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Formation of a complex between the XRCC1 N-terminal domain
(NTD) and DNA polymerase β (Pol β) is central to base excision re-
pair of damaged DNA. Two crystal forms of XRCC1-NTD complexed
with Pol β have been solved, revealing that the XRCC1-NTD is able
to adopt a redox-dependent alternate fold, characterized by a
disulfide bond, and substantial variations of secondary structure,
folding topology, and electrostatic surface. Although most of
these structural changes occur distal to the interface, the oxidized
XRCC1-NTD forms additional interactions with Pol β, enhancing af-
finity by an order of magnitude. Transient disulfide bond formation
is increasingly recognized as an important molecular regulatory
mechanism. The results presented here suggest a paradigm in
DNA repair in which the redox state of a scaffolding protein plays
an active role in organizing the repair complex.

disulfide switch ∣ DNA repair ∣ scaffolding protein

Maintenance of the integrity of DNA is a critically important
cellular function that depends on the coordinated activities

of enzymes that recognize and interpret DNA damage, prepare
the damaged site for corrective biochemistry, and implement the
required reactions. The scaffold protein XRCC1 plays a central
role in base excision repair (BER) and single strand break repair,
coordinating the binding and activities of enzymes involved in the
repair process. XRCC1 interacts with DNA polymerase β (Pol β),
DNA ligase III, PARP1 and 2, polynucleotide kinase, and apuri-
nic/apyrimidinic endonuclease 1 (APE1) (1, 2), and evidence for
additional binding partners continues to be reported (3–5).
Although a substantial amount of structural data for the indivi-
dual components involved in the various repair processes is now
available, structural information for the corresponding XRCC1
complexes is currently rather limited (6–8).

The N-terminal domain (NTD) of XRCC1 is known to bind to
Pol β with high affinity (9), and its solution structure has been
determined with NMR (10). Mutagenesis studies have identified
the XRCC1 epitope involved in complex formation with Pol β
(11). Chemical shift mapping studies localized the Pol β/XRCC1-
binding interface on the thumb and palm subdomains, which led
to the suggestion that the complex adopts a sandwiched structure,
in which the fragile gapped DNA intermediate is surrounded by
both Pol β and XRCC1 (8, 10).

The present study provides detailed structural characterization
of the molecular interface connecting the XRCC1-NTD and the
catalytic domain of Pol β. In contrast with earlier models, the
XRCC1-NTD interacts exclusively with the thumb subdomain
of Pol β; the arrangement of this complex excludes direct inter-
actions with the DNA in the immediate vicinity of the gap.
Additionally the characterization of the XRCC1-NTD/Pol β com-
plex revealed an unexpected variation in the structure of XRCC1-
NTD, which undergoes dramatic changes in topology, secondary
structure, and electrostatic surface, concomitant with formation
of a disulfide bond. The oxidized form of XRCC1-NTD exhibits
enhanced affinity for Pol β, suggesting that formation of the dis-
ulfide bond regulates repair pathways involving the XRCC1/Pol β
complex. XRCC1 has been thought to play an indirect, organiza-
tional role in DNA repair; however, the results presented here

identify a direct, redox-dependent pathway for modulating the
activity of XRCC1 and, in turn, the DNA repair process.

Results
Analysis by Small-Angle X-Ray Scattering.We initially focused on the
characterization of the complex formed between the XRCC1-
NTD and the Pol β catalytic domain (Pol β CD), because it
appears that the N-terminal Pol β lyase domain does not parti-
cipate in this interaction, and because the position of this domain
can be variable in the absence of a gapped DNA substrate (12).
The interaction of XRCC1-NTD with the Pol β CD was first in-
vestigated using small-angle x-ray scattering (SAXS) (Table S1).
The XRCC1-NTD model has an overall shape of a prolate ellip-
soid, consistent with the NMR structure (Fig. S1A and Table S1).
The Pol β CD model has an overall crescent or “C” shape
(Fig. S1B and Table S1), indicating that the domain organization
seen in crystal structures is maintained in solution. XRCC1-NTD
complexed with the Pol β CD is a large extended structure and
appears to be less globular and compact than would be predicted
from previous NMR chemical shift mapping studies (8). This
model can be divided into two regions of shape and size that
are similar to the respective SAXS and crystal structure models
of the two component proteins (Fig. S1C).

