
Oxidative Stress in Mammalian Cells Impinges on the
Cysteines Redox State of Human XRCC3 Protein and on
Its Cellular Localization
Pierre-Marie Girard1,2*, Dany Graindorge1,2, Violetta Smirnova1,2¤a, Pascal Rigolet1,2,3,

Stefania Francesconi1,2, Susan Scanlon1,2¤b, Evelyne Sage1,2

1 Institut Curie, Centre de Recherche, Orsay, France, 2 CNRS, UMR3348, Orsay, France, 3 Université Paris-Sud 11, Orsay, France

Abstract

In vertebrates, XRCC3 is one of the five Rad51 paralogs that plays a central role in homologous recombination (HR), a key
pathway for maintaining genomic stability. While investigating the potential role of human XRCC3 (hXRCC3) in the
inhibition of DNA replication induced by UVA radiation, we discovered that hXRCC3 cysteine residues are oxidized following
photosensitization by UVA. Our in silico prediction of the hXRCC3 structure suggests that 6 out of 8 cysteines are potentially
accessible to the solvent and therefore potentially exposed to ROS attack. By non-reducing SDS-PAGE we show that many
different oxidants induce hXRCC3 oxidation that is monitored in Chinese hamster ovarian (CHO) cells by increased
electrophoretic mobility of the protein and in human cells by a slight decrease of its immunodetection. In both cell types,
hXRCC3 oxidation was reversed in few minutes by cellular reducing systems. Depletion of intracellular glutathione prevents
hXRCC3 oxidation only after UVA exposure though depending on the type of photosensitizer. In addition, we show that
hXRCC3 expressed in CHO cells localizes both in the cytoplasm and in the nucleus. Mutating all hXRCC3 cysteines to serines
(XR3/S protein) does not affect the subcellular localization of the protein even after exposure to camptothecin (CPT), which
typically induces DNA damages that require HR to be repaired. However, cells expressing mutated XR3/S protein are
sensitive to CPT, thus highlighting a defect of the mutant protein in HR. In marked contrast to CPT treatment, oxidative
stress induces relocalization at the chromatin fraction of both wild-type and mutated protein, even though survival is not
affected. Collectively, our results demonstrate that the DNA repair protein hXRCC3 is a target of ROS induced by
environmental factors and raise the possibility that the redox environment might participate in regulating the HR pathway.
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Introduction

Reactive oxygen species (ROS) are produced endogenously as

oxidative by-products of mitochondria metabolism or in response

to a wide range of environmental factors such as ionizing radiation

(IR), ultraviolet (UV) radiation, air pollutants, pesticides or

pharmaceutical drugs. UVA radiation (320–400 nm), the pre-

dominant UV component of sunlight reaching the Earth’s surface,

causes a range of damage to cellular biomolecules [1], including

direct photo-induced damage to protein [2] and to DNA [3].

However, the primary cytotoxic effects of UVA are due to ROS,

especially singlet oxygen (1O2) that is generated from the

interaction of photons with intracellular [4] and/or extracellular

[5] photosensitizers, and transfer of energy to molecular oxygen,

converting it from its triplet ground state (3O2) to a highly reactive

singlet state (1O2) [6]. In turn, 1O2 causes oxidative damage to

proteins, DNA and lipids [2], [3], [7]. The rapid inactivation of
1O2 in aqueous solution led to the idea that the primary reactions

of 1O2 in cells would be localized at the site of 1O2 formation [8],

[9].

Proteins are major targets for 1O2, with damage occurring

preferentially at Trp, His, Tyr, Met, and Cys side-chains [10]. For

example, Maresca et al. have shown that 1O2 produced by UVA is

able to modify the charge properties of catalase and that this could

imply oxidative modifications of Trp and Met residues [11]. 1O2

also causes covalent oxidative crosslinking between the Prolifer-

ating Cell Nuclear Antigen (PCNA) subunits, likely due to a

histidine-lysine crosslinking [12], and inactivation of protein

tyrosine phosphatase-1B (PTP1) by oxidation of the active site

cysteine [13]. In fact, the thiol function in cysteine residues is

among the most susceptible one and can undergo several oxidation

states. The sulfhydryl group (-SH) of cysteine can be sequentially

oxidized to sulfenic acid (-SOH), a key intermediate in the

formation of intra- and inter-chain disulfide bonds (-S-S-), to

sulfinic (-SO2H) or to sulfonic (-SO3H) acid (see for review [14]).

Unlike sulfenic acids that can be reduced by major cellular
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reductants, sulfinic and sulfonic acids cannot. Oxidation of Cys

residues in proteins can lead to diverse functional consequences,

such as inhibition or activation of enzymatic activities, inhibition

of binding activities [13], [15–16]. To maintain the intracellular

thiol-disulfide redox status under reducing conditions ([-SH].[-S-

S-]), living cells possess two major systems, the thioredoxin (Trx)

and glutaredoxin (Grx) pathways [17]. All members of the Trx and

Grx families, with the exception of Grx5, catalyse the reversible

reduction of disulfides by a thiol-dependent thiol-disulfide

exchange reaction [18]. Although Trxs are the main thiol-disulfide

oxidoreductases that catalyse the reduction of disulfide bonds in

many proteins, Grxs specifically and efficiently promote protein-

SSG de-glutathionylation [19], [20].

Glutathione (GSH) is a water-soluble tripeptide consisting of

glycine, cysteine, and glutamic acid (L-glutamyl-L-cysteinylglycine)

with essential roles as an antioxidant and intracellular redox

buffer. In mammalian cells, it is the most abundant low molecular

mass thiol (1 to 10 mM), localizing predominantly in the cytosol

(90%) and present at 98% in the thiol-reduced form (GSH/GSSG

ratio < 100/1). Upon severe oxidative stress, the GSH/GSSG

ratio can drastically shift (see for reviews [21], [22]). S-

glutathionylation, which is the formation of mixed disulfides

between protein thiols and GSH (prot-SSG), has gained particular

attention over the last few years as a potential mechanism for the

post-translational regulation of a variety of proteins, in both

normal and pathophysiological processes [23], [24], and for

protecting sensitive protein thiols from irreversible oxidation [25].

In vertebrates, XRCC3 is one of the five RAD51 paralogs (i.e.

XRCC2, XRCC3, RAD51L1/RAD51B, RAD51L2/RAD51C

and RAD51L3/RAD51D) that functions in the repair of DNA

double strand breaks by homologous recombination (HR) [26]. In

cells, XRCC3 interacts with its binding partner Rad51C [27],

[28]. XRCC3 deficiency results in impaired DNA damage-

induced RAD51 foci formation, impaired HR, elevated chromo-

some aberrations and increased sensitivity to camptothecin (CPT)

and many DNA cross-linking agents [29], [30]. Human XRCC3

(hXRCC3), which contains 8 cysteine residues, was identified from

a cosmid library through its ability to complement the mutagen-

sensitive CHO line irs1SF [30].

Biverstål et al. reported that UVA radiation might induce a

complex type of lesion that blocks fork progression and requires

HR to be repaired [31]. On the other hand, fork slowing on

damaged vertebrate chromosomes is an active process that

requires the HR protein XRCC3 [32]. As we have previously

reported that UVA-induced ROS impinged on DNA replication

through a mechanism that does not require functional DNA

integrity checkpoint pathways [33], [34], we thought to

investigate the role of HR in ROS-induced slow down of

DNA replication using HR proficient and deficient cells. During

our investigations, we discovered that cysteine residues of

hXRCC3 are oxidized by UVA-induced ROS. This finding

prompted us to better characterize the redox state of hXRCC3

according to the cell type, the nature of the oxidant and the

intracellular content of GSH.

Results

XRCC3 is Dispensable for the UVA-induced Inhibition of
DNA Synthesis and Cytotoxicity

We have previously reported that exposure of mammalian

cells to UVA radiation in serum- and phenol red-free medium

(UVAMEMi), but not in PBS (UVAPBS), led to a strong inhibition

of DNA synthesis [34]. This medium contains vitamins among

which a potent photosensitizer, riboflavin [4]. To investigate the

putative role of HR in this process, we asked if UVA radiation

stimulates HR. To do so, we used CHO DRA10 cells that

allow the selection of G418 resistant clones resulting from repair

by HR of an intrachromosomal recombination substrate [35],

[36]. Therefore, cells were exposed to 0, 80 and 160 kJ/m2 of

UVAPBS or UVAMEMi, and grown on G418 selective medium.

