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DNA single-strand break repair (SSBR) is important for maintaining genome stability and homeostasis. The
current SSBR model derived from an in vitro-reconstituted reaction suggests that the SSBR complex mediated
by X-ray repair cross-complementing protein 1 (XRCC1) is assembled sequentially at the site of damage. In
this study, we provide biochemical data to demonstrate that two preformed XRCC1 protein complexes exist in
cycling HeLa cells. One complex contains known enzymes that are important for SSBR, including DNA ligase
3 (DNL3), polynucleotide kinase 3'-phosphatase, and polymerase (3; the other is a new complex that contains
DNLS3 and the ataxia with oculomotor apraxia type 1 (AOA) gene product aprataxin. We report the characterization
of the new XRCC1 complex. XRCC1 is phosphorylated in vivo and in vitro by CK2, and CK2 phosphorylation of
XRCC1 on S518, T519, and T523 largely determines aprataxin binding to XRCC1 though its FHA domain. An acute
loss of aprataxin by small interfering RNA renders HeLa cells sensitive to methyl methanesulfonate treatment by
a mechanism of shortened half-life of XRCC1. Thus, aprataxin plays a role to maintain the steady-state protein level
of XRCC1. Collectively, these data provide insights into the SSBR molecular machinery in the cell and point to the

involvement of aprataxin in SSBR, thus linking SSBR to the neurological disease AOA.

Several human syndromes whose gene products function in
DNA damage response and repair characteristically exhibit
defects with the development or maintenance of the nervous
system (25). This defect is typified by ataxia-telangiectasia (A-
T), which demonstrates an early-onset progressive cerebellar
degeneration (17). ATM, the gene product mutated in this
syndrome, is a central checkpoint kinase that is required for
coordinating cellular responses to DNA damage, in particular
to DNA double-strand breaks (DSB) (27). Mutations in the
human Mrell (hMrell), an important component in DSB
repair, give rise to the A-T-like disorder that is nearly indis-
tinguishable from A-T (29). Mrell is found tightly associated
with two other proteins, Nbsl and Rad50 (33). This complex
functions in the same pathway with ATM to activate the DNA
damage response to DSB (23). Interestingly, Nijmegen break-
age syndrome is also associated with mild neurological defects
(6). Other syndromes that exhibit primary neurological symp-
toms and whose gene products are involved in DNA repair
include xeroderma pigmentosum, Cockayne syndrome (24),
and trichothiodystrophy (30). The gene products of these hu-
man syndromes are important components of the nucleotide
excision repair pathway (14). These observations strongly sug-
gest a link between DNA repair and neurological homeostasis.

Ataxia with oculomotor apraxia type 1 (AOAL) is another
human syndrome that presents neurological features similar to
those of A-T but does not exhibit the characteristic hypersen-
sitivity to ionizing radiation (22). The AOA gene (APTX) was
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identified recently, and its gene product was named aprataxin
(8, 21). Early-onset ataxia with hypoalbuminemia and AOA
have been considered the same clinical entity because of the
recent identification of a common mutation in the APTX gene.
A new clinical entity named early-onset AOA and hypoalbu-
minemia has been proposed to explain these two diseases (28).
Aprataxin is a modular protein composed of three domains, a
forkhead-associated (FHA) domain, a histidine triad (HIT)
domain, and a zinc finger domain. The FHA domain is a
protein interaction module that binds phosphopeptides (9, 11),
which may allow for regulated protein-protein interaction
through phosphorylation of the binding partner. The N termi-
nus of aprataxin that contains the FHA domain also shares
distant homology with the N-terminal domain of the polynu-
cleotide kinase 3'-phosphatase (PNK) (35). PNK is the rate-
limiting enzyme in DNA single-strand break (SSB) repair
(SSBR) (35). Based on the domain structure, aprataxin has
been proposed to play a role in SSBR (3), although this has not
been substantiated experimentally.

DNA SSBs are the most abundant lesions in cellular DNA
(32). SSBs arise spontaneously during normal metabolism
from direct attack by reactive oxygen species and as DNA
repair intermediates during base excision repair (16). Cellular
SSBs are repaired by the SSBR system that is mediated by the
X-ray repair cross-complementing protein 1 (XRCC1) (4).
XRCC1 was cloned more than 10 years ago by complementa-
tion of a mutant Chinese hamster ovary (CHO) cell line, EM9,
which is hypersensitive to alkylating agents, including methyl
methanesulfonate (MMS) and ethyl methanesulfonate (31).
The entire SSBR reaction has been reconstituted in vitro and
minimally requires five proteins: poly(ADP-ribose) polymerase
(PARP1), XRCC1, PNK, DNA polymerase § (PolB), and
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DNA ligase 3 (DNL3). A model for SSBR derived from in
vitro experiments suggests that XRCCI1 functions as a scaffold
protein to coordinate the formation of an SSBR complex in a
sequential fashion by which the preceding enzyme prepares the
substrates for the subsequent enzyme (3). In this model,
PARP1 functions as an SSB sensor to recruit the XRCC1/
DNL3 heterodimer, followed by the temporal recruitment of
PNK and Pol to process the SSB so that DNL3 can ligate the
nick at the last step. It is not known, however, whether the
XRCCl-containing SSBR complex is preformed in the cell or
assembled at the site of SSB as the model predicts.

It is also not clear how SSBR is regulated in the cell. Early
work found that CK2 can phosphorylate XRCCl1 in vitro (16).
However, as CK2 can phosphorylate more than 300 proteins in
vitro (20), the functional significance of CK2 phosphorylation
of XRCC1 is not known. In fact, it is not known whether CK2
phosphorylates XRCC1 in vivo.

