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KYUNG-JONG LEE 

Characterization of the DNA Ligase IV and XRCC4 complex in the DNA double-strand 

break repair 

(Under the direction.of William S. Dynan, Ph.D.) 

DNA double-strand breaks (DSBs) are among the most lethal forms of DNA damage. 

The nonhomologous end-joining (NHEJ) pathway is the principal mechanism for 

repairing DSBs in mammalian cells. It is also required for V(D)J recombination. There 

are at least four essential proteins in this pathway. These include Ku protein, DNA-PKcs, 

and the DNA Ligase IV /XRCC4 (DNL IV /XRCC4) complex. This dissertation reports 

the determination of the quaternary structure of the DNL IV /XRCC4 complex, the 

mapping of a major human autoimmune epitope in XRCC4, the identification of DNA

PKcs phosphorylation sites in XRCC4, and an investigation of the biochemical 

significance of XRCC4 phosph9rylation. 

Biochemical characterization shows that DNA Ligase IV and XRCC4 form a 

stable mixed heterotetramer. this is the·active fonn of the enzyme and is essential for in 

vitro DNA end joining in the presence of additional factors deriyed from cell extracts. 

Data shown here also demonstrate-that the DNL _IV /XRCC4 complex is a human 

autoantigen. The major autoimmune epitope maps to amino acids 251-266. This epitope 

coincid~~ with ~ever~i sites where'XRCC4_ is.ppteniially· modified in response to radiation 

or inflammation, _includi,ng a DNA~PKcs phosphorylation site at serine 260. Results raise 



the possibility that radiation-induced post-translational modifications contribute to 

development of an autoimmune response in susceptible individuals. 

Previous work has shown that DNA-PKcs kinase activity is required for NHEJ, 

but the critical physiological .target of this enzyme is not yet known. Current work shows 

that DNA-PKcs phosphorylates serine 318 ofXRCC4, in addition to the serine 260 site 

· described above. The p~esence of serine 260 increases phosphorylation at serine 31.8, 

suggesting that phosphorylation can occur sequentially. Mutation of serine 260 reduced 

DNA end-joining activity and sensitivity to the PI3 kinase inhibitor (L Y294002). These 

<lat~ provide preliminary evidence that phosphorylation ofXRCC4 by DNA-PKcs 

contributes to regulation of DNA repair. 

Keywords: non-homologous DNA end-joining, DNA Ligase IV, XRCC4, DNA-PKcs, 

human autoantigen, 
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INTRODUCTION 

Cells are continuously being exposed to various DNA damaging agents 

throughout life. In eukaryotic cells, any type of DNA damage, generated by either 

endogeneous or exogenous DNA damaging agents, can result in lethal effects by 

disrupting genetic information. Among the major endogenous DNA damaging agents are 

reactive oxygen species (ROS) produced as a byproduct of oxidative metabolism. 

Exogenous DNA damaging agents include ultraviolet light, ionizing radiation, and 

radiomimetic drugs (Morgan et al. 1996; Michel et al. 1997; Jackson and Loeb 2001). 

Double-strand breaks (DBSs) are one of the most lethal forms of DNA damage. 

DSBs can be produced by ionizing radiation or radiomimetic drugs, which create closely 

spaced single strand breaks on opposing strands of duplex DNA. DSBs are also 

generated as intermediates during normal physiological events, including V(D)J 

recombination in B lymphocytes and mating type switching in yeast, which involve 

cleavage of DNA by the RAG 1/2 and HO endonucleases, respectively (Smider and Chu 

1997; Jones ·and Gellert 2001; Gellert 2002). DSBs also can be induced by blockage of 

replication (Shao et al. 1999; Takimoto and El-Deiry 2001; Lundin et al. 2002). DSBs 

must be repaired properly and immediately. Unrepaired DSBs create acentric 

chromosomal fragments, which are lost in subsequent cell divisions, leading to 

aneuploidy or cell death (Difilippantonio et al. 2000) (Goytisolo et al. 2001). All 

eukaryotic cells have efficient mechanisms for DSB repair. This repair can proceed by a 
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recombination mechanism, mediated by-the Rad5 l. protein and other gene products, or it 

can proceed via a nonhomologous end-joining (NHEJ) pathway (Chu 1997) (Kanaar et 
- ' ' ' ' ' 

al. 1998; Tsukamoto-and Ikeda 1998; Featherstone and Jackson 1999; Lieber 1999). In 

mammalian cells, NHEJ is the predominant pathway for repair ofDSBs (Roth et al. 1985; 

Roth and Wilson 1985; Pfeiffer et al. 1994). In contrast, the homologous recombination 

repair system is the main DSB repair·pathway in yeast cells (Roth and Wilson 1985). 