If compared to mock cells, cells irradiated at 160 kJ/m2 in PBS

or MEMi displayed a 2.5 and 16.5 fold increase in HR,

respectively (Figure 1A). Thus, the presence of a photosensitizer

during UVA radiation strongly stimulates HR, likely due to the

ROS [34].

Next, we used XRCC3 proficient (CXR3) and deficient (irs1SF)

CHO cells to investigate the role of XRCC3 in UVA-induced S-

phase delay. Cells were pulse-labeled with BrdU, exposed to

120 kJ/m2 of UVAMEMi and allowed to recover for 6 h. Analysis

of the samples by flow cytometry revealed that S-phase was slowed

down by UVAMEMi in XRCC3 deficient cells (Figure 1B). We

confirmed these results using human cells in which XRCC3

expression was down regulated by siRNA or by gene disruption

(Supplemental Figure S1). Furthermore, we showed that XRCC3

is not required to protect cells from the toxic effects of UVA

radiation (Figure 1C). Together, these data indicate that, despite

its stimulation, HR pathway does not contribute to inhibition of

DNA synthesis nor to cell survival in response to UVA-induced

ROS.

Figure 1. Dispensable role of hXRCC3 in the delay of S-phase
induced by UVAMEMi and in protecting cells from UVA
phototoxicity. (A) CHO DRA10 cells were exposed to increasing
doses of UVA in MEMi or PBS and the number of G418R clones scored
after selection. Results are the mean 6 SD of three independent
experiments. (B) XRCC3 proficient (CXR3) and deficient (irs1SF) CHO
cells were labeled with BrdU, irradiated at 120 kJ/m2 UVAMEMi and
trypsinized after 6 hours of recovery. Cells were fixed in 70% EtOH and
analysed by flow cytometry for BrdU incorporation (FITC-BrdU) and
DNA content (PI). The data shown are representative of two
independent experiments. (C) XRCC3 proficient and deficient cells
were exposed to increasing doses of UVAMEMi, trypsinized, and plated at
low density. The colonies were stained after 8–10 days incubation at
37uC. Results are the mean 6 SD of three independent experiments.
doi:10.1371/journal.pone.0075751.g001

Human XRCC3 Oxidation in Mammalian Cells
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Photosensitization by UVA Induces the Reversible
Oxidation of hXRCC3

As we hypothesized that protein oxidation contributes to a

certain extent to the overall harmful effects of UVA radiation [34],

we asked if XRCC3 could be a target of UVA-induced ROS. To

check this hypothesis, the CHO cell line CXR3, which expresses

human XRCC3 [30], was exposed to 0, 80 and 160 kJ/m2

UVAMEMi and soluble protein extracts were prepared immedi-

ately post radiation in the presence of N-ethylmaleimide (NEM),

an irreversible thiol alkylating agent that protects cysteine residues

from oxidation during cell lysis, acetone precipitation and/or

electrophoresis. Human XRCC3 protein, whose apparent molec-

ular mass is around 37 kDa (Swiss-Prot #: O43542), was detected

by Western blot using an antibody directed against the C-terminal

part of hXRCC3 encompassing Cys328 (amino acids 315 to 346,

Novus Biologicals, personal communication). Specificity of the

antibody was confirmed by looking at hXRCC3 expression in

XRCC3 proficient (siCtr-transfected MRC5Vi, HCT116 W.T.

and CXR3) and deficient (siXRCC3-transfected MRC5Vi,

HCT116 XRCC32/2and irs1SF) cells (Figure 2A and Figures

S1A and S1B).

We observed changes in the electrophoretic mobility of

hXRCC3 towards lower molecular weights (Figure 2A, condition

2ßME) that might correspond to intramolecular disulfides.

Indeed, the formation of intramolecular disulfides is predicted to

increase SDS-PAGE mobility because of a decrease in the

hydrodynamic radius of the SDS-bound polypeptide, especially

if the two constitutive Cys residues are far apart in the primary

sequence. Noteworthy, these changes were completely reversed

in vitro by a reducing agent (Figure 2A, condition +ßME), as well as

in cells at 5 min after irradiation (Figure 2B). To confirm these

observations in human cells, similar experiments were conducted

in MRC5Vi, HaCaT and HCT116 cells. Surprisingly, we did not

observe a change in the electrophoretic mobility of the protein but

rather a slight decrease of its immunodetection in response to

photosensitization by UVAMEMi (Figure S2A). These changes

were also reversed in vitro by a reducing agent and intracellularly at

5 to 10 min after irradiation (Figures S2B and S2C). These results

indicate that photosensitization by UVAMEMi induces the oxida-

tion of cysteine residues of hXRCC3, likely by the formation of

one or more intramolecular disulfide bonds that are rapidly

reduced in cells.

Cysteines 86, 141, 193, 221, 310 and 328 of Human
XRCC3 are Potentially Accessible to the Solvent

To date, the three-dimensional structure of human XRCC3 has

not been solved. In order to evaluate the accessibility of the

sulfhydryl groups of hXRCC3 to ROS, we built a model of

hXRCC3 generating a structure for all the regions of the enzyme.

This model is based on the crystal structures of the RAD51 protein

of Saccharomyces cerevisiae and of the archaeal RadA from Sulfolobus

solfataricus and from Methanococcus voltae, which display around 30

percent sequence identity with the human XRCC3 (Figure 3A).

The modeled structure suggests that 6 out of the 8 cysteine

residues of human XRCC3 (Cys86, Cys141, Cys193, Cys221,

Cys310 and Cys328) are potentially accessible to the solvent,

meaning that they are susceptible to changes of the intracellular

redox environment (Figure 3B). Furthermore, it appears from this

model that the closest Ca–Ca distance among these cysteine

residues, which is 9.5 Å between Cys86 and Cys328, is greater

than the canonical values of 4 to 7.5 Å observed in cysteine

disulfide bridges [37].

Cys86 and Cys328 are Dispensable for Cell Survival in
Response to Camptothecin

As we observed oxido-reduction of hXRCC3 thiols in response

to oxidative stress, we asked if sulfhydryl groups are essential for

hXRCC3 activity by mutating all cysteines to serines (XR3/S) in

myc-tagged hXRCC3 (XR3/C) vector. Furthermore, based on

our in silico model, we aimed to test the possibility that Cys86 and

Cys328 form a disulfide bridge after oxidative stress. Therefore,

Cys86 or Cys328 were also independently mutated to Ser (XR3/

S86 and XR3/S328). Each construct was stably transfected into

irs1SF cells and independent clones were used to study the

oxidation of hXRCC3 in response to UVAMEMi and the sensitivity

of cells to camptothecin (CPT) in order to assess the efficiency of

DNA repair by HR [38], [39].

Firstly, cells expressing either the wild-type proteins (CXR3

and XR3/C) or the mutated proteins (XR3/S86, XR3/S328

and XR3/S) were exposed to UVAMEMi and the electrophoretic

mobility of hXRCC3 was analysed by Western blot. hXRCC3

oxidation was completely abolished in cells expressing XR3/S

mutant protein (Figure 4A), thus confirming that the change of

hXRCC3 mobility is indeed due to cysteine oxidation. In the

others cell lines (CXR3, XR3/C, XR3/S86 and XR3/S328),

the electrophoretic mobility of the protein after UVAMEMi

revealed the presence of two bands (Figure 4A). Though these

experiments did not demonstrate the formation of a disulfide

bridge between Cys86 and Cys328, they show that cysteines

other than Cys86 and Cys328 can form disulfide bond(s) in

response to UVAMEMi.