Crystal Structure of the XRCC1-NTD. The x-ray crystal structure of
the XRCC1-NTD was solved by molecular replacement using
the solution structure of the XRCC1-NTD as a search model
(10). Eight intact molecules were found in the asymmetric
unit and the structure was refined to Rcryst∕Rfree values of
20.0%∕23.7%. Data collection, stereochemistry, and refinement
statistics are summarized in Table S2.

The XRCC1-NTD structure closely matches the known NMR
structure, and has a 1.3-Å backbone atom rmsd with the average
NMR structure [Protein Data Bank (PDB) code 1XNA]
(Fig. S2A). Although the secondary structural elements of the
XRCC1-NTD are also in close agreement with the results of
the solution structure determination, some loops show greater
variation. A hydrophobic pocket occupied by a buried Tyr136
residue in the NMR structure contains Phe142 in the crystal
structure, and Tyr136 is solvent exposed (Fig. S2B). Additionally,
in the crystal structure, the face of the Phe142 phenyl ring is
positioned near Ala35 Cβ in the hydrophobic pocket, leading
to a predicted upfield shift of the 1HB resonance. The conforma-
tion of these residues observed in the crystal structure is consis-
tent with the NMR assignments of this residue (10).

Structure of a Reduced and Oxidized XRCC1-NTD/Pol β CD Complex.
The x-ray crystal structures of two different crystal forms (oxidized
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and reduced) of the XRCC1-NTD complexed to the thumb sub-
domain of the Pol β CD were obtained. The two complexes were
refined to Rcryst∕Rfree values of 24.2%∕29.5% and 18.9%∕25.0%.
Data collection, stereochemistry, and refinement statistics are
summarized in Table S2. Although both were crystallized under
identical conditions, utilizing the same batch of protein, the two
structures revealed a significant variation in the structure of the
XRCC1-NTD.

The reduced structure (Fig. 1A), solved to a resolution of
2.95 Å, contains four molecules in the asymmetric unit, corre-
sponding to two molecules of Pol β CD and two molecules of
XRCC1-NTD. The Pol β CD overlays closely with previously
determined Pol β CD structures (0.5-Å backbone rmsd with
PDB code 1RPL) (13).

Although the structure of the XRCC1-NTD observed in the
complex is in generally close agreement with the previously
determined solution structure (1.2-Å backbone rmsd with PDB
code 1XNA) (10), a more significant difference is found between
the crystallographically determined reduced complex interface
and the results of chemical shift mapping (CSM) studies (8).
The previous CSM studies showed shift perturbations in both
the thumb and palm domains; however, the amide shifts in the
palm domain were significantly smaller than those in the thumb
and had to be analyzed separately. Although these results were
interpreted to support a model in which the XRCC1-NTD inter-
acts simultaneously with both the palm and thumb subdomains,
the SAXS-derived model does not support this conclusion.
Therefore, the crystallographic model chosen for the biological
unit of the reduced complex was that which best matched the
SAXS data (Fig. 1B). Additionally, the same interface is observed
in the oxidized structure. No other interface involving symmetry-
related molecules is common to both the reduced and oxidized
XRCC1-NTD. The structure of the complex is also in excellent
agreement with the results of a mutagenesis mapping study of
XRCC1-NTD (11). This structure has a CRYSOL-determined
(14) χ2 value of 2.5 referenced to the postulated biological
reduced complex (Table S1), supporting the conclusion that
the crystal structure matches the SAXS solution data.

The second structure derived from these studies, the oxidized
complex, was solved to a resolution of 2.35 Å (Table S2) and
contains one complex in the asymmetric unit. In this structure,
the fingers subdomain of the Pol β CD has been proteolyzed,
postulated to result from contaminating proteases from the
host expression organism, so that only the palm and thumb
subdomains of Pol β are observed. The fingers subdomain is
not directly involved in the interaction with the XRCC1-NTD;
therefore its absence is not expected to significantly influence

