dna2 endonuclease and
Mus81 can cleave both 5� and 3� tailed ssDNAs with compara-
ble efficiency (11, 12). Little is currently known about how the
activity of these bipolar nucleases is regulated on their various
substrates.
The crystal structure of PabNucS revealed a self-assembled

dimerwith a dumbbell-like organization that does not resemble
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any known protein structures (8, 9). PabNucS is composed of 2
domains. The amino-terminal domain displays a half-closed
�-barrel and hosts a noncatalytic ssDNA binding site, whereas
the carboxyl-terminal domain carries a minimal RecB-like
domain, with its classical �/� structure, and contains the active
site with a sequence motif conserved in the family of the RecB-
like nucleases (7). Cleavage specificity ofPabNucS ismodulated
by poorly understood interactions with dsDNA and the PCNA
replication clamp (9). In cell-free extracts of P. abyssi, PabNucS
forms a high affinity complex with PCNA (KD � 15 nM) (9).
This interaction with the replication clamp is of particular
interest as the toroidal sliding clamp encircles DNA and func-
tions as a central coordinator for a large number of DNA repli-
cation and repair proteins (13, 14). For instance, the processiv-
ity of the P. abyssi DNA polymerases is increased by PCNA
(15–19), which also improves the binding affinity of eukaryotic
and archaeal flap endonucleases (FEN-1) towardDNA (20–22).
Most PCNA-interacting proteins contain short canonical
PCNA interaction peptides (PIPs) that bind to the interdomain
connecting loop (IDCL), a region linking the two similar
domains of a PCNA monomer. The PCNA-binding motif has
been identified in a large number of proteins involved in DNA
metabolic processes ranging from DNA replication, DNA
repair, to cell cycle control (23, 24). The PIP motif correspond-
ing to the carboxyl terminus ofP. abyssiNucS interacts with the
replication clamp PCNA in an array screening (25). As the PIP/
IDCL interface is a distinctive feature of the interactions of
these enzymes with PCNA, regulatory mechanisms must exist
to ensure the spatial and temporal coordination of these funda-
mentally distinct PCNA-dependent processes. Additional pro-
tein-protein interfaces may confer specificity on PCNA inter-
actions and regulate the activity of the associated proteins (16,
26–28). PCNA coordinates the handoff of a DNA substrate
between different enzymes during DNA replication, repair, or
recombination (20). For instance, the replication clamp regu-
lates the activities of DNA pol � and FEN-1 during lagging
strand synthesis (29), eukaryoticDNA ligase binds to the PCNA
trimer and its interaction prevents FEN-1 to interact with
PCNA (30–33). Moreover, in the absence of DNA ligase the
trimer of PCNA can simultaneously bind 3 FEN-1 molecules
(34).
In crenarchaeal organisms, the heterotrimeric PCNA pro-

tein is composed of subunits that display distinct client speci-
ficities. This feature has been shown, in Sulfolobus solfataricus,
to allow the recruitment, in vitro, of different interacting part-
ners on the same ring to form a large macromolecular complex
composed of PCNA, DNA polymerase, Fen1, and DNA ligase.
This arrangement may allow coordination of sequential activi-
ties of these enzymes during the Okazaki fragment maturation
process (35). In euryarchaeal organisms, as in Eucaryotes, the
picture is different; the PCNA ring is homotrimeric and it is
unclear how PCNA temporally regulates sequential interac-
tions of these distinct partners with DNA.
What is the overall structural organization of the NucS-

PCNA complex? How does PCNA influence the affinity and
activity of NucS toward DNA substrates? To answer these
questions, we present SAXS, fluorescence resonance energy
transfer (FRET), and anisotropy analyses of the P. abyssi NucS

and homotrimeric PCNA (PabPCNA) using both, the individ-
ual proteins and their complexes. We found that the PabNucS
solution structure is modulated through interactions with
ssDNA and that the distinct NucS-PCNA complexes are
assembled on the 5� and 3� flap substrates. Altogether our stud-
ies reveal that the structural flexibility of theNucS-PCNA com-
plex mediated by the presence of one major contact point
between the two proteins not only facilitates conformational
flexibility during DNA binding, but also regulates the cleavage
specificity of NucS proteins.

EXPERIMENTAL PROCEDURES

Preparation of Protein Samples for SAXS and SPRAnalyses—
PabNucS (Pab2263) and PabPCNA were purified as described
earlier (8, 9, 25), followed by additional treatment with poly-
imine P to eliminate any DNA contamination. Poly-
imine P was removed after ammonium sulfate precipitation
(60%), followed by a gel filtration step. The PabNucS-PCNA
complex was purified using Superdex 200 size exclusion chro-
matography in buffer A (30 mM Tris-HCl, pH 7.5, 500 mM

NaCl). All samples were adjusted to 250 mM NaCl using buffer
B: 30mMTris-HCl, pH 7.5, 250mMNaCl.Where indicated, 250
�M ssDNAoligonucleotide (sequences of oligonucleotides used
in this work are indicated in supplemental Table S1) was added
to the proteins to form either PabNucS-ssDNA or PabPCNA-
NucS-ssDNA complexes (maximum concentration of NucS
was 230�M). 30mMEDTAwas added to the protein samples to
suppress the Mg2�- or Mn2�-dependent nuclease activity of
the protein. Immediately before SAXSmeasurements, the sam-
ples were centrifuged (10,000 � g, 1/2 h) to remove potential
protein aggregates.
SPR Experiments—Data were obtained using a Reichert

SR7000DC spectrometer instrument (Reichert Inc., Buffalo,
NY). The running buffer was 50 mM Tris-HCl, pH 7.4, 500 mM