Next, the activity of the wild-type and mutated hXRCC3-myc

proteins in cells was estimated by measuring the cell viability in

response to CPT, and by comparing it to the viability of the two

parental cell lines, CXR3 and irs1SF. We found that XR3/S86

and XR3/S328 cells are no more sensitive to 10 nM CPT than

Figure 2. Reversible oxidation of hXRCC3. CXR3 cells were
exposed to different doses of UVAMEMi and total soluble protein extracts
were prepared either immediately (A) or at various times post radiation
(B). irs1SF cells were used as negative control for XRCC3 expression.
Cells were lysed on ice in lysis buffer containing 10 mM N-
ethylmaleimide (NEM). Protein extracts in non reductive (-ßME) and
reductive (+ßME) conditions were loaded on 9% SDS-PAGE and
transferred onto nitrocellulose membrane. The membranes were
probed with rabbit polyclonal anti-XRCC3 antibody. (*) indicates non-
specific cross-reactivity of the antibody. Actin was used as loading
control. ßME: ß-mercaptoethanol.
doi:10.1371/journal.pone.0075751.g002
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CXR3 and XR3/C cells (Figure 4B). In contrast, cells lacking

hXRCC3 (irs1SF) or bearing hXRCC3 mutated at all cysteine

residues (XR3/S) exhibit almost a two-fold increase in the

sensitivity to 10 nM CPT if compared to CXR3 or XR3/C cells

(Figure 4B). We checked the subcellular localization of hXRCC3

in the different cell lines and found that all the proteins localize

both in the cytoplasm and the nucleus before and after CPT

treatment (Figure 4C). Therefore, cysteine residues of hXRCC3

are not essential to ensure proper localization of the protein to the

nucleus, but some, others than Cys86 and Cys328, are essential to

allow an efficient HR-dependent DNA repair.

hXRCC3 Oxidation is due to 1O2 Generated by UVAMEMi

Because photosensitization by UVA is known to generate

mainly 1O2 [4], we examined its implication in hXRCC3

oxidation by irradiating CHO cells in the presence of increasing

Figure 3. Spatial cysteine distribution in human XRCC3. (A) Sequence alignment of the archaeal RadA from Sulfolobus solfataricus, the
archaeal RadA from Methanococcus voltae, the RAD51 protein of Saccharomyces cerevisiae and the human XRCC3 (Hum. Xrcc3) performed with the
program ClustalW. These enzymes share characteristic features like the L1 and L2 DNA putative binding regions, an ATP cap, a P-loop as well as
conserved residues involved in ATP binding or ATPase activity. Conserved amino acid residues are shadowed in red. The positions of cysteine
residues in the four structures are shadowed in yellow. The missing residues in the template crystal structures are underlined and in italic. (B) Stereo
ribbon diagram showing the positions of the 8 cysteine residues on the modeled structure of the human XRCC3. The Ca positions of Cys86, Cys141,
Cys193, Cys221, and Cys328, potentially solvent accessible, are figured in yellow. In red are the positions of Cys121 and Cys255, both buried in the
structure of XRCC3. The Ca position of residue Cys310 is in green. Panels B was made with Pymol molecular visualisation system (DeLano Scientific
LLC).
doi:10.1371/journal.pone.0075751.g003
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concentrations of NaN3 (Figure 5A) or L-Histidine (Figure 5B),

two quenchers of 1O2 [40], [41], or of N-acetyl-L-cysteine (NAC)

(Figure 5C) that scavenges free radicals [42]. Following quantifi-

cations, we found that hXRCC3 oxidation by UVA radiation was

significantly prevented by increasing the concentration of NaN3 or

L-Histidine but not of NAC (Figure 5D). Similar results were

obtained with the human cell line MRC5Vi (Figure S3). These

data point to 1O2 as the main UVA-induced ROS that leads to the

formation of oxidized cysteines in hXRCC3.

The Intracellular Pool of GSH/GSSG is Required for the
Oxidation of hXRCC3 by UVAMEMi

As NAC, a GSH precursor [43], seemed to favour hXRCC3

oxidation by UVAMEMi (Figure 5C), we postulated that the

Figure 4. Cys86 and Cys328 are dispensable for hXRCC3 activity. XRCC3-deficient cells (irs1SF) were stably transfected with empty vector or
vectors bearing wild-type hXRCC3 (XR3/C), hXRCC3 mutated at all cysteines (XR3/S), at cysteine 86 (XR3/S86) or at cysteine 328 (XR3/S328). (A) Cells
were exposed to 160 kJ/m2 UVAMEMi and immediately lysed post radiation in lysis buffer containing 10 mM NEM. hXRCC3 and hXRCC3-myc tagged
proteins were analysed by Western blot using anti-XRCC3 antibody. Actin detection was used as loading control. ßME: ß-mercaptoethanol. Two
independent clones were analysed for each mutant protein (XR3/S, XR3/S328 and XR3/S86). (B) Cells were exposed to the DNA damaging agent CPT
for 16 h and viability was assessed 48 h post treatment by MTT assay. Results are the mean 6 SD of 3 to 8 independent experiments using 2
independent clones for each cell line. Statistical analysis was performed using ANOVA with TUKEY’s post test. **P,0.01; ***P,0.001. We indicate only
the significant statistical differences relevant for discussion. (C) The cytoplasmic and nuclear distributions of hXRCC3 were analysed in untreated and
CPT-treated cells. GAPDH and Lamin A/C were used as loading control for the cytoplasmic and nuclear fraction, respectively. The blots are
representative of two independent experiments.
doi:10.1371/journal.pone.0075751.g004
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endogenous pool of GSH/GSSG might participate in hXRCC3

oxidation. At first we used DL-buthionine-[S,R]-sulfoximine

(BSO), an inhibitor of GSH biosynthesis, to deplete the

intracellular GSH/GSSG pool [44], [45]. Thereafter, glutathione

di-ethylester (GSH-dEE) or mono-ethylester (GSH-mEE) was used

to modulate the intracellular GSH level in BSO-treated cells. BSO

treatment resulted in , 90% depletion of the intracellular GSH/

GSSG pool (Figure 6A) without loss of viability (Figure S4A). In

agreement with previously published data [46], [47], we found

that only GSH-dEE, but not GSH-mEE, was able to restore the

intracellular level of GSH in BSO-treated cells (Figure 6A).

Normal and GSH-depleted cells were exposed to UVAMEMi, and

both hXRCC3 oxidation and protein S-glutathionylation were

analysed by Western blot. As shown in Figure 6B, the formation of

disulfides in hXRCC3 and of protein-SSG adducts by the

oxidative stress was detected only in GSH-proficient cells (lanes

2 and 6) but not in GSH-deficient cells (lanes 4 and 8). By checking

in the cells the formation of UVAMEMi-induced ROS and the

covalent oxidative crosslinking of PCNA (Proliferating Cell

Nuclear Antigen) subunits, which is a biomarker of photodynamic

damage due to 1O2 [12], [41], we excluded the possibility that

BSO treatment could prevent the oxidation of proteins in response

to photosensitization by UVAMEMi (Supplemental Figures S4B

and S4C).

To further characterize the redox state of hXRCC3 cysteine

residues after UVAMEMi, we used methoxypolyethylene glycol

5,000 maleimide (malPEG) in the lysis buffer instead of NEM.

Indeed, malPEG is a specific and irreversible thiol alkylator that

reacts with -SH groups exposed to the solvent, leading to an

increase of the apparent molecular mass of the protein of 5 kDa

per alkylated SH. In contrast, oxidized thiols cannot react with

malPEG. Cells lacking hXRCC3 (irs1SF) or expressing either

hXRCC3 protein (CXR3) or the myc-tagged XR3/S proteins

were exposed to UVAMEMi and immediately lysed in the

presence of malPEG. Using anti-XRCC3 antibody, we observed

one, two or three bands in each lane (Figure 6C). The bands

around 83 and 47 kDa (marked by an asterix) were also

observed in irs1SF cells (lanes 3 and 4) and correspond to

unspecific immunodetections. The band between the 47.5 and

the 32 kDa protein markers corresponds to untagged hXRCC3

(lane 2) and myc-tagged XR3/S protein (lanes 5 and 6), which

is confirmed by blotting the membranes with anti-myc antibody

(Figure 6C, lanes 7 to 12).

In unirradiated CXR3 cells, we failed to see hXRCC3 alone or

conjugated to malPEG molecules (Figure 6C, lane 1) while NEM-

conjugated hXRCC3 proteins were immunodetected (Figures S5A

and S5B). In contrast, XR3/S protein that can not react with

malPEG was immunodetected in unirradiated and irradiated cells

(Figure 6C, lanes 5 and 6). These data indicate that Cys328 is likey

to be exposed to the solvent in the structure of hXRCC3 and that

addition of a bulky adduct (malPEG) to Cys328 of hXRCC3

prevents its immunodetection. Such inhibitory effect on the

immunodetection of malPEG–protein conjugates was also ob-

served when the membranes were probed with anti-PCNA or anti-

GAPDH antibodies (Figures S5C and S5D).