In the NHEJ pathway, the two damaged ends of DNA are repaired in a multi-step 

process that includes alignment of the ends, trimming, gap filling and ligation. This 

process is known to require at least three proteins: Ku, the DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs), and the DNA Ligase IV/XRCC4 complex (Jeggo 1998; 

Haber 2000; Khanna and Jackson 2001; Hopfner et al. 2002). 

Genes encoding some of the NHEJ proteins were first identified by somatic cell 

hybrid studies using radiation-sensitive Chinese Hamster Ovary (CHO) cell lines. These 

cell lines have been classified in several X-ray cross-complementation (XRCC) groups 

(XRCCs)(Jeggo 1985). Among these, XRCC4, XRCC5, and XRCC7 have specific 
I 

defects in DSB repair.· The genes defective in the XRCC5 and XRCC7 groups were later 

shown to correspond to Ku80 and DNA-PKcs, respectively (Taccioli et al. 1994; Blunt et 

al. 1995). 

Ku protein plays a major role in DSB repair by carrying out initial step of binding 

to broken DNA ends. Ku was initially purified by immunoaffinity chromatography using 

sera from Japanese patients with "overlap syndrome" combining features of scleroderma 

and polymyositis (Mimori et al. 1981 ). · Ku bin~s to DNA ends with high affinity and 

protects them from degradation .by DNA exonuclease (Zhu.et al. 1996; Kabotyanski et al. 



3 

1998; Polotnianka et al. 1998). Human Ku is a heterodimer of 70 and 83 Kda s~bunits. 

The crystal structure of DNA-bound form of Ku was identified as a quasi-symmetric 

preformed ring structure, which encircles the DNA molecule (Walker et al. 2001). Ku 

binds to DNA in an oriented manner with the Ku70 subunit closest to the DNA end (Yoo · 

et al. 1999). 

Once bound to DNA, Ku protein recruits DNA-PKcs to the DNA end. 

Recruitment ofDNA-PKcs induces inwat;d.translocation of Ku (Yoo et al. 1999). DNA

PKcs is a 470 kDa po\ypeptide with serine/threonjne kinase activity. Anti-DNA-PKcs 

autoantibodies 4ave been found in SLE patients, and their presence is strongly linked 

with the presence of anti-Ku antibodies (Satoh et al. 1996; Suwa et al. ~996). Because 

Ku and DNA-PKcs form a complex with damaged DNA in NHEJ and both of these 

proteins have been identified as human autoantigens, it is possible that other components 

in NHEJ are also human autoantigens (Takeda and Dynan 2001). Ku and DNA-PKcs 

together form the DNA-PK complex, which together with the end of the damaged DNA 

serves as a framework for recruitment of other DSB repair proteins (Cary et al. 1997; 

Pang et al. 1997; Yaneva et al~ 1997). 

One of the other protein is the XRCC4 gene product, which is not a part of the 

DNA-PK complex, although it is involved in both V(D)J recombination and DSB repair. 

XRCC4 forms a stable complex with DNA ligase IV (Critchlow et al. 1997; Grawunder 

et al. 1997). In mammalian cells, there are three isoforms of DNA Ligase: Ligase I, 

Ligase III, and Ligase IV(DNL IV) (Tomkinson et al. 1991; Wei et al. 1995; Robins and 

Lindahl 1996_; Tomkinson and Levin 1997). Each isoform has a specialized function. 

Thus, DNA ligase I is a replicative ligase required for the joining of lagging-strand DNA 
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fragments, and DNA ligase III is required for nucleotide excision repair (Prigent et al. 