NaCl and the flow ratewas 25�lmin�1. 550�RIUofPabPCNA
was immobilized on a mixed self-assembled monolayer (1 C11-
(OEG)6-COOH:10 C11-(OEG)3-OH) (Reichert Inc.) via classi-
cal amine coupling chemistry and the chip was regenerated
after a 30-s injection of 10mMNaOH. Each curve displayedwas
double referencedwith a set of 6 blank buffer injections. For the
contact inhibition experiment, a PabNucS peptide correspond-
ing to the PIPmotif (Ac-KRSKQKTLDFFTP-NH2) was synthe-
sized andHPLCpurified (purity�90% (Innobiochips, France)).
300 nM PabNucS wasmixed with various PIP PabNucS peptide
concentrations, ranging from 0 to 30 �M, before injection on
the PabPCNA chip. When the interaction of the peptide alone
on PabPCNAwas studied, a concentration range from 81 nM to
1 �M of the PIP-peptide and 10 �M of a control peptide (Ac-
KEVKEEYKRFLEE-NH2) were injected on the same PabPCNA
chip at 25 °C. Data were then fitted using a global analysis
method with Scrubber 2.0a software (Biologic Software, Aus-
tralia). For PabNucS interaction with PabPCNA, a concentra-
tion range from 100 nM to 2.7 �M was injected on the same
PabPCNA chip at 45 °C, the same temperature used for SAXS
experiments on the complex. As the data did not fit a simple
equilibrium system, we introduced a system composed of two
consecutive simple equilibria: NucS� PCNAª (NucS:PCNA)
ª (NucS:PCNA), where kON1, kOFF1,KD1, and kON2, kOFF2,KD2
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refer, respectively, to the kinetic and equilibrium constants of
the first and second reaction. Data were then fitted using a
global analysis with Clamp99 3.30. All kinetic constants are
reported in supplemental Table S2.
SAXS Experiments—SAXS experiments were performed: a,

at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France), on beamline ID14-eh3 (� � 0.931 Å; q rang-
ing from 0.1 to 5 nm�1), and b, at the Deutsches Elektronen
Synchrotron (DESY, Hamburg, Germany), on beamline X33
(� � 1.5 Å; q ranging from 0.08 to 4.5 nm�1).
The scattering vector is defined as q� 4�/�sin �, where 2� is

the scattering angle. Experiments were performed both at 15 °C
(a) and 45 °C (b).
SAXS data were evaluated using the Primus software, as

implemented in the ATSAS 2.3 suite (36). For each sample,
scattering profiles at all concentrations superimposed well, and
the experimental SAXS data for all samples were linear in a
Guinier plot of the low q region. These observations indicated
that samples did not aggregate. The radius of gyration (Rg) was
derived from the Guinier approximation I(q) � I(0) exp
(�q2RG

2/3) for qRg � 1.0. The radii of gyration Rg, calculated
for different protein concentrations, displayed a slight concen-
tration dependence arising from particle interference in solu-
tion. Data collected at high q using high protein concentrations
and at low q using low protein concentrations were then
merged to minimize interference occurring at low q and maxi-
mize the signal/noise ratio at high q.Molecularmass of samples
were estimated using both I(0) and the Porod volume calcula-
tion, using a BSA sample as a reference. The program GNOM
(37) was used to compute the distance-distribution function
P(r). This approach also features the maximum dimension of
the macromolecule, Dmax, and offers an alternative calculation
of Rg, which is based on the entire scattering spectrum. Dmax
was scrupulously chosen to minimize differences between the
two calculated Rg results and maximize the “total estimate,”
which indicates the agreement of the values of each criterion to
their “ideal” ones.
Ab InitioModeling—The overall shapes of the proteins in the

various samples were obtained from the experimental data
using the programs GASBOR (38) and DAMMIF (39). The
scattering profiles were fitted up to a qmax � 0.4, 0.5, and 0.55
Å�1, respectively, for PabNucS, PabPCNA, and the complex
between PabNucS and PabPCNA.

In DAMMIF, a particle is represented as a collection of a
large number of beads inside a search volume (for example, a
sphere of a diameter equal toDmax), each bead belonging to the
protein or the solvent. GASBOR searches a chain-compatible
spatial distribution of a number of dummy residues, this num-
ber being the exact number of residues in the protein. Tenmod-
els obtained from different runs were superimposed and aver-
aged using SUPCOMB (40) and DAMAVER (41). This allowed
to identify the general structural features of each reconstruc-
tion and to assess the consistency of ab initio solutions by the
normalized spatial discrepancy (41).
Atomic Model of Proteins—For visual representation, the

shape of the protein was represented as spheres or a mesh sur-
rounding the dummy atoms using the visualization program
PyMOL (PyMOLMolecular Graphics System), and the atomic

structures of the individual modules were positioned into the
low resolution model. The crystallographic structure of Pab-
PCNA is not available and the structure of a Pyrococcus furiosus
ortholog carries an unstructured IDCL that is not visible in the
crystal (42). Consequently, we built a model of the P. abyssi
PCNA structure with Modeler, using crystallographic struc-
tures of the P. furiosus PCNA (42) and the human PCNA in
complexwith Fen1 (34), for the core of the protein construction
and IDCL loop representation, respectively. Various models of
PabNucS were generated with different positions of the N-ter-
minal domain relative to the C-terminal domains, but keeping
the same interdomain distance. SASREF (43)was used tomodel
the position of the various proteins onto the complex using the
SAXS data and atomic coordinate models. No distance
restraints were applied. The resulting models had consistent
features and no steric clashes. Structures were compared using
a homemade program and mean square displacement (�R2�)
was plotted on the C� atoms to visualize mobile areas.
Normal Mode Analysis—We submitted the crystallographic

structure of PabNucS to the World Wide Web interface of the
Elastic Network modeling (44) that provides a fast and simple
tool to analyze low frequency normal modes of large protein
assemblies (45). To analyze the overall motion of our protein,
we examined the mean square displacement of C� atoms in the
100 lowest normal modes. Final models were systematically
compared with those generated following the procedure
described in the previous section (see above).
Construction of Fluorescent DNA Probes—Synthetic deoxyo-

ligonucleotides labeled either on the 5� end or the 3� end with
either fluorescein (FAM) or rhodamine (TAMRA) were pur-
chased from Eurogentec (supplemental Table S1). Comple-
mentary oligonucleotides were annealed by heating at 80 °C for
5 min followed by slow cooling in a buffer containing 20 mM