Following exposure to UVAMEMi, the presence of a band that

migrates at the expected position of hXRCC3 protein (, 38 kDa)

(Figure 6C, lane 2), revealed that all accessible thiols of hXRCC3,

including Cys328, were oxidized after UVAMEMi in CXR3 cells.

By loading on the same gel (SDS-PAGE in reducing conditions)

total soluble protein extracts from NEM or malPEG-treated cells

followed by quantification of the intensity of the full length protein,

we found that approximately 25 to 30% of the total amount of

protein is oxidized at all accessible cysteines. Using malPEG in the

lysis buffer, we further demonstrated that addition of GSH-dEE

but not of GSH-mEE to BSO-treated CXR3 cells was able to

restore the oxidation of hXRCC3 cysteine residues after

UVAMEMi radiation (Figure 6D). We obtained similar results

using the human cell line MRC5Vi (Supplemental Figures S6A

and S6B). We also found that the intracellular GSH protects the

cells from the photocytotoxic effects of UVAMEMi radiation

(Figure 6E).

hXRCC3 Oxidation does not Require Intracellular GSH in
Response to Oxidizing Agents others than UVAMEMi

To test whether GSH-dependent hXRCC3 oxidation is

restricted to photosensitization by UVA radiation or might be

induced by other oxidants, untreated or BSO-treated CXR3 cells

Figure 5. Oxidation of hXRCC3 by UVAMEMi is prevented by
NaN3 and L-Histidine but not by NAC. CXR3 cells were irradiated in
MEMi at 160 kJ/m2 UVA in the presence of increasing concentration of
NaN3 (A), L-Histidine (B) or NAC (C). The blots shown are representative
of 4 independent experiments for (A) and 2 for (B) and (C). XRCC3 and
actin were analysed by Western blot. ßME: ß-mercaptoethanol. (D) The
relative level of reduced hXRCC3 in conditions (A), (B) and (C) was
calculated by dividing the intensity of the top band in UVA-treated cells
(lanes 2,4 and 6) by the intensity of the same band in the appropriate
unirradiated cells (lanes 1, 3 and 5). Statistical analysis for the NaN3

treatment was performed using ANOVA with TUKEY’s post test. Only
the significant statistical difference relevant for discussion is shown. *
P,0.05.
doi:10.1371/journal.pone.0075751.g005

Human XRCC3 Oxidation in Mammalian Cells
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were exposed to increasing concentrations of tert-butyl hydroper-

oxide (tButH2O2), menadione (MN) that generates intracellular

superoxide via redox cycling [48], rufloxacine followed by UVA

radiation in PBS (UVARFX) that generates mainly singlet oxygen

and hydroxyl radical by photosensitization [49], 2,4-dinitrochlor-

obenzene (DNCB) that is an alkylating agent used to deplete GSH

pool and an irreversible inhibitor of thioredoxine reductase [50],

and diamide, a thiol-specific oxidant [51]. We then analysed the

formation of prot-SSG adducts and the oxidation of hXRCC3 in

response to these oxidants.

As shown in Figure 7, S-glutathionylation was detected only in

GSH proficient cells (-BSO) in response to all treatments

(Figures 7A, 7B, 7C and 7E), with the exception of DNCB

(Figure 7D) that probably alkylates GSH before it can make mixed

disulfides with endogenous proteins. We observed the oxidation of

hXRCC3 thiols in response to all treatments but the relative

amount of oxidized hXRCC3 greatly depends on the oxidizing

agent. For example, tButH2O2 (Figure 7A) appeared to be a weak

oxidant with regards to hXRCC3 oxidation, even at the highest

concentration of 10 mM, which contrasts with the strong

oxidazing effect observed with 25 mM of MN (Figure 7B). Most

importantly, formation of oxidized hXRCC3 induced by all the

used agents was not prevented by lowering the level of GSH/

GSSG pool (Figure 7, condition +BSO). In response to DNCB,

hXRCC3 oxidation was even more pronounced in GSH-deficient

cells if compared to GSH-proficient cells (Figure 7D). Unexpect-

edly and unlike what we observed in cells exposed to UVAMEMi,

the photosensitization of RFX by UVA (UVARFX) also led to a

GSH-independent hXRCC3 oxidation despite 1O2 production as

shown by the oxidation of PCNA in these cells (Figure 7C).

Moreover, NaN3 and L-Histidine, but not NAC, prevented

hXRCC3 oxidation induced by UVARFX, thus supporting a key

role of 1O2 in this process (Supplemental Figure S7).

We also noticed that in non reducing condition, the hXRCC3

protein is barely detected in cells treated with 100 mM DNCB and

not detected in cells treated with diamide at concentrations

$1 mM (Figures 7D and 7E, condition -ßME). In contrast,

hXRCC3 is clearly detectable in reducing condition although a

slight decrease in the total level of soluble hXRCC3 is observed at

these concentrations if compared to untreated samples (Figures 7D

and 7E, condition +ßME). Such differences in the immunodetec-

tion of hXRCC3 between reducing and non reducing conditions

were not observed in diamide-treated cells expressing XR3/S

mutated protein (Figure S8A), suggesting that the formation of

intra and/or intermolecular disulfide bonds in hXRCC3 by

diamide hides the epitope (amino acids 315 to 346) recognized by

anti-XRCC3 antibody. Furthermore, we found that a fraction of

hXRCC3 protein relocalizes to the chromatin in response to

diamide by a mechanism that does not depend on its cysteine

residues (Figure 7F), even though hXRCC3 activity is not required

for cell survival in response to this chemical (Figure S8B).

MN Induces hXRCC3 Oxidation and its Relocalization at
the Chromatin

As MN induces S-glutathionylation (Figure 7B, see also [52])

and hXRCC3 oxidation in CHO cells, we further investigated the

reversion of both modifications by Western blot. At first, CXR3

cells were treated with 25 and 50 mM MN for 10 min and then

incubated in drug-free complete medium for increasing periods of

time. The reduction rate relied on the initial concentration of MN

(Figure 8A). Indeed, oxidized hXRCC3 is reduced within 5 min

after the release from 25 mM MN while it persisted up to 30 min

after 50 mM MN (Figure 8A). Similarly, the rate of S-deglutathio-

nylation was faster after the release from 25 than from 50 mM MN

(Figure 8A). These data demonstrate that the formation of intra-

and inter-molecular disulfide bridges triggered by MN are fully

reversed in CHO cells after drug removal.

Next, CHO cells were treated with 50 mM MN for increasing

periods of time in the presence or not of NAC to scavenge MN-

induced ROS [53]. We found that hXRCC3 is oxidized after

5 min of treatment and that the level of soluble hXRCC3 protein

is severely decreased after 60 min (Figure 8B, condition –NAC).

Figure 6. Depletion of intracellular GSH/GSSG pool prevents
hXRCC3 oxidation induced by UVAMEMi. CXR3 cells were pre-
incubated for 24 h in culture medium containing or not 0.5 mM BSO.
Thereafter, BSO-treated cells were complemented or not with 2 mM
GSH-dEE or GSH-mEE for 1 h. (A) Measurement of GSH level in cells.
Values are expressed as % of GSH relative to control cells (–BSO) and
results are the mean 6 SD of 3 independent experiments. Cells treated
as described in panel A were exposed to 160 kJ/m2 UVAMEMi and lysed
immediately post radiation in buffer containing either 10 mM NEM (B)
or 4 mM malPEG (D). (C) CXR3, irs1SF and XR3/S cells were exposed to
160 kJ/m2 UVAMEMi and immediately lysed in buffer containing 4 mM
malPEG. The star (*) indicates non specific cross-reactivity of anti-XRCC3
antibody. In (C) and (D), the samples were analysed in reducing
condition (+ßME). Myc-tagged XR3/S protein was detected using anti-
myc antibody, and S-glutathionylated proteins using anti-GSH antibody.
Actin was used as loading control. ßME: ß-mercaptoethanol. (E) GSH-
proficient (2BSO and +BSO +GSH-dEE) and deficient (+BSO) cells were
irradiated at 160 kJ/m2 UVAMEMi and cell viability was assessed 24 h
post treatment by MTT assay. Values are the mean +/2 SD of 5
independent experiments. Statistical analysis was performed using
ANOVA with TUKEY’s post test. * P,0.05; ** P,0.01.
doi:10.1371/journal.pone.0075751.g006
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This decrease corresponds to a relocalization of the protein at the

chromatin fraction upon a prolonged period of MN treatment

(Figure 8C, condition -NAC), relocalization that does not require

the cysteine residues of hXRCC3 (Figure 8D). NAC efficiently

prevented both oxidation of the protein and its relocalization

(Figures 8B and 8C, condition +NAC). Although a slight decrease

in the expression level of hXRCC3 was observed in MN-treated

MRC5Vi cells, we did not observe relocalization of the protein at

the chromatin (Figure S9 and data not shown). Finally, we

analysed the viability of XRCC3 proficient (CXR3) and deficient

(irs1SF) CHO cells exposed to 100 mM MN for 10 and 60 min,

and found that XRCC3 does not contribute to the cell survival

after MN (Figure 8E).