the results. The Pol β components of the reduced and oxidized
complexes are in essentially identical conformations (0.5 Å all
atom rmsd). The conformation of a β-hairpin in the thumb sub-
domain of Pol β (residues 300–309), referred to here as the V303
hairpin, is perturbed slightly, possibly resulting from the altered
XRCC1 interface. The XRCC1-NTD structure observed in these
crystals was unexpectedly altered in comparison with the first
structure obtained. The structure of the oxidized complex is char-
acterized by a disulfide bond between Cys12 and Cys20, along
with a significant change in the folding topology of XRCC1-
NTD (Fig. 2 A and B). In the reduced form of the protein,
the sulfhydryls are separated by 8.5 Å; upon oxidation, they
are separated by 2.1 Å with geometry consistent with the most
prevalent form of disulfide bond found in proteins (15). This
has the effect of positioning the N terminus of the protein in such
a manner that contacts with Pol β are formed that are not present
in the reduced state (Fig. 3). Additionally, van der Waals inter-
actions formed between the N terminus and Glu81/Gln82 perturb
the conformation of the loop containing these residues (Fig. 3).
The length of α-helix 1, containing Cys20, is extended by five ami-
no acids. Additionally, in the reduced form, residues 30–36 have
β-strand character, β-strand X, whereas in the oxidized form they
form α-helix 1’. The cumulative effect of the structural rearran-
gement is a drastically altered electrostatic surface, with the rear-
ranged structural elements forming an apolar area surrounded by
both electropositive and electronegative regions, reminiscent of a
canonical protein interaction site (16) (Fig. 2 A and B).

Reduced and Oxidized XRCC1-NTD/Pol β Interface. The reduced com-
plex is characterized by a large number of specific interprotein
interactions (Fig. 4 B andD). A total of 1181∕1231 Å2 (molecules
BD/CE) of solvent accessible surface area is buried in the
protein∶protien interface. A total of nine hydrogen bonds are
formed, four of which are side-chain/side-chain interactions,
three being contributed by two salt bridges between Arg109/
Glu309 and Arg100/Asp321 in XRCC1-NTD/Pol β CD
(Table S3). Nevertheless, the H-bond lengths indicate that four
of these bonds are weak, particularly the interactions between
Asp321 (Pol β) with Ser97 and with Arg100 (XRCC1-NTD).

No ordered water molecules are observed at the interface,
presumably as a consequence of the lower resolution of this crys-
tal form. The interface of XRCC1-NTD with Pol β CD involves
multiple interactions with the 40 C-terminal residues in Pol β CD,
including the V303 hairpin (Fig. 4). In addition to significant
chemical shift perturbations, the V303 hairpin was found to
experience a large dynamic perturbation as a result of
XRCC1-NTD binding (8). A significant constraint on the flexibil-
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Fig. 1. Structure of the XRCC1-NTD complex with Pol β catalytic domain. (A) Structure of reduced XRCC1-NTD (magenta ribbon representation with yellow
β-strands), bound to Pol β CD (cyan ribbon representation with yellow β-strands). (B) The structure shown in A superimposed with the SAXS-derived model of
the complex (surface representation).
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ity of the loop is predicted from the interactions observed in the
complex.

Although the overall features of the reduced and oxidized in-
terface are very similar, the oxidized complex has a more devel-
oped interface. A total of 1294 Å2 of solvent accessible surface
area is buried upon complexation. Nine hydrogen bonds are
formed, four of which correspond to the two salt bridges between
Arg109/Glu309 and Arg100/Asp321 (Fig. 4 and Table S3). In con-
trast with the many weak H bonds characterizing the reduced
complex, eight of the nine H-bonding distances are <3.1 Å, sug-
gesting the oxidized form of XRCC1 binds to Pol β with higher
affinity than the reduced form (Fig. 4). There are also additional
hydrophobic interactions involving Tyr84 and Pro2 of XRCC1,
and Thr304 and Val303 on Pol β, respectively.

Five ordered water molecules are observed at the interface
mediating indirect interprotein hydrogen bonds in the oxidized
complex (Fig. 4 A and C). The position of the side-chain and
main-chain atoms that coordinate these water molecules suggests
that the same water network is present in the interface of the
reduced complex, with the exception of one water molecule. This
water molecule is coordinated by amino acids that are located in
the loop between β-strands D and E in the XRCC1-NTD, and the
V303 hairpin in the Pol β (Fig. 3). This loop in XRCC1, although
distal to the disulfide bond, contacts the N terminus of XRCC1 in
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Fig. 2. Reduced and oxidized XRCC1-NTD. (A) (Left) XRCC1-NTD from the reduced complex shown as a ribbon diagram with yellow β-strands; (Center)
topology diagram (10); (Right) surface representation color-coded by electrostatic potential (blue positive, red negative), relative to the left panel, the view
has been rotated þ90° about a vertical axis. (B) (Left) XRCC1-NTD from oxidized complex shown as a magenta ribbon with yellow β-strands; (Center) topology
diagram; (Right) surface representation colored by electrostatic potential (blue positive, red negative), relative to the left panel, the view has been rotated
þ90° about a vertical axis.
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Fig. 3. Protein interface region showing structural differences between the
reduced and oxidized complex of XRCC1-NTD with Pol β. In the reduced/
oxidized complex, XRCC1-NTD is shown in brown/magenta and Pol β CD
in gray/cyan. Water molecules are shown as red spheres and hydrogen bonds
are represented by black dashed lines. Several of the important residue
interactions are illustrated for the reduced complex in yellow ball and
stick representations, and for the oxidized complex in gray ball and stick
representations.
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the oxidized state. The loop also adopts a different conformation
in the two forms; the conformation of the backbone atoms of
the reduced form precludes the interprotein water-mediated
hydrogen bonds found in the oxidized form (Fig. 3).