Tris-HCl, pH 7.5, and 150 mM NaCl. The purity of the probes
was checked by polyacrylamide gel electrophoresis in 50 mM

Tris-HCl, pH 7.5, and 100 nM EDTA, pH 8, 8 mM glycine.
Fluorescent Labeling of PabNucS—PabNucS was labeled at

the amino terminus using the Alexa Fluor� 488 5-SDP ester in
100 mM sodium bicarbonate buffer, pH 8.3, 150 mM NaCl at
room temperature according to the manufacturer’s instruc-
tions (Invitrogen). The reaction was allowed to proceed for 3 h
in darkness and then the labeled PabNucS was purified using
Bio-Gel P-6 (polyacrylamide gel matrice) chromatography col-
umns (Bio-Rad) equilibrated with 20 mM Tris-HCl, pH 7.5, 150
mM NaCl.
Fluorescence Anisotropy Measurements—Steady-state and

kinetic fluorescence anisotropymeasurements were performed
with aCary Eclipse fluorescence spectrophotometer (Varian) in
L-format configuration equipped with a polarization accessory
and a single cell Peltier accessory (Varian). Fluorescence titra-
tions, using TAMRA-labeled DNA probes, were performed at
an excitation wavelength of 560 nmwith a vertical polarization
filter and by monitoring the emission spectra from 570 to 630
nm with the polarization filter both parallel and perpendicular
with respect to the excitation light polarization. Fluorescence
anisotropy measurements, using FAM-labeled DNA probes,
were performed as above using an excitation wavelength of 495
nm and by monitoring the emission from 505 to 570 nm. Fluo-
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rescence anisotropies were calculated from the fluorescence
intensities detected, according to,

r �
Iv 	 2G��	Ih

Iv 
 2G��	Ih
(Eq. 1)

where r is the fluorescence anisotropy, Iv is the fluorescence
emission intensity detected with vertical polarization, Ih is the
fluorescence emission intensity detected with horizontal polar-
ization, and G(�) is the correction factor experimentally deter-
mined measuring the ratio Iv/Ih with a horizontally polarized
excitation (46). Measurements were conducted at 20 °C in
buffer containing 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl
unless otherwise stated in the figure legends. Typically, 50 nM
labeled DNA probes were used for each assay. Data processing
was done using MATLAB and KD values were determined by
nonlinear regression using GraphPad Prism 4 software as
described earlier (47). The effect of ionic strength on binding of
the PabNucS-PCNA complex to the 5� flap substrate and the
relative contributions of electrostratic and nonelectrostratic
components to the free binding energy substrate were analyzed
as described earlier and using 0.71 as the thermodynamic
extent � of counterion “binding” (48, 49).
PabNucS Activity Tests—Nuclease assays at 46 °C were per-

formed using substrates described in supplemental Table S1
using 20 min incubation time. Reaction mixtures (20 �l in all
experiments) contained P. abyssi NucS and labeled oligonu-
cleotides in 20mMHEPES, pH8, 50mMNaCl, and 5mMMnCl2.
Reactions were analyzed on 18% denaturing polyacrylamide
gels. Where indicated, PabPCNA (different concentrations)
and 12 �M bovine serum albumin (BSA) were included in reac-
tion mixtures.
Fluorescence Resonance Energy Transfer (FRET)—A fixed

amount (50 nM) of double labeled, donor-only labeled or accep-
tor-only labeled DNA was incubated with both 2 �M PabNucS
and 2 �M PabPCNA at 20 °C in buffer containing 20 mM Tris-
HCl, pH 7.5, and 150mMNaCl. Steady-state fluorescence spec-
tra were collected at magic angle from 500 to 650 nm after
excitation with vertically polarized light of 485 nm. Increase of
the acceptor fluorescence upon adding the donor labelwas used
to monitor the FRET process. In this way only molecules that
are involved in FRET are taken into account (50). Data process-
ing was done using MATLAB. The spectra under FRET condi-
tions were fitted to sums of separately measured spectra of the
donor and acceptor at the same experimental conditions. The
efficiency of energy transfer (E) was calculated as follows,

E � � IAD

IA
	 1� �

�A

�D
(Eq. 2)

where IAD is the emission of the acceptor in the presence of the
donor (consisting of fluorescence arising from energy transfer
and from direct excitation of the acceptor) and IA is the fluores-
cence of the acceptor-only labeled sample (consisting of fluo-
rescence arising from direct excitation only); �A and �D are the
molar extinction coefficients of the acceptor and donor, respec-
tively, at the wavelength of excitation (51). The Förster dis-
tances (R0) for the TAMRA-FAMandTAMRA-Alexa 488 pairs
are 55 and 53.2 Å, respectively (20, 52), using 2/3 as the orien-

tation factor. TheseR0 distanceswere used in combinationwith
measured E to calculate the distance between the donor-accep-
tor dye pair according to,

E �
R0

6

r6 
 R0
6 (Eq. 3)

where E is the efficiency of energy transfer, R0 is the Förster
distance, and r is the distance between the dye pair. DNA bend-
ing angles were calculated based on the length of the double-
stranded B formDNA assuming that the vertex of the bend was
positioned at the phosphate opposite of the nick. The length of
the dye linker and the helical position of the fluorescently
labeled base were determined using previously described heli-
cal models for nucleic acids (53). Where indicated, 5 mM CaCl2
was included in FRET experiments.