Discussion

The cysteine residues at the surface of proteins are potentially

targeted by ROS resulting in oxidative modifications of their thiol

side chain (e.g. intra and/or inter disulfide bonds formation) that

can be important to regulate positively or negatively the protein

activity [54]. For example, activity of the DNA repair protein

hOgg1 is regulated in response to oxidative stress by oxidation of

critical cysteine residues [55], and the substitution from serine 326

to cysteine 326 (S326C) in hOgg1, a frequently occurring

polymorphism in the human population, alters its DNA repair

capacity due to oxidation of Cys326 [56–58]. While investigating a

possible role of the DNA repair protein hXRCC3 in the inhibition

of DNA synthesis triggered by UVA-induced ROS [34], we

discovered that cysteine residues of hXRCC3 were oxidized. In

Figure 7. GSH/GSSG pool is not required for hXRCC3 oxidation in CHO cells in response to oxidants other than UVAMEMi. CXR3 cells
treated or not with BSO were exposed to increasing concentrations of (A) tButH2O2 for 30 min, (B) menadione (MN) for 10 min, (C) UVA+Rufloxacine
(UVARFX), (D) 1,4-dinitrochlorobenzene (DNCB) for 30 min and (E) diamide for 30 min. Immediately post treatments, cells were lysed in buffer
containing 10 mM NEM and protein extracts analysed by Western blot in non-reducing (-ßME) and reducing (+ßME) conditions. Prot-SSG adducts,
hXRCC3, PCNA and actin were detected using anti-GSH, anti-XRCC3, anti-PCNA, and anti-actin antibodies, respectively. PCNAmono = monomeric PCNA;
PCNAtri = covalently bound trimeric PCNA. ßME: ß-mercaptoethanol. (F) CXR3, XR3/C and XR3/S cells were exposed to 1 mM diamide for 30 min, and
soluble (Sol. frac.) and chromatine (Chr. frac.) fractions were recovered. hXRCC3 and hXRCC3-myc tagged proteins were detected using anti-XRCC3
antibody. GAPDH and Lamin A/C were used as loading control.
doi:10.1371/journal.pone.0075751.g007
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this study, we bring the first evidences that the redox state of the

protein depends on the intracellular environment and on the type

of oxidizing agents.

The oxidation of sulfhydryl moieties of hXRCC3 by various

oxidizing agents was investigated in human and hamster cells, the

latter expressing hXRCC3 under the control of its own promoter

[30]. Thus, any differences in the oxidation state of hXRCC3

between the two types of cell lines cannot be attributed to a

difference in the amino acid sequence of the protein. In this study,

oxidation of hXRCC3 was investigated using an XRCC3

antibody that recognizes an epitope surrounding Cys328.

According to the model we computed, it appears that 6 out of

the 8 cysteine residues of hXRCC3 (cysteines 86, 141, 193, 221,

310 and 328) are accessible to the solvent, and are, except Cys141,

spatially close to well conserved arginine or lysine residues that

could contribute to the ionization of the cysteine thiols, thus

rendering them more reactive and susceptible to oxidation [22].

As a first surprising result, we found that the sensitivity of

hXRCC3 to oxidation is less marked in human transformed or

immortalized cells (MRC5Vi, HaCaT, and HCT116) than in

Figure 8. N-acetyl-L-cystein prevents hXRCC3 oxidation and its relocalization at the chromatin in response to MN. (A) CXR3 cells were
exposed to 25 and 50 mM MN for 10 min at 37uC. S-glutathionylated proteins and oxidation of hXRCC3 protein were analyzed by Western blot at
different time points after treatment. XRCC3, prot-SSG, and actin were detected using anti-XRCC3, anti-GSH, or anti-actin antibodies, respectively. (B)
CXR3 cells were exposed to 50 mM MN in the presence or not of 10 mM NAC and hXRCC3 protein oxidation was analyzed at different time points
after treatment by Western blot. (C) CXR3 cells were exposed to 50 and 100 mM MN for 1h in the presence or not of 10 mM NAC. (D) Cells expressing
wild-type (CXR3, XR3/C) or mutated (XR3/S, XR3/S86 and XR3/S328) hXRCC3 were exposed to 100 mM MN for 1h. In (C) and (D), the soluble (Sol. frac.)
and chromatine (Chr. frac.) fractions were recovered immediately post treatment. hXRCC3 and hXRCC3-myc tagged proteins were analysed by
Western blot using anti-XRCC3 antibody. GAPDH and Lamin A/C were used as loading control. ßME: ß-mercaptoethanol. (E) XRCC3 proficient (CXR3)
and deficient (irs1SF) cells were exposed to 100 mM MN for 10 and 60 min. Cell viability was assessed 24 h post treatment by MTT assay. Values are
the mean +/2 SD of 5 independent experiments.
doi:10.1371/journal.pone.0075751.g008
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CHO cells. Furthermore, in CHO cells exposed to oxidative stress,

we observed changes in the electrophoretic mobility of the protein,

while, under the same conditions, we observed a slight decrease in

the immunodetection of the protein in human cells. This indicates

i) that the sensitivity of cysteine thiols of hXRCC3 to oxidation is

influenced by the intracellular environment, and ii) that the

antibody is sensitive to the steric hindrance of Cys328. In favour of

this latter hypothesis, we observed that the conjugation of

malPEG, a bulky alkylating agent, to the cysteine thiols of

hXRCC3 renders hXRCC3 undetectable by Western blot in both

CHO and human cells. In contrast, the conjugation of NEM, a

small alkylating agent, does not impact on hXRCC3 immunode-

tection. Furthermore, diamide that promotes the formation of

disulfide bridges also led to loss of immunodetection of the protein

in non reducing conditions but not in reducing conditions. We

propose that in human cells the oxidative stress favours the

formation of a disulfide bridge involving Cys328 and another

cysteine, thus masking the epitope. One likely candidate is Cys86

insofar as our in silico model of hXRCC3 structure suggests that

the closest Ca-Ca distance is between Cys86 and Cys328. In CHO

cells, the formation of a disulfide bridge involving Cys328 is not

favoured, but others are formed as mutation of Cys328 to Ser328

still leads to changes in the electrophoretic mobility of the protein.

The difference in Cys328 reactivity in human versus CHO cells

may be attributed to a change in hXRCC3 conformation due to a

different intracellular environment - i.e. ATP and Ca2+ concen-

tration, the presence of molecular chaperones, the pH, the solvent,

the intracellular macromolecular concentration, the balance of

antioxidant/oxidant - all features influencing protein folding [59],

[60]. Alternatively, the complex formed by hXRCC3 with its

partner Rad51C [27], [61], [62] might be slightly different in the

heterologous system (human XRCC3 interacting with hamster

Rad51C) if compared to the homologous one (human XRCC3

interacting with human Rad51C). We cannot exclude that the

sulfhydryl group of cysteines of hXRCC3 undergoes others forms

of oxidation, especially irreversible oxidations (i.e. to sulfinic and

sulfonic acid), and that others amino acids can also be oxidized

[10], oxidations that are not detected by our experimental

approach. This point is particularly relevant insofar as the use of

malPEG revealed that all accessible thiols are potentially oxidized

in both human and CHO cells. We also found that the kinetic of

reduction of disulfide bonds in hXRCC3 depends on the intensity

of the oxidative stress. In cells exposed to 160 kJ/m2 UVAMEMi or

25 mM menadione for 10 min, disulfide bonds are de novo reduced

in few minutes post treatment, while this time is sustained

following exposure of cells to 50 mM menadione for 10 min.