We report here that aprataxin interacts with XRCC1. We
demonstrate that two preformed XRCCl-containing com-
plexes exist in the cell. One contains PNK and the other con-
tains aprataxin. We report the characterization of the interac-
tion between XRCCI1 and aprataxin. We found that XRCC1 is
phosphorylated on seven sites in vivo. Three of these sites
phosphorylated by CK2 are sufficient to regulate binding to the
FHA domain of aprataxin. In addition, we present data to
show that the acute loss of aprataxin by small interfering RNA
(siRNA) renders HeLa cells sensitive to MMS through a
mechanism that destabilizes XRCCI. These data provide in-
sights into the SSBR molecular machinery in the cell, identify
a role for aprataxin in SSBR, and suggest a potential link
between SSBR with the neuronal disease AOA.

MATERIALS AND METHODS

Cloning, site-directed mutagenesis, generation of stable cell lines, and recom-
binant proteins. Full-length cDNAs encoding APTX and PNK were amplified
from the first-strand cDNA generated by RT-PCR using RNA isolated from
HeLa cells and cloned into the Gateway PENTR TOPO vector (Invitrogen). The
sequences were verified by DNA sequencing. Different expression vectors were
generated by recombination reactions according to manufacturer’s suggestions.
Mammalian Gene Storm expression vector containing XRCC1-V5 (GS-XRCC1-
V5) was purchased from Invitrogen. pGex-N-APTX encoding amino acids (aa)
1 to 174 of aprataxin was generated by subcloning APTX cDNA into the pGex-
4T-1 vector, and pRSET-His-XRCC1 and pRSET-His-PNK were generated by
subcloning cDNA into the pRSET vector (Invitrogen). Recombinant glutathione
S-transferase (GST)-N-aprataxin, His-XRCC1, and His-PNK were expressed
and purified according to standard procedures.

A QuikChange site-directed mutagenesis kit (Stratagene) was used to gener-
ate the S518/T519/T523/3A mutant by using the GS-XRCCI1-V5 vector as a
template. The FHA domain mutant 127A/R29A and AOA1 mutants V263G and
P206L of aprataxin were generated the same way. The mutants were verified by
sequencing. Stable cell lines of EM9-GS, EM9-XRCC1-WT, and EM9-3A were
generated by transfection of EM9 cells with the respective plasmids and selection
of single colonies that are resistant to zeocin.

Cell lines and antibodies. EM9 and HelLa cells were purchased from the
American Type Culture Collection. EM9 and its derivatives and HeLa cells were
maintained in 10% fetal bovine serum-Dulbecco’s modified Eagle’s medium.
Rabbit polyclonal antibodies against aprataxin (BL596), XRCC1 (A300-065A),
CK2a (BL752, BL753, and BL754), CK2a' (BL756), and V5 (A190-120A) were
purchased from Bethyl Laboratories (Montgomery, Tex.). Mouse monoclonal
antibodies against PolB (clone 18S) and CK2B (6D5) were purchased from
NeoMarkers and Santa Cruz Biotechnology, respectively. Mouse monoclonal
FLAG antibody M2 was purchased from Sigma. Mouse monoclonal antibodies
to PNK (BPCC1 and BPCC2) were made by immunizing mice with purified
full-length recombinant PNK according to standard procedures.

Phospho-specific antibodies to singly phosphorylated S461 (BL606) or S475
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(BL608), doubly phosphorylated S485 and T488 (BL610), and triply phosphor-
ylated S518, T519, and T523 (BL603) were raised against the amino acid se-
quences of EETKAA(pS)PVLQED, DIEGVQ(pS)EGQDNG, NGAED(pS)
GD(pT)EDELR, and DPYAG(pS)(pT)DEN(pT)DSEEHQ, respectively. All
phospho-specific antibodies were affinity purified and recognized the phosphor-
ylated and unphosphorylated peptides with a ratio greater than 99:1 by enzyme-
linked immunosorbent assay (Bethyl Laboratories).

RNA interference, in vitro kinase assay, colony formation assay, immunopre-
cipitation (IP), and mass spectrometry. The siRNA duplexes were synthesized
by Dharmacon Research. The sequences targeting each gene were as follows:
5'-AACUCGACUCACUGUGCAGAA for XRCCI, 5'-AAUGUUCUCGACA
GCAAGUAC for APTX, and 5'-AAAGCUGCGACUGAUAGAUUG for
CK2o'. The siRNA of CK2a (siCK2a) and vimentin (siVimentin) were pur-
chased from Dharmacon Research. HeLa cells were transfected with siRNA
duplex by using Oligofectamine (Invitrogen) according to manufacturer’s proto-
cols and were usually treated with DNA-damaging agents 48 to 72 h after
transfection (12).

An in vitro kinase assay using CK2 and XRCC1 and a colony formation assay
were carried out as described previously (7), with minor modifications. Briefly, 3
days after siRNA transfection, HeLa cells were treated with different concen-
trations of MMS for 1 h and then cultured in fresh medium for at least 1 week
before the colony was counted. For data presented in Fig. 6E, plasmids of
GS-XRCC1 and GS vector were transfected again 2 days after APTX siRNA
(siAPTX) transfection, and cells were treated with MMS 2 days later for colony
formation assay. Procedures for IP, Western blotting, and identification of pro-
teins with mass spectrometry were described previously (34).

Affinity measurement using fluorescence polarization. Fluorescein isothiocya-
nate-labeled phosphopeptides based on XRCC1 with the sequence of YAGST
DENpTDSEEHQ, YAGSTDENpTDSAEHQ, or YAGpSpTDENpTDSEEHQ
were first synthesized. For controls, an aliquot of the peptides was dephospho-
rylated with alkaline phosphatase. The phosphopeptide or dephosphorylated
peptide was incubated with different concentrations of GST-aprataxin-FHA do-
main fusion proteins in a 96-well plate. Fluorescence polarization was measured
on a Victor V plate reader (Perkin-Elmer).