1994; Cappelli et al. 1997; Levin et al. 1997; Tomkinson and Mackey 1998). The only 

known function of DNL IV is in NHEJ (Schar et al. 1997; Wilson et al. 1997; Grawunder 

et al. 1998). Although all three ligases are ATP dependent and share a conserved 

catalytic core, DNL IV has several unique features (Tomkinson and Levin 1997; 

Tomkinson and Mackey 1998). It has an N-terminal extension.that is required for 

catalytic activity (Grawunder et al. 1998), al}d two BRCT domains located in the C

terminal portion of the protein (Critchlow et al. 1997; Schar et al. 1997; Grawunder.et al. 
. . ' . . 

1998). BRCT domains are presumpti.ve protein-protein interaction motifs shared by at 

least 40 different proteins that are involved in different aspects ·of DNA repair and cell 

growth control (Bork et al. 1997; Callebaut and Momon 1997). Interaction ofXRCC4 

with DNL IV enhances catalytic activity in vitro and is required for biological function in . . . 

vivo (Critchlo'w et al. 1997; Grawunder etal.°' f997; Grawunder et al. 1998). XRCC4 

stimulates both the ATP adenylation and ligation activities of DNA Hgase IV (Grawunder 

et al. 1997). As shown in chapter I, DNA Ligase IV and XRCC4 form stable hetero 

tetramer. Biochemical studies suggest that XRCC4 alone forms a homodimer (Mizuta et 

al. 1997; Leber et al. 1998). The XRCC dimer binds weakly and nonspecfically to DNA 

in a cooperative manner (Modesti et al. 1999). Phosphorylation ofXRCC4 by DNA

PKcs eliminates this DNA binding activity. A partial structure of XRCC4 has been 

determined by X-ray crystallography, and it shows a globular N-terminal head domain 

which continues into an a-helical rod-like structure. The a-helical structure ofXRCC4 is 

known to make contact with DNL IV in between the two BRCT motifs in the C-terminal 

region (Junop et al. 2000). The structure of the terminal domain of XRCC4 which 
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containing the DNA-PKcs phosphorylation sites is not yet known (Sibanda et al. 2001). 

XRCC4 is phosphorylated in response to ionizing radiation in vivo. It is also cleaved in 

the C-terminal domain by Caspase 3 during apoptosis (Matsumoto et al. 2000). 

Induced and naturally occuring mutants of DNL IV and XRCC4 have been 

characterized. Rodent cells lacking these proteins are radiation-sensitive and are unable 

to complete V(D)J recombination, which involves a double-strand break intermediate and 

is required for the development of the adaptive immune system (Gao et al. 1998; 

Grawunder et al. 1998). These phenotypes are similar to those arising from mutations in 

other genes in the NHEJ pathway (Nussenzweig et al. 1996; Bogue et al. 1997; Gu et al. 

1997; Nussenzweig et al. 1997; Gao et al. 1998). DNA Ligase IV is the only gene in the 

NHEJ pathway that has so far been associated with human genetic disease. Patients with 

point mutations in the DNA Ligase IV gene display features including radio-sensitivity, 

immunodeficiency, developmental disabiHties, and growth retardation (Riballo et al. 

1999; O'Driscoll et al. 2001 ). Complete deficiency of DNL IV or XRCC4 in mice is 

lethal because of a high level of apoptosis in the developing nervous system (Frank et al. 

1998; Gao et al. 1998). Cell lines derived from knockout mice show features of genomic. 

instability, including chromosomal translocation and gene amplification. Interestingly, 

defective phenotypes in the XRCC4 deficient mouse, including embryonic lethality, · 

neuronal apoptosis, and impaired cellular proliferation, were rescued by a null mutation 

in p53. When the p53 tumor suppressor protein is defective, unrepaired damaged DNAs 

in XRCC deficient mice fail to induce p53 dependent cell cycle arrest and apoptosis, 

increasing survival but at th_~ same time increasing the rate of tumorigenic gene 

amplification and translocation events. These finding suggeste that XRCC4 plays a role 
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as a caretaker of the genome by suppressing tumorigenesis and maintaining genomic 

stability (Tsukamoto and Ikeda 1998; Lieber 1999, Kan_aar et al. 1998; Gao et al. 2000). 