In this study, we have also shown that wild-type (hXRCC3 and

XR3/C) and mutated proteins (XR3/S, XR3/S86 and XR3/

S328) are similarly distributed between the cytoplasm and the

nucleus in untreated cells. It has been shown that XRCC3 stability

is dependent on heterodimerization with Rad51C [63], [64], thus

suggesting that XR3/S mutant might still proficient for Rad51C

interaction. In response to CPT, we didn’t observe an increased

accumulation of the proteins in the nucleus, nor did we detect

hXRCC3 protein associated with the chromatin (data not shown).

Our results are in agreement with previously published data

showing that the subcellular distribution of hXRCC3 is not

significantly affected by DNA damage, and that the amount of

hXRCC3 at the chromatin can be very low after damage,

depending on the cell type [64]. However, despite a protein

localisation similar to that of wild-type, the XR3/S protein, but

not XR3/S86 or XR3/S328 proteins, confers CPT sensitivity to

the cells showing that one or more cysteine residues, other than

Cys86 and Cys328, are critical for hXRCC3 activity. Recently,

Somyajit et coll. have reported that hXRCC3 is phosphorylated

on Ser225 by ATR in an ATM signaling pathway [65]. These

authors showed that hXRCC3 phosphorylation is required for

chromatin loading of Rad51 and HR-mediated repair of double-

strand breaks [65]. As Ser225 is close to Cys221, it is possible that

Cys221 contribute to the ATM- and ATR-mediated phosphory-

lation of hXRCC3.

We discovered that hXRCC3 expressed in CHO localizes

almost exclusively at the chromatin in response to a severe

oxidative stress (e.g. 1 mM diamide for 30min or 50 mM

menadione for 1h), by a mechanism that does not require cysteine

residues of hXRCC3. Further studies are required to understand i)

the biological function of this relocalization in response to an

oxidative stress in our particular cellular model (CXR3 cells), ii)

why such relocalization was not observed in the human

transformed fibroblasts MRC5Vi, and iii) whether or not this

relocalization can affect HR-dependent DNA repair.

Another striking finding of our study was that different

mechanisms are involved in the formation of disulfide bridges in

hXRCC3. Indeed, GSH facilitates disulfide-bond formation in

hXRCC3 in response to UVAMEMi but not UVARFX. This is quite

unexpected since both conditions of irradiation trigger 1O2

production, which is essential for hXRCC3 oxidation. This

discrepancy remains unclear and might reflect the importance of

subcellular localization of the photosensitizer. Indeed, the lifetime

(tD) and diffusion length (dl) of 1O2 were estimated to be relatively

short in cells; tD around 0.5 ms or less (0.05 ms) and dl around

20 nm [9], [66]. These values indicate that 1O2 reacts with

biomolecules that are in its close vicinity. Previous reports have

established the chemical quenching of 1O2 by the thiolate group of

cysteines (-S2) resulting in the formation of disulfide bonds [67],

[68]. Therefore, we hypothesize that in mammalian cells, 1O2

generated by UVARFX reacts immediately with the thiol groups of

hXRCC3, while 1O2 generated by UVAMEMi oxidizes GSH to

GSSG, which in turn oxidizes hXRCC3. So far, GSH-dependent

oxidation of hXRCC3 is unique to UVAMEMi radiation since we

did not observe it with other oxidizing agents, such as menadione

(MN), 2,4-dinitrochlorobenzene (DNCB) or tert-butyl hydroper-

oxide (tButH2O2).

We have previously reported that UVA-induced ROS impinge

on DNA replication through a mechanism that does not require

functional DNA integrity checkpoint pathways [34]. Our data

indicate that hXRCC3 is not involved in this mechanism,

although HR is stimulated by UVA-induced ROS. At cell toxicity

around 50–70% (80 kJ/m2 UVAMEMi, 10 J/m2 UVC and 2 Gy

for c-rays), UVAMEMi is 3 times less efficient to stimulate

recombination than UVC but 4 to 7 times more efficient than

c-rays (compare present results and [36], [69]). UVAMEMi-induced

recombination may be explained by the presence of complex type

of lesions that might obstruct replication fork progression, and that

require HR repair to be further processed [31]. Interestingly,

Somyajit et al. have found that XRCC3 is required for the HR-

mediated recovery of collapsed forks but is dispensable for the

restart of stalled forks [65]. Our observation that HR does not

efficiently protect asynchronous cells from the lethal action of

UVA radiation is in agreement with our previous findings in the

yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe [33], [70].

However, we cannot exclude that HR is in part required for

survival upon UVA exposure of cells in S-phase, as previously

reported [33].

The work describing in this paper raises the question about the

functionality of the oxidized hXRCC3 protein: what are the

consequences if cells are subjected to an oxidative stress while
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exposed to DNA damaging agent that generates damages repaired

by HR? Further studies are required to answer this question.

HR is a multi-step DNA repair pathway that involves more than

10 different proteins, including members of the Rad51 family [26].

The human proteins Rad51 (UniProt Q06609), XRCC2 (UniProt

O43543), RAD51L1 (UniProt O15315), RAD51L2 (UniProt

O43502) and RAD51L3 (UniProt O75771) contain between 5

and 12 cysteines. Our observation that cysteine residues of

hXRCC3 are sensitive to ROS raises the possibility that cysteines

of those others proteins involved in HR may also be sensitive to the

cellular redox state.

Materials and Methods

Cell Lines and Silencing of Gene Expression (siRNA)
Chinese hamster irs1SF cell line is XRCC3-deficient and CXR3

cells are irs1SF cells stably complemented with human XRCC3

from a cosmid library [30]. The CHO-K1 DRA10 cell line

contains an intrachromosomal recombination substrate composed

of two inactive copies of the neomycin-resistant gene [35].

MRC5Vi (transformed fibroblasts) [34], HaCaT (immortalized

keratinocytes) [71] and HCT116 (colorectal carcinoma cells) [72]

are human cell lines. Eagle’s Minimum Essential Medium (MEM)

with Earle’s salts containing phenol red and L-glutamine, MEM

without phenol red and L-glutamine (MEMi), L-glutamine (L-glu)

100X, penicillin 10000 UI/Streptomycin 10000 mg 100X (P/S),

non-essential amino acid (NEAA) 100X, and sodium pyruvate

(100X) were from Eurobio (France). Fetal bovine serum (FBS) was

from PAA (France). CHO, MRC5Vi, HaCaT and HCT116 were

grown in 10% FBS Eagle’s MEM containing P/S 1X, L-glu 1X,

NEAA 1X and sodium pyruvate 1X at 37uC, 95% humidity and

5% CO2. Transfection of human XRCC3 siRNA (siXRCC3, ON-

TARGETplus Set of 4, Dharmacon) and RNAi negative control

low GC (siCtr, Invitrogen Life Technology) was performed in

OptiMEMHI using INTERFERinTM (Polyplus-transfection,

Ozyme, France). The final concentration of siRNA was 10 nM

and experiments were carried out 48 h post transfection.

Reagents
Camptothecin (CPT) was dissolved in DMSO. N-ethylmalei-

mide (NEM), menadione (MN), glutathione di-ethylester (GSH-

dEE), 5-(and-6)-chloromethyl-2979-dichlorodihydrofluorescein di-

acetate acetyl ester (CM-H2DCFDA) and 2,4-dinitrochloroben-

zene (DNCB) were dissolved in EtOH. L-Histidine, buthionine

sulfoximine (BSO), N-acetyl-L-cysteine (NAC), glutathione mono-

ethylester (GSH-mEE), diamide and sodium azide (NaN3) were

dissolved in H2O. tert-Butyl hydroperoxide (tButH2O2) is at 70%

in aqueous solution. Methoxypolyethylene glycol maleimide

(malPEG) was directly dissolved in lysis buffer. 3-(4,5-Di-

methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and

rufloxacine (RFX) were dissolved in phosphate buffered saline

(PBS). All chemicals were purchased from Sigma-Aldrich (France),

except for GSH-dEE that was purchased from Bachem (Switzer-

land) and CM-H2DCFDA from Invitrogen (France). RFX was

supplied by Pr G. De Guidi (Dipartimento di Scienze Chimiche,

Catania, Italy).

Cloning of Human XRCC3 into Mammalian Expression
Vectors and Generation of XRCC3 CysRSer Mutants

Wild-type human XRCC3 cDNA was amplified by PCR from

pEF6/V5-His-XRCC3 [kindly provided by L. Thompson, see ref.