Structural Switching of XRCC1-NTD. Treatment of the XRCC1-NTD
with 5 mM H2O2 or other oxidizing agents resulted in the forma-
tion of multiple molecular species, as indicated by the NMR
heteronuclear single quantum coherence (HSQC) spectrum of
U-½15N� XRCC1-NTD (Fig. S3). In order to study the behavior
of the oxidized form of the protein more easily, we designed
stabilized forms of oxidized XRCC1-NTD based on changes in
side-chain solvent accessibility. Residue Ile4, which moves from
a buried position in the reduced form to a solvent-exposed posi-
tion in the oxidized structure, was one of the residues identified as
a target for mutagenesis. Ile4 was subsequently mutated to an as-
partic acid residue to favor the solvent-exposed conformation
found in the oxidized protein. The presence of the disulfide bond
was confirmed spectrophotometrically in the I4D mutant protein
using Ellman’s reagent. A comparison of the effects of oxidation
and mutation on the 1H-15N HSQC spectra of U-½15N� XRCC1-
NTD indicates that a species which coresonates with I4D
XRCC1-NTD is produced by treatment with 5 mM H2O2;
however additional resonances are observed that correspond
to unreacted protein and to protein showing evidence of addi-
tional oxidative changes (Fig. S3). Almost all of the resonances
in the 1H-15N HSQC spectrum of the I4D XRCC1-NTD mutant
overlay with the spectrum obtained for XRCC1-NTD after treat-
ment with oxidizing agents, supporting the conclusion that I4D
XRCC1-NTD is a close structural homolog of one of the
XRCC1-NTD oxidation products. The high amount of H2O2

needed to achieve only partial conversion suggests that activation
of the XRCC1 disulfide switch is more complex than a simple
sensing of the cellular oxidation potential.

Determination of XRCC1-NTD/Pol β Dissociation Constants. The inter-
action of XRCC1-NTD with Pol β was evaluated using a Pol β CD
P300Cmutant that allows covalent attachment of an environmen-
tally sensitive 4-fluoro-7-aminosulfonylbenzofurazan (ABD)

fluorescent probe. Addition of saturating amounts of XRCC1-
NTD alters the emission maximum of an ABD-labeled Pol β
CD by 300% (Fig. S4). This change in fluorescence was used
to determine a dissociation constant (Kd) of 110� 10 nM by
direct titration of Pol β CD with XRCC1-NTD (Fig. S4). This
result is in reasonable agreement with the previously determined
binding constant of 300 nM (11), with the difference possibly
resulting from the presence of the fluorophore. Addition of
saturating amounts of I4D XRCC1-NTD, produced a similar
change in fluorescence in ABD-labeled Pol β CD; a Kd of 12�
2 nM was determined for this complex (Fig. S4). This ∼10-fold
increase in affinity is consistent with the enhanced Pol β binding
site observed structurally in the oxidized XRCC1-NTD complex.