Mice lacking Ku and DNA-PKcs have been extensively studied. The absence of 

DNA-PKcs in knockout or SCID (severe combined immunodeficiency) mice causes 

impaired V(D)J recombination and hypersensitivity to ionizing radiation (Biedermann et 

al. 1991; Kirchgessner et al. 1995; Wiler et al. 1995; Shin et al. 1997). Ku80 defective 

mice show growth retardation and early onset of senescence, as well as the 

immunodeficiency and radiosensitivity (Gu et al. 1997; Gu et al. 1997; Nussenzweig et 

al. 1997; Kurimasa et al. 1999; Vogel et al. 1999; Gu et al. 2000). Ku 70 deficient mice 

have a high incidence of T cell lymphoma, partial immunodeficiency and 

radiosensitivity. DNA-PK or Ku defective mice also exhibit an increase in genomic 

translocation, amplification, anaphase bridges and telomeric fusion (Polotnianka et al. 

1998; Difilippantonio et al. 2000; Goytisolo et al. 2001;. Difilippantonio et al. 2002). 

These are the features of genomic instability, and genomic instability is a hallmark of 

cancer. Together with data obtained from DNA Ligase IV or XRCC4 defective mice, 

these finding suggest that all of the NHEJ proteins play a critical role in maintaining 

genomic stability and suppressing tumoregenesis. 

Our understanding of the ?ioc~emistry of the NHEJ system is quite limited, in 

spite ofthe .. amount of genetic information demonstrating-the biological significance of 

NHEJ repair proteins. A current hypothesis about the sequence of events in NHEJ is that 

when DNA double strand breaks are introduced into the cell, Ku is recruited to the end of 

the damaged DNA. Ku recruits DNA~PKcs to form an active protein kinase complex. 

This provides a platform ·to recruit _~th.er repair proteins, .which trim damaged DNA ends · 
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to generate cohesive DNA ends suitable for ligation. · There are several proteins that may 

be involved in the DNA end trimming process. One of them is the Mrel 1/Rad50/NBS1 

complex. The Mrel 1/Rad50/Nbs 1 compl~x has an exonuclease activity. The yeast 

homolog of this complex (MRE1 lp/RAD50p/XRS2p) has been-shown to juxtapose linear 

DNA via their ends to form oligomers and to interact directly with the yeast homolog of 

the DNL IV /XRCC4 complex (DNL4p/LIF1 p) (Dolganov et al. 1996; Carney et al. 1998; 

Hopfner et al. 2002; Hopfner et al. 2002). The MRE1 lp/RAD50p/XRS2p complex 

enhances DNA end"7joining by association with both DNL4p/LIF1p complex and Ku 

protein (Paull and Gellert 1998; Chen et al. 2001). Similarly, fractions from HeLa cell 

extracts containing Mrel 1/Rad50/NBS1 complex stimulate nNA end-joining activity by 

the human DNL IV/XRCC4 complex (Huang and Dynan 2002). Recently, Artemis 

protein was identified from RS-SCID (radiosensitive-severed com~ined 

immunodeficiency) patients. These_products exhibit defects in V(D)J recombination and. 

DNA repair (Moshous et al. 2001; Gellert 2002; Li et al. 2002; Ma-et al. 2002). The 

Artemis protein alone has a single-strand-specific 5' to 3' exonuclease activity. It also 

acquires endonucleolytic activity on 5' and 3' overhangs, and hairpins after forming a 

complex with DNA-PKcs_(Ma et al. 2002). The next step in NHEJ is gap filling. Gaps 

that are introduced by removing damaged nucleotides can be filled by a DNA 

polymerase. Recently, DNA polymerase µ (pol µ ), homologous to terininal 

deoxyp.ucleotidrl transferase, shown to partially co-localize with yH2AX, a 

phosphorylated histone variant that is induced after treatment with ionizing irradiation 

(Dominguez et al. 2000; Mahajan et al. 2002). Also, pol µ has been shown to form a 

complex with Ku and DNLIV /XRCC4 complex in vitro and to facilitate DNA end-
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. joining activity. The final step ofNHEJ is perfor~ed by the DNL IV/XRCC4 complex, 

which is also recruited by DNA-PK complex. 

Although the DNA repair proteins :participating in NHEJ are identified, we need 

to determine how ~hese proteins are reg~lated and interact with each other. NHEJ is a 

process including multiple steps. Each step should be regulated precisely. A likely 

protein to carry out this regulation is· the DNA-PKcs. Previous reports show that DNA

PKcs with a n inactivating point mutation in the DNA-PKcs active -site fails to rescue the 

defective phen.otype in a DNA-PKcs negative m9tu~e cell line, whereas wild type DNA-
. ' . 