[73]] and cloned into pCI(puro)myc [74], leading to pXR3/C.

Cysteine to serine (Cys to Ser) mutations were introduced using

the QuickChangeH site-directed mutagenesis kit (Stratagene) and

led to pXR3/S86 (Cys86 to Ser86), pXR3/S328 (Cys328 to

Ser328) or pXR3/S (all Cys to Ser). Sequences were confirmed by

direct sequencing (GATC Biotech).

Stable Transfection into irs1SF Cells
Mammalian expression vectors pCI(puro)myc, pXR3/C,

pXR3/S86, pXR3/S328 and pXR3/S were transfected into

irs1SF cells using jetPEITM transfection reagent (Polyplus-trans-

fection SA, France). Forty-eight hours post transfection, cells were

incubated for 12 to 14 days in the presence of 10 mg/ml

puromycine (Invivogen, Cayla SAS, France). For each stable

transfection, few clones were analysed for myc-tagged hXRCC3

expression.

Treatments with Pro- and Anti-oxidants and Recovery of
Soluble and Insoluble Protein Extracts

Excepted for experiments with RFX, in all other experiments

cells were exposed to UVA radiation in phenol red-free MEMi

medium (UVAMEMi) at a fluency rate of 50 mW/cm2, as

previously described [34]. RFX was added to MEMi medium

1 h prior to UVA radiation in drug-free PBS 16(UVARFX; fluency

rate = 10 mW/cm2). MN was added directly to the culture

medium while incubation with DNCB, tButH2O2 and diamide

was performed in MEMi. All incubations were at 37uC. NAC and

NaN3 were added during the treatment. GSH-mEE and GSH-

dEE were added for 60 min and BSO for 24 h before exposure of

cells to the oxidants. Following treatments, cells in dishes were

washed with cold PBS and lysed on ice for 5 min in lysis buffer

[10 mM Hepes, pH 7.5, 100 mM NaCl, 300 mM sucrose, 3 mM

MgCl2, 1 mM EGTA, 50 mM NaF, 20 mM ß-glycerophosphate,

0.3% triton X-100, 0.1 mM sodium orthovanadate and complete

mini EDTA-free protease inhibitors (Roche Diagnosis)]. When

indicated, 10 mM NEM or 4 mM malPEG were added to the lysis

buffer to react with thiol groups. The supernatant correspond to

the total soluble protein extracts that were precipitated with

acetone. After removal of acetone and air drying, the pellets were

dissolved in 1.5 X SDS loading buffer (150 mM Tris-HCl, pH 6.8,

3% SDS, 0.15% bromophenol blue and 15% glycerol) without ß-

mercaptoethanol (2ß). Protein extracts were denatured for 5 min

at 95uC and 150 mM ß-mercaptoethanol was added to half of the

sample (+ß). Insoluble material (chromatin-bound fraction) was

recovered by scraping off the nuclear matrix in PBS. After

centrifugation at 4uC, insoluble fractions were resuspended in 1.5

X SDS loading buffer containing ß-mercaptoethanol, denatured

for 15 min at 95uC and centrifuged for 30 min at room

temperature to pellet any solids.

Cellular Fractionati on
To fractionate the cells into cytoplasm and nucleus, CPT-

treated cells were washed with cold PBS and incubated for 5 min

on ice in hypotonic buffer [10 mM Hepes, pH 7.5, 1.5 mM

MgCl2, 10 mM KCl, 0.5 mM DTT and complete mini EDTA-

free protease inhibitors (Roche Diagnosis)]. The cells were scraped

off from the culture dishes and open cells were broken using a pre-

chilled Dounce homogenizer to release nuclei. After centrifuga-

tion, the supernatant is retained as the cytoplasmic fraction, and

the pellet as the nuclear fraction. The nuclear pellet is washed one

time in sucrose buffer (250 mM sucrose, 10 mM MgCl2 and

complete mini EDTA-free protease inhibitors), resuspended in 1.5

X SDS loading buffer containing ß-mercaptoethanol, denatured

for 15 min at 95uC and centrifuged for 30 min at room

temperature to pellet any solids.
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Western Blot Analysis
Twenty to thirty micrograms of protein extract were separated

on 9% SDS-PAGE and transferred onto PROTRANH nitrocel-

lulose membrane (Whatman) using a Trans-Blot Semi-Dry

apparatus (Bio-Rad Laboratories). Membranes were probed with

the following primary antibodies: rabbit polyclonal anti-XRCC3

antibody (Novus Biologicals clone 100–165), rabbit polyclonal

anti-myc (A14), mouse anti-PCNA (PC10), mouse anti-Lamin A/

C (E-1), and mouse anti-GAPDH (A-3) antibodies (Santa Cruz

Biotechnology), mouse monoclonal anti-actin (clone AC-15)

(Sigma-Aldrich), mouse monoclonal anti-GSH (clone D8) (Gene-

Tex). The membranes were then probed with the appropriate

peroxidase-conjugated secondary antibody and developed using

either the ECLTM Western blotting Detection Reagents (Amer-

sham Biosciences) or the WesternBrightTM ECL-spray (ECL+,

Advansta, France). Primary and secondary antibodie were

prepared in Tris buffered saline (TBS) containing 5% bovine

serum albumin (BSA) and 0.05% tween 20. The autoradiographies

were scanned on a Pro48 scanner (PFU, Japan) controlled by the

SilverFast Ai scan software (LaserSoft Imaging AG, Germany). All

quantifications were further done using Image J.

Quantification of Intracellular Level of GSH
Cells plated at 1.56104 per well in a 96-well plate were

incubated overnight and BSO was added for further 24 hours.

When indicated, GSH-mEE or GSH-dEE was added for 60 min

to BSO-treated cells. After washing the cells 3 times with PBS 1X,

quantification of intracellular levels of GSH was performed using

GSH-GloTM Glutathione Assay (Promega). Luminescence data

were recorded on a Wallac 1420 Multilabel Counter (Perkin

Elmer).

Measurement of Intracellular ROS
The incubation of cells with the cell-permeant indicator for

ROS, 5-(and-6)-chloromethyl-29,79-dichlorodihydrofluorescein di-

acetate acetyl ester (CM-H2DCFDA, Invitrogen France), expo-

sure to UVA radiation and analysis of fluorescent by flow

cytometry were performed as previously described [34].

Cell Viability
To assess for cell viability in response to CPT, 46105 cells per

well were seeded in 6-well dishes, incubated overnight at 37uC and

exposed to 10 nM CPT for 16 h. Cell viability was measured 48 h

post CPT treatment. To assess for cell viability in response to UVA

or MN, 5 to 106104 MRC5Vi cells were plated in 40 mm dishes,

incubated overnight at 37uC and then exposed to UVA or MN as

described above. Cell viability was assessed 24 hours post

treatment. To perform the MTT assay, culture medium was

replaced by fresh culture medium containing 0.5 mg/ml thiazol-

blue Tetrazoliumbromide and cells were incubated at 37uC until

purple precipitate is visible. The resulting intracellular purple

formazan was then solubilized in the dark for 2 h in isopropanol

95%/0.4 N HCl. Spectrophotometric quantification was per-

formed at 570 nm.

Clonogenic Assay
CHO cells in exponentially growing phase were irradiated at

various doses of UVA in phenol red-free MEMi (UVAMEMi) or

PBS (UVAPBS). Following irradiation, cells were incubated at

37uC for 24 h in fresh complete medium, trypsinized, counted and

replated at low density. The cultures were kept in the incubator for

8–10 days and colonies were vizualized by incubating the cells in

2% methylene blue (MB) for 3–5 min. The colonies were rinced

with water, air dried, and counted (.50 cells per colonie).

Homologous Recombination Assay
CHO DRA10 cells were irradiated as described above,

incubated at 37uC in fresh complete medium for 24 h, trypsinized,

and divided into two fractions. The first fraction was used to

calculate the viability by measuring the plating efficiency. The

second fraction was plated at high density in selective medium

containing 500 mg/ml of G418 to select for G418 resistant cells.

Colonies were stained with MB and counted.