Protein half-life measurement. HeLa cells were treated with 80 uM cyclohex-
imide for the indicated time and harvested 3 days after transfection with siAPTX
or siVimentin. The whole-cell lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to membrane, and
Western blotted.

RESULTS

Two XRCC1-containing complexes in cycling HeLa cells. To
identify proteins that were interacting with aprataxin, we first
carried out IP of aprataxin from HeLa nuclear extracts (NE)
made from cycling cells and identified the coimmunoprecipi-
tated proteins by mass spectrometry (Fig. 1). Four major pro-
tein bands with similar staining intensities were identified as
aprataxin, XRCC1, DNL3, and a protein of unknown function
(labeled with an asterisk). Other minor bands were identified
and labeled in Fig. 1. Since we often find these proteins in our
proteomics analysis of protein complexes that are not related,
we tentatively determine them to be nonspecific binding pro-
teins. We then immunoprecipitated XRCC1 from HeLa NE
and reciprocally identified aprataxin and DNL3, demonstrat-
ing that XRCC1 and aprataxin exist within a complex (data not
shown). Notably, PNK is also identified in the XRCC1 IP but
is absent in the aprataxin IP, suggesting that PNK may not be
in a complex with aprataxin.

We carried out IP and Western experiments from HeLa NE
to verify our results from mass spectrometric analysis. As
shown in Fig. 2A, both aprataxin and XRCC1 coimmunopre-
cipitate with each other. While PNK and Polf, two important
enzymes in SSBR, coimmunoprecipitate with XRCC1, PNK is
not detected and Polf is detected just above the background
level in the aprataxin IP. This finding is consistent with the
large-scale IP result in which the level of PolB is below the
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FIG. 1. IP of the aprataxin complex. HeLa NE were immunopre-
cipitated with an affinity-purified antibody to aprataxin (o Aprataxin),
resolved by SDS—4 to 20% PAGE, and stained with Coomassie blue.
The major aprataxin-interacting proteins were identified by mass spec-
trometry. The band with an asterisk indicates a protein of unknown
function.

detection limit of Coomassie blue. To test whether the
aprataxin antibody displaces binding of PNK to XRCCl1, we
transfected a V5-tagged aprataxin at the C terminus and a
FLAG-tagged PNK at the N terminus individually in 293T cells
and immunoprecipitated aprataxin and PNK with V5 and M2
antibodies, respectively. While both V5 and M2 antibodies
coimmunoprecipitate the endogenous XRCC1, the M2 anti-
body does not coimmunoprecipitate aprataxin, and the V5
antibody coimmunoprecipitates only background level of PNK
(Fig. 2B). This small amount of PNK that coimmunoprecipi-
tates with the V5 antibody is likely the result of overexpression
of FLAG-PNK. Protein-protein interaction data acquired from
both endogenous and transfected proteins support a notion
that there are two XRCCl1-containing complexes in the cycling
cells: one is the known XRCC1 complex that contains the
essential SSBR enzymes PNK and PolB and the other is a new
complex that contains aprataxin.

To substantiate the idea of two XRCCl-containing com-
plexes, we carried out column fractionation of HeLa NE.
Aprataxin was found to dissociate from XRCC1 when proteins
were eluted from P11 phosphocellulose or DEAE columns,
preventing a biochemical separation of the two XRCC1 com-
plexes (data not shown). The fractionation of HeLa NE on a
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FIG. 2. Characterization of interactions of XRCC1 with aprataxin
and PNK. (A) HeLa NE were immunoprecipitated with control anti-
body, antiaprataxin, and anti-XRCCI1 antibodies and analyzed by
Western blotting. (B) Transfection of 293T cells with V5-aprataxin and
FLAG-PNK expression constructs. IP was carried out with control
IgG, a rabbit polyclonal V5 antibody, and a mouse monoclonal FLAG
antibody (M2). Western analysis was performed with antibodies to the
indicated protein. (C) Interactions between XRCCI1 with aprataxin
and PNK are not induced by DNA damage caused by MMS. Whole-
cell extracts made from untreated HeLa cells (lanes 1, 5, and 9) or
HeLa cells treated with 300 g of MMS/ml for 30 min and harvested
immediately (lanes 2, 6, and 10) or allowed to recover for 15 min (lanes
3,7,and 11) and 3 h (lanes 4, 8, and 12) are shown. IP was carried out
by using control (lanes 5 to 8) and anti-XRCC1 (lanes 9 to 12) anti-
bodies and Western blotted with the indicated antibodies. (D) Muta-
tions in AOAL1 do not disrupt interaction with XRCC1. Plasmids en-
coding FLAG-XRCC1 with the V5-aprataxin WT and the V263G and
P206L mutants located in the central HIT domain were transfected in
293T cells. The FLAG-XRCC1 protein was immunoprecipitated with
an M2 antibody, and coimmunoprecipitated aprataxin was detected
with Western blotting for which a V5 antibody was used.
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FIG. 3. Characterization of XRCC1 phosphorylation. (A) Se-
quence of tryptic phospho-specific XRCC1 peptides identified by mass
spectrometry analysis of XRCC1 immunoprecipitated from HeLa NE.
The underlined amino acids are the sites of XRCC1 phosphorylation.
P1 corresponds to aa 459 to 494 of XRCC1 and was found to contain
from one to four phosphates. P2 corresponds to aa 503 to 546 of
XRCCI1 and contains three to four phosphates. (B) Confirmation of
phosphorylation of XRCCI1 at S461, S475, and S485/T488 in vivo with
phospho-specific antibodies. HeLa whole-cell extracts were mock
treated or treated with calf intestine phosphatase (CIP) in the presence
(+) or absence (—) of a CIP inhibitor as indicated and Western blotted
with the indicated antibodies. (C) Confirmation of XRCC1 phosphor-
ylation at S518/T519/T523 in vivo. Whole-cell extracts made from
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Superose 6 gel filtration column was not sufficient to separate
the aprataxin-XRCC1 and PNK-XRCC1 complexes (data
shown). However, if the two XRCC1 complexes are of a com-
parable size, these complexes would not be separable by size
exclusion. About one-half of PNK and aprataxin cofractionate
with XRCCl in the high-molecular-weight complexes, and the
other half elutes in lower-molecular-weight complexes that are
devoid of XRCCI. Thus, XRCC1 is limiting, and it appears
that the abundances of XRCC1-PNK and XRCCl1-aprataxin
complexes are similar in HeLLa NE.