Discussion
The structural studies described in this report significantly alter
the current view of how XRCC1 interacts with one of its critical
protein partners, Pol β. In contrast with earlier results that sup-
ported a sandwich type of complex in which gapped DNA is held
between Pol β and XRCC1 (8, 10, 17), the present studies indicate
that both the oxidized and reduced forms of the XRCC1-NTD
bind specifically to the thumb subdomain of Pol β; no direct in-
teractions with the palm subdomain are formed. Additionally,
superposing the catalytic domain in the structure of the XRCC1
complex with the structure of the Pol β complex with gapped
DNA indicates that there are no direct contacts between the
XRCC1-NTD and the gapped DNA (Fig. 5). This result has
several interesting implications. First, conformational activation
of Pol β by an incoming nucleotide in the presence of gapped
DNA results in a significant repositioning of the thumb subdo-
main. Interaction of XRCC1-NTD with both the palm and thumb
subdomains would likely alter or interfere with this repositioning,
and hence it could alter the kinetic behavior of the enzyme.
Second, the present structure does not support a role of the
XRCC1-NTD in protecting the fragile gapped DNA intermediate
by formation of a sandwich type complex, although it remains
possible that a segment of the DNA beyond the gap can make
contact with XRCC1. In this context, it was recently concluded
that the XRCC1-Pol β interaction is important for repair of
damage caused by alkylating agents, whereas the interaction of
XRCC1 with DNA is biologically less relevant (18).

Of greater significance is the discovery of an oxidized form of
the XRCC1-NTD, characterized by altered folding topology, a
significantly altered electrostatic epitope, an enhanced Pol β
binding interface, and a Cys12–Cys20 disulfide bond. The impor-
tance of reversible disulfide bond formation as a central feature
of redox regulation is increasingly recognized (15, 19–24). We

A

C

B

D

E81

Y84

V86
L71 V89

T90 F67

P300

V306

V131
E69

T304

V303 G302
E81

Y84

V86
L71 V89

T90
F67

P300

V306

V131
E69

T304

V303
G302

E309
P300

T90

S91

F67

L311

F291

Q324

R100

P96

Y136

D321
S97

P135

M94

E309
P300

T90

S91

F67

L311

F291

Q324

R100

P96

Y136

D321
S97

P135

M94

R109 R109

Fig. 4. Close-up views of the XRCC1-NTD/Pol β PT interface. (A and C)
oxidized complex, (B and D) reduced complex; hydrogen bonds less than
3.4 Å are indicated with black dashed lines; hydrogen bonds greater than
3.4 Å are indicated with red dashed lines, and water molecules are shown
as red spheres. XRCC1-NTD shown in magenta tones with Pol β CD shown
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Fig. 5. Overlay of the reduced XRCC1-NTD-Pol β complex with the gapped
DNA-Pol β complex. The structures of the two complexes were aligned based
on the catalytic domain of Pol β, and the overlapping Pol β catalytic domain
from the complex with XRCC1-NTD has been omitted for clarity. The XRCC1-
NTD is shown inmagenta; in the gapped DNA-Pol β complex (PDB code 1BPX),
the DNA is shown as an orange ribbon, and the domains of Pol β, shown in
various shades of blue, are indicated. As is apparent from the figure, there
are no direct contacts between the XRCC1-NTD and the gapped DNA.
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have verified the predicted enhancement in Pol β binding affinity
using a fluorescence binding assay and a stabilized analog of
oxidized XRCC1-NTD. The mutated XRCC1-NTD residue,
Ile4, is located far from the Pol β binding site in the oxidized
XRCC1-NTD structure, and so should not have any direct effect
on the interaction. Thus, one consequence of disulfide switch ac-
tivation in XRCC1 is an enhanced affinity for Pol β, which would
be consistent with the known importance of BER in the response
to oxidative stress (25, 26).

Because, as noted above, most of the structural changes are
remote from the Pol β binding site, it is unlikely that this is
the sole or even the major biological consequence of the oxidative
activation. A key feature of the structural change is an altered
electrostatic epitope, forming new surfaces reminiscent of a
canonical protein∶protein interaction site (16). This result sug-
gests that the oxidation of the XRCC1-NTD plays a role in
organizing additional factors (protein or DNA), that cannot bind
to the reduced form of the protein. Because APE1 is a known
binding partner for XRCC1 (27) and a redox modulator of the
activities of many transcription factors (28), it is intriguing to
speculate that it may play a role in the activation or deactivation
of the proposed XRCC1 disulfide switch. The results presented
here suggest a paradigm in base excision repair and single strand
break repair of DNA, in which the redox state of scaffolding
proteins play active roles in modulating the behavior of the repair
complexes.