RESULTS

ssDNA Binding Modulates Solution Structure of P. abyssi
NucS—We used SAXS analyses to address the oligomeric state
and conformational plasticity of PabNucS in solution (Fig. 1).
The slope and intensity at zero angle of the experimental scat-
tering data revealed that the protein adopts an extended con-
formation. These data also allowed determination of a Rg of
35.3 
 0.4 Å (Table 1). Similar values were obtained using sev-
eral distinct calculationmethods (Guinier linearization around
the origin, 35.0 Å; Porod volume computation, 35.6 Å; distance
distribution computation, 35.6 Å). The distance distribution
function P(r) displayed a biphasic pattern, also indicating an
elongated shape with amaximumdiameter (Dmax) of 111
 5Å
(Fig. 1A). The molecular mass determined from the scattering
intensity extrapolated to zero angle indicated a molecular mass
of �60 kDa (Table 1), in agreement with our observations that
the PabNucS protein exists as a homodimer in solution (9). The
theoretical scattering curve was calculated using the PabNucS
dimer structure. Although the deduced scattering profile dis-
played a similar shape as the experimental scattering profile
(data not shown) and the theoretical Rg � 35.0 Å was still in
good agreement with the experimental value (Table 1), the 
2

value of 4.01 describing the fit between experimental and the-
oretical profiles suggests slight structural differences between
solution and crystallographic structures. In agreementwith this
notion, we found that when the crystallographic structure was
docked onto the SAXS envelop, the volume corresponding to
the catalytic carboxyl-terminal domains was larger than
expected (data not shown). This may reflect conformational
flexibility of the catalytic domains mediated by the P. abyssi
NucS interdomain loop that was not observed in the crystallo-
graphic structure (Fig. 1B). In contrast, the hydrophobic
patches exposed on the six-stranded N-terminal �-sheet of the
N-terminal domains that assemble to form the dimer in the
crystal, with a large buried accessible surface area (2880 Å2,
almost 20% of the total surface area of the subunit) (9), form an
extremely rigid core. When the programOLIGOMER (54) was
used to fit our experimental scattering curves using a multi-
component mixture of protein (conformers), best results were
obtained using a mixture of 10 models (
2 � 1.61).

The experimental P(r) function from SAXS collected in the
presence of a ssDNAoligonucleotide (27 nucleotides) showed a
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shape change in comparison to theDNA-free form, indicating a
more elongated conformation in the presence of ssDNA (Fig.
1A). It is also noteworthy that the scattering curve deduced
from the dimer of the crystallographic structure of PabNucS
was in better agreement (
2 � 2.0) with the experimental data
in the presence of DNA than in its absence. This suggests that
the solved crystal structure of PabNucS may be “locked” in the
conformation that mimics the DNA bound configuration (Fig.
1B).
Solution Structure of PabPCNA—SAXS measurements for

PabPCNA (Fig. 2) revealed that the protein adopts a globular
conformation and extrapolation to zero angle indicated a
molecularmass of 85.8 kDa in accordance with a homotrimeric
assembly (Table 1). The approximated Rg was 33.7 Å, which is
in good agreement with the theoretical Rg value of 32.1 Å that
was calculated from the atomic coordinates of the model. The
P(r) distance distribution (Fig. 2A) is bimodal and reflects the
dimension of the protein ring with an approximate Dmax of 99
Å, consistent with the theoretical value of 95.9 Å. Assuming
type 3 symmetry for the homotrimeric PabPCNA, the envelope
obtained showed a ring structure with a hole at the center (Fig.
2B). The inner diameter of the torus of 22 Å is large enough to
accommodate a dsDNA. The model of PabPCNA constructed
using crystallographic information (see ”Experimental Proce-
dures“) superimposed very well with the calculated envelope.

Notably, the conformation of the flexible loop that was mod-
eled using the atomic structure of the humanPCNA-Fen1 com-
plex fitted well within the obtained SAXS envelope (Fig. 2B).
Considering the fact that the open state ofP. furiosusPCNAhas
been observed using electron microscopy (55) and yet aware of
known artifact associated with the ab initiomodeling of discoi-
dal particles (41), we also attempted ab initiomodeling without
constraining the program to type 3 symmetry. The latter pro-
tocol revealed an openU-shapedmodel forPabPCNA (Fig. 2C).
In this model, the “open arms” of PabPCNA are not contained
in the same plane. Thus, both the closed and open conforma-
tions of PabPCNA may exist in solution, although we cannot
fully rule out the possibility that the split ring structure
observed might be erroneously generated.
PabPCNA Is Required for Loading of PabNucS on the 5� and

3� Flaps—We then investigated the effect ofPabPCNAon load-
ing of PabNucS on ssDNA and branched DNA substrates.
Using fluorescence anisotropy, PabNucS was titrated in the
absence (Fig. 3, green lines) or presence (blue lines) of 80 nM
PabPCNA and the increase in anisotropy of the ssDNA (50 nM)
oligonucleotide was labeled with TAMRA at the 5� extremity
(31 nucleotides, supplemental Table S1), indicated binding to
the ssDNA substrate (Fig. 3A). Nonlinear regression analyses
using a single site binding model indicated that PabPCNA
markedly increased the affinity of PabNucS toward ssDNA, as