To test whether interaction between XRCC1 and aprataxin
or PNK is altered in the presence of DNA SSB, we treated cells
with MMS at 300 wg/ml and examined the interaction of
XRCC1 with aprataxin or PNK. No induced interaction was
observed (Fig. 2C), suggesting that these XRCC1 complexes
are preformed constitutively.

To investigate whether mutations in AOAL1 affect XRCCl1
and aprataxin interaction, we cotransfected plasmids encoding
FLAG-XRCC1 with the wild-type (WT) V5-aprataxin and
V263G and P206L mutations that are located in the central
HIT domain in 293T cells, immunoprecipitated XRCC1 with a
M2 antibody, and detected coimmunoprecipitated aprataxin
with Western blotting by using a V5 antibody. As shown in Fig.
2D, mutations in the aprataxin HIT domain do not seem to
abolish interaction with XRCC1. Therefore, a defect in the
interaction of aprataxin with XRCC1 may not account for the
mechanism of AOA disease.

XRCC1 is phosphorylated in vivo and in vitro by CK2. We
also analyzed XRCCI1 phosphorylation in vivo by using endog-
enous XRCC1 purified from cycling HeLa cells by IP and
SDS-PAGE. Using mass spectrometry, we found two tryptic
phosphopeptides (phosphopeptide 1 [P1] [aa 459 to 494] and
P2 [aa 503 to 546]) (Fig. 3A) encompassing the linker region
between the BRCT1 and BRCT2 domains. P1 was observed to
be phosphorylated in vivo from one to four phosphates, and P2
is phosphorylated from three to four phosphates. The very
large phosphopeptides prevented mass spectrometric sequenc-
ing to identify the exact phosphorylation sites (19). Inspection
of the phosphopeptide sequences revealed that they contain
CK2 phosphorylation consensus sites. To identify the exact
phosphorylation sites in vivo, we made phospho-specific anti-
bodies against individually phosphorylated pS461 and pS475,
doubly phosphorylated pS485/pT488, and triply phosphory-
lated pS518/pT59/pT523. Among these sites, S461, S475, and
S518 do not conform to CK2 consensus sites.

As shown in Fig. 3B, phospho-specific antibodies against
pS461, pS475, and doubly phosphorylated pS485/pT488 recog-
nize XRCCI in a phosphorylation-dependent manner. Thus,

EMO9-GS, EM9-XRCC1-WT, and EM9-XRCCI1-3A cells were West-
ern blotted with the pS518/pT519/pT523 and XRCC1 antibodies.
(D) Phosphorylation of XRCC1 by CK2 IP-kinase assay. Control
(IgG) or CK2«' antibodies were used to immunoprecipitate from
HeLa NE in the absence or presence of added ATP. The immunopre-
cipitates were used for IP-kinase assays with recombinant XRCCI.
Phosphorylation of XRCCI1 at different sites was examined by Western
blotting. (E) Knockdown of CK2 subunits by siRNA and its effects on
XRCC1 phosphorylation. HeLa cells were transfected with siVimentin
or two siRNAs specific to the « and o’ subunits of CK2, and whole-cell
extracts were Western blotted with the indicated antibodies.
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these sites can be phosphorylated in vivo in HeLa cells. Since
P2 contains three phosphorylation sites (S518, T519, and
T523) that are fully phosphorylated in vivo, and the rest of the
sites are not fully phosphorylated, we concentrated our bio-
chemical and functional analysis on the triple-phosphorylation
sites.

To verify that the phospho-specific antibody against triply
phosphorylated pS518/pT59/pT523 is sequence specific, we
generated stable EM9-WT, EM9-3A, and EM9-GS cell lines
that are complemented with XRCC1-WT, XRCC1-3A (where
S518, T519, and T523 are mutated to Ala), and an empty
vector, respectively. This triple-phospho-specific antibody is
specific to the three phosphorylation sites since it recognizes
only WT XRCCI1 and not the 3A mutant (Fig. 3C); it also
recognizes XRCC1 from cycling HeLa cells but does not rec-
ognize the dephosphorylated XRCCI1, demonstrating that it is
phosphorylation specific (data not shown). These results also
show that S518, T519, and T523 are phosphorylated in vivo in
both EM9 and HeLa cells.

To test whether CK2 phosphorylates XRCC1 in vitro, we
immunoprecipitated the CK2 kinase from HeLa cells and car-
ried out an immunocomplex kinase assay with a recombinant
His-tagged XRCC1 protein purified from Escherichia coli.
Western blotting with the phospho-specific antibodies showed
that XRCCl1 is phosphorylated at six sites by CK2 in an ATP-
dependent manner in vitro (Fig. 3D), despite the fact that S475
and S518 do not strictly conform to CK2 consensus sites. Phos-
phorylation of S461, which does not conform to the CK2 site
and is farther away from the CK2 consensus site cluster, is not
phosphorylated by CK2.