Materials and Methods
Cloning Overexpression and Purification. The human xrcc1 and the rat DNA
polymerase β gene were kind gifts from the laboratory of Sam Wilson
National Institute of Environmental Health Sciences (NIEHS). Three XRCC1-
NTD constructs were made: XRCC1-NTDf corresponding to amino acids
1–181, XRCC1-NTDtr corresponding to amino acids 1–151, and XRCC1-NTD
I4D corresponding to XRCC1-NTDf with an I4D substitution. The Pol β CD con-
struct corresponds to amino acids 91–335. Each construct was amplified and
subcloned into a pET21a plasmid. The coding sequence was cloned in-frame
with an ATG start codon and a hexa-histidine affinity tag was fused in-frame
at the carboxy terminus (29). The rat and human Pol β amino acid sequence
and structure are highly conserved; two differences occur in the 85 residues
at the C terminus of Pol β, Q317K, and R326K, neither of which is positioned
at the XRCC1-NTD binding interface. Thus, the interface with human Pol β
should be identical to that with rat Pol β.

The XRCC1-NTD and Pol β CD plasmids were transformed into BL21-DE3-
Rosetta cells (Novagen). Bacteria were grown in terrific broth (TB) overnight
at 37 °C. The overnight culture was diluted into TB, grown to an A600 of 0.8
at 37 °C, and induced by the addition of 1 mM IPTG. The cells were grown at
37 °C for 3–4 h, harvested by centrifugation (5000 g for 10 min), resuspended
in 20 mM imidazole, 20 mM MOPS, 500 mM sodium chloride (pH 7.5), and
lysed by sonication. A lysate was prepared by centrifugation (30,000 g for
30 min). Proteins were purified by immobilized metal affinity chromatogra-
phy: 20 mL of lysate was loaded onto nitrilotriacetate resin charged with
loaded Niþ2 (GE Amersham). Following a wash with 20 mL of 20 mM imida-
zole, 20 mMMOPS, 500 mM sodium chloride (pH 7.5), the protein was eluted
with a step gradient of 75 and 400 mM imidazole [20 mM Mops, 500 mM
sodium chloride (pH7.5)]. Protein-containing fractions were concentrated
to 10mL and loaded on a Superdex 26∕60 S75 preparative grade gel filtration
column (GE Amersham) preequilibrated with 20 mM Tris · HCl (pH 7.8),
300 mM NaCl.

Fluorescence Titrations. Binding affinities of XRCC1-NTDf and its I4D analog
with the Pol β CD were determined using a Pol β CD P300C mutant, which had
been derivatized with a fluorescent reporter group, ABD (Anaspec). XRCC1-
NTD was added to a sample containing 200 nM Pol β in 20 mM Tris, pH 7.5,
40 mM NaCl. Steady-state fluorescence measurements were performed at
room temperature in an Aminco Bowman 1 fluorimeter. Fluorescence was
measured by recording the emission spectra from 420 to 540 nm with a fixed
excitation wavelength of 395 nm (8 nm slit width). Emission fluorescence in-
tensities from three separate titrations were corrected for dilution by aliquot
addition, normalized, averaged, and the values fit to a two-state hyperbolic
binding isotherm. The data were fit using two parameters corresponding to
the dissociation constant and to a correction for the incomplete reaction of
the enzyme with the fluorophore.

SAXS Data Acquisition and Processing. SAXS data were collected at room
temperature on the X9 beamline at the National Synchrotron Light
Source (Brookhaven National Laboratory). The wavelength of the beam
was 0.855 Å and the sample to detector distance was 2 m. XRCC1-NTDtr
(4.5–13.7 mg∕mL), Pol β CD (2.3–7.2 mg∕mL), and the complex of XRCC1-
NTDtr and Pol β CD (4.1–12.3 mg∕mL) collected from a gel filtration column
were concentrated and dialyzed into a 10 mM Tris, 0.5 mM tris(2-carbox-
yethyl)phosphine (TCEP) , and 150 mM NaCl pH 7.5 buffer for SAXS analysis;
SAXS data were collected on three to five different concentrations of protein.
Scattering data were circularly averaged and scaled to obtain a relative
scattering intensity (I) as a function of momentum transfer vector, q
(q ¼ ½4π sin θ�∕λ), after subtraction of buffer scattering contributions.