FIGURE 1. SAXS results suggest that flexibility of PabNucS is reduced upon ssDNA binding. A, scattering curves and P(r) functions for PabNucS in the
absence (blue) and presence (red) of a 27-mer ssDNA oligonucleotide. Average SAXS envelopes are shown according to the same color code. B, model
illustrating the putative movements of the C-terminal domains of PabNucS in the DNA-free form.
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themeasuredKD valueswere�330 and�170 nM in the absence
and presence of PabPCNA, respectively. As expected, in the
presence of PabPCNA, the observed change in anisotropy is
2–3 times higher than observed for the binding of PabNucS
alone, reflecting the formation of a considerably larger com-
plex. This confirms that PabNucS and PabPCNA bind simulta-
neously to the used ssDNA substrate.
We also assembled the branched DNA substrates carrying

either 5� (continuous lines, Fig. 3B) or 3� (dotted lines, Fig. 3B)
flaps and used them in further binding experiments where BSA
served as the negative control. In the absence of the PabPCNA,
anisotropy curves did not saturate. However, when PabPCNA
was included in the binding reactions, we observed strong bind-
ing that allowed determination of KD values of 208 
 20 and
225 
 32 nM for 5� and 3� flaps, respectively. These results
clearly indicate that PabPCNA markedly increases affinity of
PabNucS toward branched DNA substrates. It is of note that
formation of specific ternary complexes was observed under
stoichiometric protein concentrations (1:1, PabNucS dimer:
PabPCNA trimer). Repeating these binding experiments with
the 5� flap substrate using salt concentrations ranging from 150
to 400 mMNaCl resulted in increased KD values at higher ionic
strength (Fig. 3C). This effect, resulting fromweakening of elec-
trostatic interactions between the PabNucS-PCNA complexT
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2 .

FIGURE 2. Solution structure of the PabPCNA. A, fits of the calculated SAXS
profiles of closed (purple, 
2 � 0.806) and split (green, 
2 � 0.9324) ring mod-
els for PabPCNA to the experimental (blue) SAXS data. P(r) function is shown in
the inset. Ab initio shape predictions for closed (B) and split (C) ring models of
PabPCNA. The crystallographic model of PabPCNA (see ”Experimental Proce-
dures“) is overlaid on the molecular envelope calculated for the closed ring
model.
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and DNA was particularly clear starting from 250 mM NaCl. A
plot of log KD as a function of ionic strength (log I) was linear
with a slope of 4.4 between 250 and 400 mM NaCl (Fig. 3C), in
agreement with formation of up to 6 salt bridges between DNA
and the PabNucS-PCNA complex (48, 49). We estimate that
these electrostatic interactions correspond approximately to 21
kJ/mol of a free energy of binding at 293 K in 150 mM NaCl,
whereas nonelectrostatic contributions contribute to 15 kJ/mol
under identical conditions.
Solution Structure of NucS-PCNA Complex—To better

define the molecular basis of the influence of PabPCNA on the
PabNucS affinity on its preferential substrates, we performed
SAXS analyses on the isolated P. abyssi NucS-PCNA complex
(Fig. 1A). A Porod volume of the complex indicates amolecular
mass of 140
 10 kDa (Table 1), which is in excellent agreement
with the predictedmass of 145.6 kDa for the complex formedby
the PabNucS dimer and PabPCNA trimer (Table 1). The Dmax
for the complex is estimated to be 130 Å from this analysis (Fig.
4B), with a Rg � 39 
 0.4 Å (Table 1). The P(r) distance distri-
bution function was trimodal and showed a peak at 51 Å with a
shoulder on the side of high r values, which is typical for elon-
gated proteins (Fig. 4B). These new features in the 90–130 Å
range of the P(r) distribution corresponds to the interatomic
distances between the two proteins. The Dmax value of about
130 Å was larger than the Dmax values obtained from the indi-
vidual PabNucS and PabPCNA proteins (111 and 99 Å, respec-
tively), indicating that the two proteins form an elongated com-
plex, where PabNucS does not engage in extensive interactions
with the side of thePabPCNA.This observation is similar to the
previously characterized Fen1-PCNA complex (56). The over-
all shape of the complex was calculated and repetitive runs
yielded superimposable models with similar overall structure
and robustness of fit (
2 � 1.20, Fig. 1A, Table 1). The solution
structure of the protein revealed a torus displaying an appendix
that extends from the circumference and lies almost 45 degrees
out of the plane of the ring (Fig. 4C). Only one such extension is
seen, reflecting that only a single PabNucS dimer is bound to
the PabPCNA trimer.

Because the low resolution of the SAXS data did not allow
determining whether PabNucS adopts a “closed” or an “open”
configuration in the complexwith PabPCNA,we used the crys-
tallographicmodel of PabNucS and the homology-based calcu-
lated model of PabPCNA in docking experiments. These mod-
els were easily docked into themolecular shell derived from the
SAXSmeasurements (Fig. 4C). The theoretical scattering curve
was calculated for this docking model of the complex. The
deduced overall dimensions of the docking model agreed well
with those of the ab initio SAXS model (Table 1). Although
PabPCNA was modeled as a split ring in some ab initio solu-
tions for the complexwithPabNucS (data not shown), the aver-
age of multiple independent models generates a closed ring,
suggesting that this conformation of PabPCNA is adopted in
the complex with PabNucS. To account for the possibility of
steric clashes occurring for the proposed docking model, we
used SASREF to model higher order structures of the Pab-
PCNA-NucS complex. This approach uses the atomic struc-
tures of two individual components to fit our SAXS data set.
SASREF calculations produced consistent and similar models
as the docking experiments for the association of the two pro-
teins (Fig. 4D), which agree well with the experimental SAXS
data (
2 � 1.8, Fig. 4D).
PIP Motif Is Critical for PCNA-NucS Interaction—All struc-

tural models that were tested consistently indicated that one
molecule of the dimeric PabNucS sits on the outside of the
PabPCNA ring, albeit the resolution of our models did not
allow precise determination of the docking site on the Pab-
PCNA. To investigate whether the carboxyl-terminal PIPmotif
of PabNucS mediates critical interactions with the IDCL loop
of PabPCNA, we used SPR experiments in the presence of the
PIP-peptide.We found that this peptide interacted with immo-
bilized PabPCNA (Fig. 5B). Global analysis of the data, consid-
ering 3 eq binding sites on the PabPCNA, indicated that 3 mol-
ecules of PIP PabNucS bind simultaneously to one molecule of
PabPCNAwith an affinity of 9.12
 0.09�M at 25 °C, whereas a
negative control peptide did not bind (Fig. 5A). Using the same
PabPCNA chip, we also injected a fixed concentration of