We used siRNA to demonstrate that XRCC1 phosphoryla-
tion depends on CK2 in vivo. Since there are two independent
kinase catalytic subunits (« and «') in HeLa cells, we trans-
fected HeLa cells with siRNA specific to these two subunits.
Down-regulation of CK2 attenuates phosphorylation of
XRCCI1 at these sites significantly, including S475, which is not
a CK2 consensus site (Fig. 3E). Residual CK2 activity after
RNA interference most likely can account for the remaining
phosphorylation. We conclude that CK2 phosphorylates
XRCC1 both in vitro and in vivo.

To test whether MMS treatment modulates XRCC1 phos-
phorylation, we treated cells with various doses of MMS and
examined phosphorylation by Western blotting. Phosphoryla-
tion at the triply phosphorylated sites S518, T519, and T523 as
well as the other three in vivo CK2-dependent sites does not
change in response to MMS (Fig. 4A and data not shown), in
agreement with previously published observations that CK2 is
constitutively active (18).

We used the colony formation assay to test MMS sensitivity
of the stable EM9-WT, EM9-3A, and EM9-GS cell lines to
evaluate the functional consequence of XRCC1 phosphoryla-
tion. The EM9-3A cell line exhibits MMS sensitivity similar to
that of EM9-WT, while the EM9-GS cell line is hypersensitive
(Fig. 4B). Therefore, the phosphorylation of XRCCI1 at S518,
T519, and T523 is not required for cellular survival in response
to MMS. In agreement with this conclusion, the EM9-WT and
EMO9-3A cell lines display similar SSBR capacity when tested
with the Comet assay (data not shown).

Because S518, T519, and T523 are phosphorylated by CK2,
we investigated the requirement of CK2 for cellular survival in

MoL. CELL. BIOL.

A MMS 0 100 250 500 pg/mL
pS518/pT519/pT523 — ——
xreer
pS317-Chk1 i _‘_" o e
B MMS (pg/ml)
i 50 100 150
.E
2 pa
0.1
s 3A
g
-: -
<0.011
'+
=
[
0.001’
C MMS (pg/ml)
0 50 100 150 200
s
w1 y T
£
% —e—siCK2
St
=) | —&— siVimentin
g‘).l-I
)
s |
2
- |
ol
0.01
£
D £
2 E
1) =
w w
xrcer -
ciza -
CK2o’

[r—

FIG. 4. Phosphorylation of XRCC1 at S518/T519/T523 in response
to DNA damage caused by MMS and its requirement for cellular survival.
(A) Phosphorylation of XRCC1 at S518/T519/T523 is not induced by
MMS treatment. Whole-cell extracts made from HeLa cells that were
treated with the indicated dose of MMS for 30 min were Western blotted
with the indicated antibodies. Phosphorylation of Chkl at Ser317 was
used to confirm that MMS activates the DNA damage response.
(B) Phosphorylation of XRCC1 at S518/T519/T523 is not required for
cellular survival of MMS treatment in EM9 cells. Data from colony for-
mation assays of the EM-GS, EM9-XRCC1-WT, and EM9-XRCC1-3A
cells in response to MMS are shown. (C) Requirement of CK2 in cellular
survival of MMS treatment. Data from colony formation assays of HeLa
cells transfected with siVimentin and siCK2 are shown. (D) Western blots
to measure the protein levels of XRCC1, CK2, and aprataxin in siVimen-
tin- and siCK2-transfected HeLa cells.
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response to MMS. As shown in Fig. 4C, CK2 is required for
survival. Down-regulation of CK2 does not significantly change
XRCC1 and aprataxin protein levels (Fig. 4D), ruling out the
possibility that the requirement of CK2 for survival is met
through the regulation of XRCCI1 and aprataxin protein levels.

The FHA domain of aprataxin binds the phosphorylated
S518, T519, and T523 of XRCC1. To test whether the FHA
domain of aprataxin binds XRCC1 in a phosphorylation-de-
pendent manner, we made a GST fusion of the N terminus of
aprataxin containing the FHA domain and used it to pull down
XRCC1 from whole-cell lysates made from EM9-WT and
EMO9-3A. As shown in Fig. 5A, only the WT XRCCI, not the
XRCC1-3A mutant, can be pulled down by the GST-N-
aprataxin, and dephosphorylation of XRCC1 diminishes the
interaction to the same extent as the 3A mutant (Fig. 5A).

To demonstrate that the FHA domain is responsible for
binding, we mutated two conserved residues, 127 and R29, in
the FHA domain of GST-N-aprataxin to Ala. This FHA mu-
tant significantly diminishes interaction with XRCC1 (Fig. 5B).
Thus, phosphorylation of XRCC1 at S518, T519, and T523
regulates binding to aprataxin through the FHA domain in
vitro.

To examine whether phosphorylation at S518, T519, and
T523 regulates binding to aprataxin in vivo, V5-XRCCI1-WT or
V5-XRCC1-3A was transfected into 293T cells, and IP with
antibodies against V5 or aprataxin was carried out. Endoge-
nous aprataxin can coimmunoprecipitate only with V5-
XRCCI1-WT but not V5-XRCC1-3A; in the reciprocal exper-
iment, V5-XRCC1-WT, but not V5-XRCCI-3A, can
coimmunoprecipitate aprataxin (Fig. 5C), demonstrating that
phosphorylation of XRCC1 at S518, T519, and T523 regulates
its binding to aprataxin in vivo. Surprisingly, XRCC1-3A also
coimmunoprecipitates significantly less endogenous PNK than
XRCCI1-WT does, indicating that phosphorylation of XRCC1
at the triple sites may also strengthen the interaction with
PNK. However, PNK seems able to bind XRCC1 with a higher
affinity than that of aprataxin when the triple-phosphorylation
sites are mutated.