BrdU Incorporation and Cell Cycle Analysis
The BrdU incorporation and cell cycle analysis were performed

as previously reported [34]. Briefly, pulse-labeled BrdU cells were

exposed to UVA radiation, allowed to recover for 6 h at 37uC
before being fixed in ethanol, treated with FITC-conjugated anti-

BrdU antibody to label S-phase cells and with propidium iodide

(PI) to stain for DNA content. All samples were analysed by a

FACScalibur flow cytometer (Becton Dickinson).

Computational Modeling of hXRCC3
The three-dimensional structure of human XRCC3 has been

computed with Modeller software [75]. The crystal structures of

the archaeal RadA from Sulfolobus solfataricus (PDB code 2DFL)

and from Methanococcus voltae (PDB code 1XU4), two Rad51

homolog template structures chosen to generate this model were

solved at less than 2.9 Å resolution [76], [77] and displayed more

than 30 percent sequence identity with human XRCC3. RAD51

from Saccharomyces cerevisiae (PDB code 3LDA), the third structure

model used in the computations, display 30 percent sequence

identity with human XRCC3 and was solved at less than 2.0 Å

resolution [78]. The multiple sequence alignment of the archaeal

RadA from Sulfolobus solfataricus, the archaeal RadA from

Methanococcus voltae, the RAD51 protein of Saccharomyces cerevisiae

and the human XRCC3 was performed with ClustalW [79]

software and refined manually. A structure-based alignment of all

the sequences of the template models was done prior to the final

alignment.

Supporting Information

Figure S1 The inhibition of DNA synthesis induced by
UVA photosensitization is not abolished in XRCC3
deficient human cells. Western blot analysis of XRCC3 (A
and B) and S-phase delay (C and D) in XRCC3 proficient and

deficient cells. MRC5Vi cells were transfected with control (siCtr)

or XRCC3 (siXRCC3) siRNA (A and C), while XRCC3 gene was

disrupted in HCT116 cells (B and D). (A and B) Total soluble

protein extracts were prepared in lysis buffer containing 10 mM

NEM. hXRCC3 was detected using a polyclonal anti-XRCC3

antibody (Novus Biologicals). The star (*) indicates non specific

cross-reactivity of the antibody. (C and D) Cells were pulse-labeled

with BrdU for 30 min, exposed to UVAMEMi and further

incubated at 37uC for 6 h. S-phase cells were dectected using

FITC-conjugated anti-BrdU antibody and the DNA was stained

by propidium iodide (PI). Samples were analysed by flow

cytometry.

(TIF)

Figure S2 Reduced level of hXRCC3 immunodetection
after UVA radiation in the three human cell lines. (A)

MRC5Vi, HaCaT and HCT116 cells were exposed to various

doses of UVAMEMi and total soluble protein extracts were
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prepared immediately post radiation in lysis buffer containing

10 mM NEM. hXRCC3 was detected using a polyclonal anti-

XRCC3 antibody (Novus Biologicals). (B) MRC5Vi cells were

treated with 160 kJ/m2 UVAMEMi and protein extracts were

prepared at various time points post radiation. The blot is

representative of 3 independent experiments. (C) The relative level

of reduced hXRCC3 in condition (B) was calculated by dividing

the intensity of hXRCC3 band in UVA-treated cells by the

intensity of the same band in unirradiated cells. The star (*)

indicates non specific cross-reactivity of the antibody. Statistical

analysis was performed using ANOVA with TUKEY’s post test.

*P,0.05.

(TIF)

Figure S3 NaN3 but not NAC prevents oxidation of
hXRCC3 by UVA photosensitization in MRC5Vi. Human

MRC5Vi cells were exposed to 160 kJ/m2 UVA in MEMi in the

presence of increasing concentration of NaN3 (A) or NAC (B).

Cells were lysed immediately post radiation and hXRCC3 was

detected using a polyclonal anti-XRCC3 antibody (Novus

Biologicals). ßME: ß-mercaptoethanol.

(TIF)

Figure S4 UVA photosensitization induces ROS in BSO-
treated cells. CXR3 cells were pre-incubated or not with

0.5 mM BSO for 24 h. (A) Cell viability was then assessed by

MTT assay. Results are the mean 6 SD of 3 independent

experiments. (B) Cells treated or not with BSO were incubated

with 10 mM of the ROS probe CM-H2DCFDA for 30 min prior

to irradiation at 160 kJ/m2 UVA in probe-free MEMi. Following

irradiation, the cells were incubated at 37uC for 30 min in the

presence of the ROS probe, and the fluorescence was analyzed by

FACS. (C) Untreated and BSO-treated cells were exposed to

160 kJ/m2 UVAMEMi and lysed immediately post radiation.

Samples were analyzed by Western blot in reducing conditions

(+ßME). PCNA antibody detects monomeric (PCNAmono) and

covalently bound trimeric (PCNAtri). ßME: ß-mercaptoethanol.

(TIF)

Figure S5 The conjugation of malPEG to hXRCC3,
GAPDH and PCNA prevents their immunodetection by
Western blot. XRCC3 proficient (CXR3) and deficient (irs1SF)

cells were lysed in lysis buffer containing 10 mM NEM or 4 mM

malPEG. Thirty micrograms of total soluble protein extracts were

analysed by Western blot in reducing conditions. (A) Ponceau red

staining of the membrane. XRCC3 (B) GAPDH (C) or PCNA (D)

proteins were detected using anti-XRCC3, anti-GAPDH, and

anti-PCNA antibodies, respectively. Note that hXRCC3-malPEG,

GAPDH-malPEG and PCNA-malPEG conjugates are not or

barely detected by XRCC3, GAPDH and PCNA antibodies,

respectively.

(TIF)

Figure S6 GSH-dEE restores hXRCC3 oxidation in
response to UVA radiation in BSO-treated MRC5Vi
cells. MRC5Vi cells were pre-incubated for 24 h in culture

medium containing or not 0.5 mM BSO. Thereafter, BSO-treated

cells were complemented with 2 mM GSH-dEE or GSH-mEE for

1 h. (A) Measurement of GSH level in cells. Values are expressed

as % of GSH relative to control cells (–BSO) and results are the

mean 6 SD of 3 independent experiments. (B) Cells treated as

described in panel A were exposed to 160 kJ/m2 UVAMEMi and

lysed immediately post radiation in buffer containing 4 mM

malPEG. hXRCC3 was analysed by Western blot in reducing

conditions (+ß-mercaptoethanol).

(TIF)

Figure S7 Oxidation of hXRCC3 by UVA radiation in
the presence of Rufloxacin is prevented by NaN3 or L-
Histidine but not NAC in CHO cells. CXR3 cells were

incubated for 1 h in MEMi with 500 mM Rufloxacin (RFX).

Thereafter, cells were irradiated at 160 kJ/m2 UVA (fluency rate

= 10 mW/cm2) in RFX-free PBS containing or not 10 mM

sodium azide (NaN3), 50 mM L-Histidine (L-His) or 10 mM N-

acetyl-L-cysteine (NAC). Total soluble protein extracts were

prepared immediately post UVA and samples were analysed by

Western blot in non reducing (2 ßME) or reducing (+ ßME)

conditions. Actin was used as loading control.

(TIF)

Figure S8 hXRCC3 does not protect the cells against
diamide toxicity. (A) Cells expressing XR3/S protein were pre-

incubated for 24 h in culture medium containing or not 0.5 mM

BSO. Thereafter, the cells were exposed to increasing concentra-

tion of diamide, and total soluble protein extracts prepared

immediately post treatment. The expression level of S-glutathio-

nylated and of XR3/S proteins was analysed by Western blot in

non reducing (2 ßME) or reducing (+ ßME) conditions. Actin was

used as loading control. (B) CXR3 cells and irs1SF cells

complemented with wild type hXRCC3-myc (XR3/C), with

hXRCC3-myc mutated at all cysteines (XR3/S) or with empty

vector (EV) was exposed to 1 mM diamide for 30 min. The cell

viability was assessed 24 h post treatment by MTT assay. Values

are the mean +/2 SD of 3 independent experiments.

(TIF)

Figure S9 MN induces hXRCC3 oxidation in MRC5Vi
cells. MRC5Vi cells were either incubated for 10 min (A) or for

the indicated periods of time (B) with 100 mM MN in the presence

or not of 10 mM NAC. Thereafter, the cells were lysed in buffer

containing 10 mM NEM and the samples analysed by Western

blot in non reducing (2 ßME) or reducing (+ ßME) conditions.

The star (*) indicates non-specific cross reactivity of the antibody.

(TIF)
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