FIGURE 3. Fluorescent anisotropy measurements of PabNucS binding to DNA. A, binding curves of PabNucS for a single-stranded oligonucleotide either in
the presence (blue line) or absence of PabPCNA (green line). B, binding curves of PabNucS for both 3� flap (dotted line) and 5� flap (continuous line) substrates in
the presence (blue line) or absence (green line) of PabPCNA. C, log-plot of the Kd of PabNucS-PCNA complex on the 5� flap as a function of ionic strength (from
150 to 400 mM NaCl). The line corresponds to linear regression of data points from 200 to 400 mM NaCl.
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PabNucS with increasing amounts of the peptide correspond-
ing to the PIP motif of this protein (Fig. 5A). Addition of this
peptide substantially decreased the rate of complex formation,
whereas the nonbinding control peptide had no effect. In the
presence of 30 �M PIP-peptide, the signal observed nearly cor-
responded to that measured with the peptide alone, indicating
that the carboxyl-terminal PIP motif of PabNucS is the major
contact point between the two proteins.We have also analyzed
the interaction between PabNucs and PabPCNA immobilized
on the chip and at the same temperature used for acquisition of
SAXS data (Fig. 5C). In contrast with the response observed
using the PIP-peptide of PabNucS, the stoichiometry deduced
from the interaction of the entire protein with PabPCNA indi-
cated binding of a single dimer of PabNucS to the PabPCNA
trimer. In addition, and still in contrast with the response
obtainedwith the PIP-peptide, the shape of the curves obtained
differed from a single exponential and suggested a complex
interaction that is not explained using a 1:1 model. To explain
these data, we constructed a model of interaction describing
two consecutive binding events. The kinetic parameters of the
first reaction, set to initiate the fitting process, were fixed in
the same range as the kinetic constants measured from the
interaction with the peptide, whereas the kinetic parameters
for the second reaction were not constrained until comple-
tion of the fit. The theoretical curves obtained fitted very
well the experimental data and allow determination of the

kinetic parameters for the two reactions (supplemental
Table S2). Overall, these SPR data suggest that a single Pab-
NucS dimer interacts with the PabPCNA. In addition, the
PIP/IDCL interface is the major contact point between the
two proteins, albeit we cannot fully exclude the possibility
that additional weaker contact points may occur between the
two proteins during the binding event.
NucS-PCNAComplex Bends DNA—We also investigated the

DNA conformation of the 5� and 3� flaps in the PabNucS-
PCNA complex using FRET as previously described for Fen1
nuclease (20). Our data revealed that in the absence of divalent
cation required for catalytic activity, the addition of PabNucS
andPabPCNAdecreased the end-to-end distance of both the 5�
and 3� flap substrates (Fig. 6A), thus indicating that DNA sub-
strates are bound at the bent configuration to the PabNucS-
PCNA complex. Assuming that a kink is located in the vicinity
of the ssDNA/dsDNA junction, we estimate that DNA struc-
tures carrying 5� or 3� flaps form angles of 109° and 92°, respec-
tively, when bound to the PabNucS-PCNA complex. Further
bending was observed in the presence of 5 mM CaCl2 (Fig. 6A).
We also performed intermolecular FRET experiments between
DNAsubstrates andAlexa 488-labeled (at theN terminus)Pab-
NucS. The fact that our anisotropy data demonstrated that
PabNucS is bound to DNA under these conditions allows us to
project the obtained distances onto two-dimensional models

FIGURE 4. Solution structure of the PabNucS-PCNA complex. A, scattering curve, and B, P(r) of the complex PabPCNA-NucS (black) in comparison to PabNucS,
in the absence (blue) and presence (red) of DNA and PabPCNA (purple). The average ab initio shape predicted is shown in the inset. C, the average SAXS envelope
is superimposed on the atomic models of PabNucS and PabPCNA. D, SAXS-directed docking of PabNucS (blue) onto PabPCNA (green). Only models satisfying
the experimental SAXS data were kept, low 
2 values indicates very good agreement of the models to the experimental data.
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that suggest binding of PabNucS “downstream” of the flap on
the 5� flap substrate and “upstream” of the flap on the 3� flap
substrate (Fig. 6B).
To investigate howPabPCNA influences activity ofPabNucS

on 5� or 3� flaps, we used a kinetic assay formeasuring PabNucS
cleavage in the presence and absence of the replication clamp
PabPCNA. In these experiments, the FAM-fluorophore was
placed at the terminal nucleotide of the 5� or 3� flaps. These
experiments allowed detecting nuclease activity of PabNucS by
measuring a decrease in anisotropy that reflects a release of the
flap from DNA constructs. We found a time-dependent
decrease in the anisotropy signal that was independent of Pab-
PCNA during 4–5 min. After this period of time, PabPCNA
appeared to inhibit PabNucS activity (Fig. 6C). When we ana-
lyzed reaction products of similar experiments using denatur-
ating gel electrophoresis, we noticed that PabPCNAmodulates
PabNucS activity (Fig. 6D). On the 5� and 3� flaps, in the
absence of PabPCNA, PabNucS cleaves in the ssDNA region of
the flap,�14 nucleotides from the 5� extremity of the flap (data
not shown) or within the duplex region, whereas PabPCNA
directed PabNucS activity toward the ss/dsDNA junction and
inhibited nonspecific cleavage outside of the junction (Fig. 6D).