We estimated binding affinity by using fluorescence polar-
ization (Fig. 5D). A peptide where only T523 (pT1) is phos-
phorylated binds to the aprataxin FHA domain with an appar-
ent K, of approximately 210 nM. Because the FHA domain has
been reported to prefer acidic amino acids at the P+3 position
(three amino acid residues C terminal to the phosphorylation
sites), we synthesized a mutant pT1 peptide where the amino
acid residue E at the P+3 position was substituted to A (pT1-
EA). This mutation completely abolishes the binding of pT1 to
aprataxin, indicating that the amino acid E is important for
aprataxin FHA domain recognition. Significantly, additional
phosphorylation of the two upstream residues (S518 and T519)
dramatically enhances the binding of the pT1 peptide to the
FHA domain. This was reflected by both a twofold decrease in
the apparent K, value (~90 nM) and a fivefold increase in
maximum binding.

To further demonstrate that CK2 phosphorylation of
XRCC1 is important for aprataxin binding, we treated HeLa
cells with a CK2 inhibitor (26), 4,5,6,7-tetrabromo-2-azabenz-
amidazole (TBB), that results in the attenuation of XRCCl1
phosphorylation in a dose-dependent manner (Fig. SE). Re-
duction in XRCC1 phosphorylation leads to dissociation of
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XRCC1 from aprataxin (Fig. 5F). Thus, CK2 kinase activity is
required for XRCC1 and aprataxin binding.

An acute loss of aprataxin results in a lower steady-state
protein level of XRCC1. Since the binding of aprataxin to
XRCCI1 does not seem to be required for cellular survival in
response to MMS treatment (Fig. 4B), we tested whether
aprataxin itself is required. We transfected HeLa cells with
siAPTX and XRCCI siRNA and tested their sensitivity to
MMS by using the colony formation assay. An acute loss of
APTX and XRCCI renders HeLa cells sensitive to MMS (Fig.
6A), suggesting a functional link between aprataxin and
XRCCI1.

Western blotting of cell lysates from HeLa cells transfected
with different siRNA revealed that an acute loss of aprataxin
leads to a reduced protein level of XRCCl1 (Fig. 6B). A loss of
XRCCI1, however, has a minimal effect on aprataxin; neither
the loss of aprataxin nor the loss of XRCC1 has an effect on the
protein level of PNK (Fig. 6B). We measured XRCCI1 protein
stability when cells were transfected with different siRNA.
When protein synthesis is inhibited with 80 pM of cyclohexi-
mide, XRCC1 protein is degraded much faster in siAPTX-
transfected cells than in siVimentin-transfected cells (Fig. 6C
and D). Therefore, aprataxin is required to stabilize XRCCI in
HeLa cells. This finding suggests an indirect mechanism for the
requirement of aprataxin for cellular survival in response to
MMS treatment in which aprataxin is required to maintain the
steady-state protein level of XRCCI1, which is essential for
SSBR.

To substantiate this idea, we overexpressed XRCCl1 after
transfection of siAPTX in HeLa cells and measured MMS
sensitivity. Exogenously expressed XRCCI1 rescues MMS sen-
sitivity of HeLa cells transfected with siAPTX to a significant
degree (Fig. 6E and F). This result supports the notion that
MMS sensitivity of HeLa cells after an acute loss of aprataxin
may be due to the reduced protein level of XRCCI.

DISCUSSION

In this study, we provided biochemical data to demonstrate
that two preformed XRCC1 protein complexes exist in cycling
HeLa cells. One complex contains known enzymes that are
important for SSBR, including DNL3, PNK, and PolB, and the
other contains DNL3 and the AOA gene (APTX) product
aprataxin. The latter complex is a newly identified XRCC1
complex. Using mass spectrometry and phospho-specific anti-
bodies, we show that XRCC1 is phosphorylated in vivo on at
least seven sites and that CK2 phosphorylates XRCC1 at six of
these sites in vitro and is required to phosphorylate them in
vivo. We also show that XRCC1 phosphorylated on S518,
T519, and T523 by CK2 is the in vivo target of the FHA
domain of aprataxin. Interestingly, phosphorylation of XRCC1
on S518, T519, and T523 also modulates PNK binding to
XRCCI1 but to a lesser extent than aprataxin. Functionally, the
phosphorylation of XRCCl1 that is important for aprataxin
binding does not seem to be required for cellular survival in
response to MMS or SSBR in EMO cells, but an acute loss of
aprataxin by siRNA renders HeLa cells sensitive to MMS. We
provide data to show that the acute loss of APTX leads to the
destabilization of XRCCI1. Therefore, one function of
aprataxin is to maintain the steady-state protein level of
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FIG. 5. Interactions between XRCC1 and aprataxin or PNK are mediated by phosphorylation of XRCC1 at S518/T519/T523. (A) The interaction
between the N terminus of aprataxin and XRCC1 is phosphorylation dependent. The purified GST-N-aprataxin was mixed with whole-cell extracts from
EMO9-XRCC1-WT or EM9-XRCCI-3A cells. Where indicated, the extracts prepared from the EM9-XRCC1-WT cells were pretreated with CIP. GST
beads were used in pull-down experiments and Western blotted for XRCC1. GST-N-aprataxin was detected with Coomassie blue. (B) The FHA domain
of aprataxin mediates interaction with XRCC1. GST pull down of XRCCI1 from whole-cell extracts of EM9-XRCC1-WT with the GST-N-aprataxin WT
and the GST-N-aprataxin FHA mutant (I27A/R29A). (C) 293T cells were transfected with WT V5-XRCC1 or the V5-XRCCI1-3A mutant and
immunoprecipitated for aprataxin or V5 and Western blotted with the indicated antibody. (D) Binding of GST-N-aprataxin to phosphorylated XRCC1
peptides measured by fluorescence polarization. Fluorescein isothiocyanate-labeled phosphopeptides of YAGSTDENpTDSEEHQ, YAGSTDENpT
DSAEHQ, or YAGpSpTDENpTDSEEHQ were synthesized (underlining indicates phosphorylated residues, and boldface indicates the Ala mutation at
P+3), and an aliquot of the peptides were dephosphorylated with alkaline phosphatase for controls. (E) Western blots measuring XRCC1 phosphor-
ylation when HeLa cells were treated with TBB for 12 h at the indicated concentration. The ratio of the signal intensity of the phospho-specific antibody
to that of XRCC1, which is normalized to the untreated sample, is tabulated. (F) Inhibition of CK2 kinase activity leads to dissociation of aprataxin from
XRCCI. Aprataxin was immunoprecipitated from HeLa cells treated with TBB, and coimmunoprecipitated XRCC1 was Western blotted. The ratio of
the signal intensity of XRCC1 to that of aprataxin, which is normalized to the untreated sample, is tabulated.