SAXS Data Analysis and Model Construction. All scattering data were analyzed
using the Primus software package (30); the GNOM45 software package (31)
was used for all PðrÞ and I0 analyses. The radius of gyration, Rg, and forward
scattering, I0, were calculated from the second moment and the start of PðrÞ
(32), respectively, where Rg is the rms of all elemental volumes from the
center-of-mass of the particle, weighted by their scattering densities, and
I0 is directly proportional to the molar particle concentration multiplied
by the square of the scattering particle molecular weight for particles with
the same mean scattering density (Table S1) (32). Guinier plots for XRCC1-
NTDtr, Pol β CD, and the XRCC1-NTDtr complexed with Pol β CD were linear
over a q range of 0.0105–0.052, 0.0105–0.057, and 0.0105–0.046 Å−1 respec-
tively, indicating samples were monodisperse.

Three-dimensional shapes of the XRCC1-NTDtr, Pol β CD, and the XRCC1-
NTDtr complexed with Pol β CD were constructed from their respective SAXS
data using the GASBOR22IQW program (q-range input for each analysis
was from 0.01 to 0.4 Å−1) (33), by calculating the distribution of linearly
connected 1.9-Å spheres that best fit the scattering data. Each calculation
was repeated at least five times with different random starting points for
the Monte Carlo optimization algorithm; no predefined shape or symmetry
constraints were used. From these runs, the predicted structure with the
lowest deviation of the calculated scattering profile from experimental data
was used for interpretation. To compare the SAXS-based models with the
atomic structures, the SUPCOMB13 (34) program was used.

Crystallization and Data Collection. XRCC1-NTDtr and XRCC1-NTDf/Pol β CD
complex were concentrated to 12 and 24 mg∕mL, respectively, and dialyzed
into 10 mM Tris, 40 mM NaCl 0.5 mM TCEP for crystallization. Crystals of
XRCC1-NTDtr were grown by hanging drop vapor diffusion in drops contain-
ing 2 μL of the protein solution mixed with 2 μL of 0.2–0.3 M MgCl2, 25–30%
(wt∕vol) PEG 3350 equilibrated against 900 μL of the same solution. Crystals
of the reduced complex were grown by hanging drop vapor diffusion in
drops containing 2 μL of the protein solution mixed with 2 μL of 0.2 M
tripotassium citrate, 20–25% (wt∕vol) PEG 3350 equilibrated against
900 μL of the same solution. Crystals of the oxidized complex were grown
by streak seeding week-old preequilibrated drops of the reduced XRCC1-
NTDf complexed with Pol β CD that failed to produce crystals in the expected
2–3 days, with the reduced complex crystals. Crystals were transferred
stepwise to at least 30% (wt∕vol) PEG 3350 for cryoprotection, mounted
in a nylon loop, and flash frozen in liquid nitrogen. All data were collected
at 100 K on a Rigaku 007HFmicromax x-ray generator with a Saturn92 CCD
detector. The diffraction data were scaled and indexed using x-ray detector
software (35).

Structure Determination Methods, Model Building, and Refinement. All three
crystal structures were solved bymolecular replacement using the Phaser pro-
gram. The crystal structure of Pol β [PDB code 1ZQY (36)] and the solution
structure of XRCC1-NTD [PDB code 1XNA (10)] were used as the initial models
for fitting the x-ray data. Manual model building was carried out in COOT
and refined using REFMAC5 and PHENIX (37, 38). The models exhibit good
stereochemistry as determined by PROCHECK and MolProbity; final refine-
ment statistics are listed in Table S2 (39, 40). The final XRCC1-NTD model
has Ramachandran plot values of 97.3% favored and 100% allowed. The final
reduced complex model has Ramachandran plot values of 93.0% favored and
99.1% allowed. The final oxidized complex model has Ramachandran plot
values of 96.8% favored and 100% allowed. Additional electron density near
the N-terminal proline is observed in the oxidized complex. PDB coordinates
and structure factors have been deposited in the Protein Data Bank under the
accession codes 3K75, 3LQC, and 3K77 for the reduced complex, oxidized
complex, and free XRCC1-NTD, respectively.

NMR Spectroscopy. Labeled proteins were expressed in minimal media
supplemented with 15NH4Cl and were purified as described above. Prior
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to NMR measurements, proteins were concentrated to ∼0.3 mM and
exchanged into 20 mM Tris-d11 pH 7.5, 40 mM NaCl, 5% D2O buffer.
The 1H-15N HSQC experiments were performed at 25 °C on a Varian UNITY
INOVA 600 MHz NMR spectrometer, equipped with a 5 mM 1H triple
resonance probe with actively shielded z-axis gradients. The NMR data were
processed using NMRPipe (41) and the spectra were analyzed using
NMRView (42).
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