DISCUSSION

In a previous study (9), we have reported the biochemical
characterization and crystallographic structure of PabNucS,
the prototype of a new family of structure-specific DNA endo-
nucleases. Up to date, the physiological function of bacterial
and archaeal NucS orthologs remains unclear because we have
not been able to identify a phenotype for Haloferax volcanii
strains deleted fornucS. However, the enzyme tightly associates
with the replication clamp PabPCNA and can process both 3�
and 5� ssDNA extremities of branched DNA structures. To get
further insight into the structural assembly of the PabPCNA-
NucS complex in the presence or absence of ssDNA, we have
performed SAXS analyses of the complex and its different con-
stitutive components.
The solution structure of PabNucS revealed that the C-ter-

minal domains of the two subunits of the dimer, encompassing
the nuclease active sites, are found in different conformations
in solution and crystal structures. Upon binding with the
ssDNA ligand, the proteins do not undergo drastic conforma-
tional changes, but adopt a rigid and elongated conformation,
where the individuals are similar to that observed in the crystal,

FIGURE 5. The PIP motif of PabNucS is critical for the interaction with PabPCNA. A, for the competition experiment, sensorgrams were obtained after a
300-s injection of 300 nM PabNucS mixed with a range of PIP-peptide concentrations from 3 to 30 �M or with 10 �M control peptide. Controls consisted in the
injection of 10 �M PIP-peptide and 10 �M of a noninteracting control peptide alone. B, fits of the calculated sensorgrams (red) of the interaction between
immobilized PabPCNA and PIP-peptide, according to a simple 1:1 model, to the experimental data (black) obtained after injection of a concentration range
from 81 nM to 1 �M PIP-peptide. C, fits of the calculated sensorgrams (red) of the interaction between immobilized PabPCNA and PabNucS, according to a
complex model (see ”Experimental Procedures“), to the experimental data (black) obtained after injection of a concentration range from 100 nM to 2.7 �M

PabNucS.
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which is consistent with the fact that movements in enzymes
upon substrate binding are generally small (57). These fluctua-
tions of the protein in the ligand-free state could allow it to

reach a conformation close to that of the ligand-bound state. As
the ligand spans both theN-terminal binding site and theC-ter-
minal active site, another possibility could be that the reduced

FIGURE 6. Cleavage dynamics of PabNucS-PCNA complex on both 5� flap and 3� flap. A, summary of FRET measurements between 5� and 3� extremities of
duplex DNA in both 5� flap and 3� flap substrates. B, FRET measurements define kinked DNA binding to the PabNucS-PCNA complex for both 5� flap and 3� flap.
PabNucS binds upstream from the 5� flap, whereas it binds downstream from the 3� flap. C, cleavage activity of PabNucS in the presence (blue triangle) or
absence (green triangle) of PabPCNA on both 3� flap (right) and 3� flap (left) detected by a decrease in anisotropy. D, cleavage activity of PabNucS on 5� (right)
and 3� (left) flaps with and without PabPCNA. The reactions were performed using 1 �M PabNucS and the PabPCNA/PabNucS molar ratio was varied. The
incubation time was 20 min. Cleavage products were analyzed and quantified using 18% denaturing polyacrylamide gels (9).
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flexibility of the ligand-bound state induces a distortion of the
ssDNA prior to cleavage.
Using fluorescence anisotropy, we investigatedDNAbinding

properties of the PabNucS-PCNA complex. These studies indi-
cate that the PabPCNA increases the binding affinity of Pab-
NucS toward ssDNA as well as branched DNA substrates car-
rying either 5� or 3� flaps (Fig. 3B). The obtained results clearly
indicate that PabPCNA is required for optimal loading of Pab-
NucS on the 5� and 3� flaps and is able to increase the cleavage
specificity of PabNucS proteins toward ss/ds junctions on 5�
and 3� flaps (Fig. 6). To our knowledge, this is the first study
demonstrating that PCNA is capable of loading an endonu-
clease to the 3� and 5� flaps and prevents nonspecific cleavage
on both substrates. Similar experiments using salt concentra-
tions in the range from 150 to 400 mM NaCl resulted in
increased KD values at higher ionic strength (Fig. 3C). A plot of
log KD as a function of ionic strength (log I) was linear with a
slope of 4.4 between 250 and 400 mM NaCl, indicating the for-
mation of many (up to 6) salt bridges between DNA and the
PabNucS-PCNAcomplex (48, 49). This observation is in agree-
ment with our earlier structural data indicating that the ssDNA
binding cleft of the PabNucS protein is rather basic (9).

Our characterization of the solution structure of PabPCNA
raises the question of whether PabPCNA adopts both or only
one of the open and solid ring conformations.When compared
with the bacterial DNA polymerase III �-subunit and eukary-
otic PCNA, the trimeric form of P. furiosus PCNA is mainly
stabilized by a network of ion pairs at the molecular interface
rather than by main chain hydrogen bonds and hydrophobic
contacts (42, 58). This difference, which is conserved at the
primary sequence level among PCNAs from thermophilic
archaea, could reflect a weaker intermolecular interaction
between the subunits of archaeal thermophilic PCNAs and
account for the self-loading process observed for homotrimeric
euryarchaeal PCNA (16–19). In addition, a recent molecular
dynamic study of the role of the eukaryotic replication factor C
at the initial step of the clamp loading cycle has raised the
hypothesis that the clamp loader could trap and stabilize the
open conformation of PCNA (59), thus strengthening the idea
that the open ring conformation of PCNA also exists in solu-
tion. This might be explained by the weak interface between
monomers of Pyroccocus PCNA, considering that it contains
fewer hydrogen bonds than eukaryotic ones, and that hydrogen
bonds are weakened at the optimal growth temperature of the
organism (95 °C).
The combination of SAXS and SPR data allows us to charac-