XRCCL1. Collectively, these data reveal a new component of much insight into the molecular mechanism of SSBR. The
the SSBR molecular machinery in the cell and potentially link current recruitment model based on this assay describes the
SSBR to the neurological disease AOA. SSBR reaction as an ordered sequential handoff reaction at the

Two preformed XRCC1-containing protein complexes in cy- site of SSB organized by the scaffold protein XRCC1 (4). Our
cling cells. The reconstituted in vitro SSBR assay has provided isolated XRCC1 complexes suggest that there is a preformed
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FIG. 6. Possible role of aprataxin in SSBR. (A) Knockdown of aprataxin and XRCC1 sensitizes HeLa cells to MMS. Data from colony
formation assays of HeLa cells transfected with the indicated siRNAs and treated with the indicated dose of MMS are shown. (B) Loss of aprataxin
results in a decrease in the XRCCI1 protein level. HeLa cells were transfected with the indicated siRNAs and treated with the indicated dose of
MMS for 30 min, and whole-cell lysates were Western blotted for XRCCl1, aprataxin, and PNK protein levels. (C and D) Half-life measurements
of XRCClI in siAPTX- and siVimentin-transfected HeLa cells. (E) Expression of XRCC1 in siAPTX-transfected cells rescues sensitivity to MMS.
HelLa cells were transfected with the indicated siRNAs. For siAPTX-transfected HeLa cells, a vector control or XRCC1 cDNA was also transfected
2 days later and then evaluated for sensitivity to MMS by colony formation assay. (F) Western blot of HeLa cells that were used to evaluate MMS
sensitivity described above (E).

1sanb Aq 8T0Z ‘6T AInC uo /Bio wse gowy/:dny wody papeojumoq


http://mcb.asm.org/

8364 LUO ET AL.

steady-state XRCC1 complex containing DNL3, PNK, and
PolB in the cell. This complex may be recruited by the SSB
recognition factor PARP1 (13). We did observe PARP1 in the
XRCC1 IP, but the fact that PARP1 is also found in control
immunoglobulin G (IgG) prevented us from concluding that
PARPI1 is also a component of the steady-state XRCC1 com-
plex. We feel that PARP1 may be loosely associated with the
XRCC1 complex. Since this known XRCC1 complex contains
all necessary components for SSBR, this is a presumed SSBR
complex. The isolation of an XRCC1 complex containing most
of the essential components for SSBR suggests that either
SSBR is constitutively active in cycling cells or the basic ma-
chinery for SSBR is preassembled and is ready to be recruited
to the site of SSB for repair in response to DNA damage.

The surprising finding here is that aprataxin and XRCCl1-
DNL3 form another steady-state complex independent of PNK
and possibly PolB. The relationship between these two
XRCCl1-containing complexes and how their abundance is reg-
ulated are not yet known. Our analysis of XRCC1 phosphor-
ylation provides a clue. We found that phosphorylation of
XRCC1 at three sites is sufficient to regulate binding of
XRCCI1 to the FHA domain of aprataxin. Interestingly, phos-
phorylation of XRCCI also regulates binding to the FHA
domain of PNK, although the precise phosphorylation sites
that regulate such binding are not mapped (19). One can
envision a scenario in which the three phosphorylation sites at
S518, T519, and T523 determine a conformation of XRCC1
that allows aprataxin and PNK to bind to the same region
competitively, thus producing a mutually exclusive PNK-
XRCC1 complex or aprataxin-XRCC1 complex. The extent of
XRCC1 phosphorylation on different sites can vary greatly in
the cell. The region spanning aa 503 to 546 that contains S518,
T519, and T523, the major determinant for aprataxin binding,
is fully phosphorylated with three phosphates, but the region
spanning aa 459 to 494 that contains S461, S475, S485, and
T488 is phosphorylated in various degrees from one to four
phosphates (19). Thus, phosphorylation of S518, T519, and
T523 is much preferred to that of other sites to allow binding
of aprataxin constitutively. In addition, we found that a muta-
tion at S518, T519, and T523 leads to reduced phosphorylation
in the region of aa 459 to 494 including S475, S485, and T488
(Y. Wang and J. Qin, unpublished data); but under such con-
ditions, binding of PNK is only weakened, while binding of
aprataxin is abolished. Therefore, the relative ratio of these
two complexes can be determined by the relative abundance of
PNK and aprataxin in the cell as well as their relative affinity to
phosphorylated and unphosphorylated XRCCI. Since we did
not observe a free form of XRCCI but did observe free forms
of aprataxin and PNK, we concluded that all cellular XRCCl1
is in protein complexes.

The mode of binding of CK2-phosphorylated XRCC1 to
aprataxin is intriguing. Phosphorylations of S518 and T519 in
addition to T523 contribute to aprataxin binding significantly,
by which the triply phosphorylated XRCC1 binds much more
strongly than does the singly phosphorylated XRCC1 at T523,
which itself confers to the FHA domain binding motif
pTXX(D/E) (10). Thus, the extent of XRCC1 phosphorylation
by CK2 determines binding affinity of aprataxin with XRCCl,
which in turn may determine the relative ratios of the
aprataxin-XRCC1 and PNK-XRCC1 complexes. Since PNK
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seems to interact with underphosphorylated XRCC1 with a
higher affinity than aprataxin does, the extent of XRCC1 phos-
phorylation should play an important role in modulating inter-
action with PNK. Thus, it is likely that CK2 can modulate the
relative abundance of the PNK-XRCC1 and aprataxin-XRCCl1
complexes by fine tuning XRCC1 phosphorylation. CK2 was
reported to change activity and abundance or cellular localiza-
tion, depending on the cellular condition that promotes pro-
liferation or differentiation (18). CK2 is also expressed and
functions in neuronal cells (1). It is possible that CK2 can
function as a rheostat in cells including neurons to modify the
SSBR process.

Is there a role for aprataxin in regulating SSBR? We have
shown that aprataxin is required for survival in response to
MMS in HeLa cells. This can be explained to some degree by
our observation that a loss of APTX results in a reduced
XRCCI1 protein level. It is a common phenomenon that the
loss of a protein leads to destabilization of its binding partner.
For example, the loss of XRCCI leads to a decreased protein
level of DNL3 (5); a decreased level of DSB repair protein
Mrell destabilizes its binding partners Rad50 and Nbs1 (29),
and the loss of the checkpoint kinase ATR leads to the desta-
bilization of its binding partner ATRIP (7). The reduction of
XRCC1 in siAPTX-transfected cells is not as severe as the
examples cited above, which may be explained by the observa-
tion that the PNK level does not change significantly, so it is
possible that the remaining XRCC1 can be stabilized by PNK.
This reduced level of XRCCI1 is not sufficient to support cel-
lular survival in response to MMS. Such an idea is supported
by our finding that overexpression of XRCCl1 in an APTX
knockdown background can rescue MMS sensitivity to a sig-
nificant degree. Thus, aprataxin plays a role in maintaining the
steady-state level of the important SSBR protein XRCCI.

Although we have firmly established that aprataxin interacts
with XRCCl, such interaction does not seem to be important
for SSBR when determined by the MMS sensitivity or Comet
assay of the EM9-WT and EM9-3A cells. Since the 3A mutant
can still allow PNK to bind, although with lower affinity, this is
apparently sufficient for cellular survival in response to MMS.
This finding is consistent with the finding that EM9 cells com-
plemented with XRCC1-CKM, where all consensus CK2 sites
are mutated, are not sensitive to H,O, but are defective in
SSBR when assayed by the Comet assay (19). CK2, however, is
required for cellular survival in response to MMS, suggesting
that CK2 may regulate proteins in both the DNA damage
response and repair pathways. These observations suggest that
CK2 may be a kinase that coordinates SSBR and cell death.

Most of the disease-causing mutations of AOA are localized
to the central HIT domain that is predicted to have adenosine
5’-monophosphoramide hydrolase activity (2). These muta-
tions (at least for P206L and V263G that we have tested) do
not impair binding to XRCCI1. It is possible that aprataxin has
an enzymatic role in SSBR in addition to that of stabilizing
XRCCI1, but the enzymatic role is too subtle to be revealed by
our rather gross colony formation and Comet assays. The iden-
tification of a separation-of-function mutant that retains
XRCC1 binding but is defective in HIT domain function will
be required to establish such a role. It is interesting that a
fibroblast cell line derived from a patient with AOA does not
seem to exhibit lower XRCC1 protein levels (K. W. Caldecott,
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personal communication). As almost all AOA patients have
mutations in the middle portion of the protein (8, 21), it is
possible that this patient cell line retains the N terminus of
aprataxin, where the FHA domain resides. Thus, it is possible
that the remaining N-terminal aprataxin fragment can stabilize
the XRCCI1 protein through its FHA domain. As a result, the
XRCC1 protein level is normal and the patient cell line is not
grossly sensitive to MMS. In fact, it has been shown that the
patient cell line is slightly sensitive to H,O, but is proficient in
SSBR assayed by the Comet assay (15). Thus, the HIT domain
and the C terminus of aprataxin may be more important for the
underlining molecular mechanism of the cause of AOA. Even
though we have firmly established that aprataxin is important
for cellular survival of MMS treatment and that the FHA
domain is important for binding to XRCC1, we have not yet
revealed the molecular mechanism for AOA disease. It is an
attractive model to test whether the HIT domain and the C
terminus of aprataxin are important for some aspects of SSBR
such as the fidelity of SSBR, for example. Such fidelity is
important for neuronal cell homeostasis, but it is too subtle to
be revealed in proliferating cells by the colony formation and
Comet assays. We do not know whether data presented here
apply to neuronal cells, where the action of these proteins may
be more relevant to the link between SSBR and neurodegen-
eration. SSBR occurs at least in terminally differentiated cells,
and results obtained from proliferating cells should provide a
road map for future work with postmitotic neuronal cells.
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