terize, for the first time, the general three-dimensional organi-
zation of the PabPCNA-NucS complex and indicates that one
molecule of PabNucS dimer binds to the PabPCNA
homotrimer, forming a stable 1:1 complex. We stress that for-
mation of this complex has direct functional consequences,
because PabPCNA is able to increase the cleavage specificity of
PabNucS proteins toward ss/ds junctions on 5� and 3� flaps.
Furthermore, the PIP/IDCL contact is critical for the interac-
tion. This single major contact point between the carboxyl ter-
minus PIP motif of PabNucS and the IDCL of PabPCNA likely
facilitates conformational flexibility of the protein-DNA sub-
strate complexes. A similar structural organization was

observed for the archaeal PCNA-DNA ligase complex without
DNA (31), where only one molecule of DNA ligase extends
from the PCNA ring in the same plane, and the interaction is
mediated by the PIP-IDCL interaction. This particular binding
stoichiometry results from the distinct specificity displayed by
the different subunits of the heterotrimeric crenarchaeal PCNA
(31, 35). The organization for the PCNA from P. abyssi is dif-
ferent, it is composed of three identical subunits and the three
binding sites are thus considered to be equivalent. In this
respect, it might be possible that the fixation of onemolecule of
PabNucS could lead to spatial rearrangements on the Pab-
PCNA preventing subsequent binding events or at least
decreasing the kinetics of additional NucS/PCNA binding
events. It is known that PCNAmay provide more protein-pro-
tein interfaces, in addition to the general PIP-IDCL site, which
confer different specificities to PCNA and regulate the diverse
activities of associated enzymes (20). These contact sites reside
on subunits distinct from that engaged in the IDCL-PIP inter-
action. In particular, these additional contacts may even block
access of other active clients to PCNA (60). The SPR data indi-
cate that the IDCL/PIP PabNucS contact alone is not sufficient
to generate long range effects affecting the PabNucS-PCNA
complex stoichiometry, but rather additional contacts, close to
this main interaction surface and implicating residues located
on the same or adjacent PabPCNA subunits. It is also possible
that DNA bending induced by the PabNucS-PCNA complex
plays a key role in regulating the cleavage specificity of NucS
proteins. In this respect, the interaction between PabNucS and
PabPCNA resembles that of SsoFen1 with SsoPCNA in that
both PabNucS and SsoFen1 display a PIP box motif at the
extremeC-terminal of their sequences, thus preventing the for-
mation of an extended �-sheet with the IDCL. Doré and co-
workers (56) have shown that SsoFen1 engages extra contacts
with the C-terminal part of PCNA, most likely to compensate
for the C-terminal truncation of the enzyme. The same might
also hold true for PabNucS, this still open question awaitsmore
resolutive crystallographic data of the PCNA-NucS complex.
These potential rearrangements regulating the binding stoi-

chiometry ofPabNucS could allowor evenpromote other bind-
ing partners to be recruited by the PabPCNA and reflect the
requirement of temporal and spatial coordination of their
respective activities. In this regard, it is worth noting that Pab-
NucS was found to be associated with Hef nuclease in pull-
down experiments (9). Recent genetic analyses have shown that
Hef is involved in numerous DNA repair pathways in the
archaeal cells, including resolution of stalled replication forks,
interstrand cross-links, andNER (61, 62). Up to now, there is no
evidence of direct interaction between Hef and PCNA, how-
ever, crenarchaeal XPF, the shorter form of Hef lacking the
helicase segment, was shown to be dependent on the PCNA for
its nuclease activity, activating the catalytic step by 4 orders of
magnitude (22, 63, 64). It is thus tempting to postulate that the
activities of NucS and Hef could be coordinated by PCNA in a
branched DNA repair pathway.
In summary, we have shown that the sliding clamp PCNA of

P. abyssii can modulate the activity of PabNucS. Our data con-
firm that PabPCNA increases the binding affinity of PabNucS
toward ssDNA as well as branched DNA substrates carrying
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either 5� or 3� flaps and that PabPCNA is required for optimal
loading of PabNucS on these substrates. In addition, PabPCNA
appeared to direct PabNucS activity toward the ss/dsDNA
junction, thus inhibiting nonspecific cleavage outside of the
junction. This choreography between PabPCNA and PabNucS
can be viewed as a form of regulation of PabNucS activities,
which will only take place on the appropriate substrate where
PabPCNA is already loaded, thus preventing the potentially
deleterious nonspecific cleavage activity of PabNucS on the
chromatin. At the structural level, our data also indicate that
the PabNucS-PCNA complex distorts DNA by inducing a kink
located in the vicinity of the ssDNA/dsDNA junction and that
PabNucS binds downstream of the flap on the 5� flap substrate
and upstream of the flap on the 3� flap substrate. Finally, the
solution structure of the PabPCNA-NucS complex indicates
that one molecule of PabNucS dimer binds to the PabPCNA
homotrimer, and that the PIP/IDCL contact is critical for the
interaction. The regulation of this particular stoichiometry
could be triggered by additional contacts between PabNucS
and PabPCNA inducing long range conformational changes on
PabPCNAthat in turn could favor the recruitment of additional
partners of PabNucS acting in the same DNA repair pathways.
More resolutive crystallographic data of the PabPCNA-NucS
complex and in vivo characterization of the function of Pab-
Nucs will help answer these still open questions.
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