PKcs can rescue the phenotype (Kurimasa et al. 1999). NHEJ is also inhibited· by the 

PI3 kinase inhibitors; LY294002 and wortmannin, which bind to the active site ofDNA

PKcs and inhibits kin~se activity (Gu et al. 1996; Baumann and West 1998; Izzard et al. 

1999; Chen et al. 2001). These results suggested that the kinase activity ofDNA-PKcs is 

essential for regulating DNA double strand break repair. However, the identity of the 

physiological substrates of DNA-PKcs is unclear. One recent report suggestes that 

autophosp~orylation ofDNA-PKcs at threonine 2609 is required for DSB repair (Chan et 

al. 2002). However, the exact mechanism by which this autophosphorylation influences 

NHEJ is unknown, leaving open the possibility that phosphorylation of other substrates is 

also important (Chan et al. 2002). There are many in vitro substrates of DNA-PKcs that 

have been identified, including the p53 tumor suppressor protein, replication factor A, c

Jun, c-Fos, c-Myc, TFIID, the CTD (carboxyl terminal domain) of the RNA polymerase 

II large subunit, Ku and XRCC4(Anderson 1993; Smith and Jackson 1999). In·most 

cases, it is not clear whether the substrates are also phosphory lated in vivo. However, a 

recent report showed that XRCC4 protein is phosphorylated in vivo by DNA-PKcs in 
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response to ionizing irradiation (Matsumoto et al. 2000). In spite of the fact that 

phosphorylation ofXRCC4 has been observed in vivo, the C-terminal region where 

phosphorylation occurs does not appear to be essential for rescue of V(D)J recombination 

and radiation resistance in XRCC-deficient cell line [Mizuta, 1997 #522](Leber et al. 

1998; Modesti et al. 1999). As it is still not clear how the kinase activity of DNA-PKcs 

plays a role in DSB repair, biochemical approaches usii:ig purified proteins are essential 

to understand the exact role of kinase activity in DSB repair. 

To study the biochemistry of DNA double strand break repair, several systems 

have been described that permit re-creation o~ the reaction in cell free extracts from 

somatic cells or Xenopus eggs (Pfeiffer and Vielmetter 1988; Ganguly and Iliakis 1995; 

Gu et al. 1996; Baumann and West 1998; Labhart 1999). However, crude systems have a 

limited potential for mechanistic studies. In particular, it is an important goal to learn 

how many different proteins are involved in the DNA end-joining reaction and how these 

DNA repair proteins cooperate to promote DNA end joining. 

To address these questions, it will be necessary to use a reconstituted in vitro 

D.NA end-joining system containing all of the components required for NHEJ in pure and 

active form. The first step in developing this system will be to purify individual DNA. 

repair proteins. Second, we need to know the stoichiometry of each protein in the repair 

complexes and to under~tand all of the protein-protein and protein-DNA interactions. 

Biochemical analysis with in vitro end-joining system can reveal the precise mechanism 

of NHEJ which is critical for cell survival after ionizing irradiation and for normal 

physiological processes, including V(D)J recombination, maintenance of genome 

stability, and aging. Third, we need to identify all of the DNA-PKcs phosphorylation 
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sites that are important for NHEJ. In particular, we need to investigate sites in XRCC4, 

which is a proven in vivo phosphorylation substrate ofDNA-PKcs. By mutating 

identified phosphorylation site in XRCC4 and adding mutant protein to the in vitro 

reconstituted DNA end-joining system, we can investigate the possible regulatory role of 

DNA-PKcs mediated by phosphorylation in DSB repair. 



CHAPTER I 

Chapter 1 has been published as Lee, K.J. (Lee, K. J., Huang J.,Takeda Y., 

Dynan W.S. (2000). "DNA ligase IV and XRCC4 form a stable mixed tetramer that 

functions synergistically with other repair.factors in a cell-free end-joining system." J 

Biol Chem 275(44): 34787-96). Except as noted, data in this chapter were generated by 

the candidate. 

INTRODUCTION 

DNA double-strand breaks (DSBs) are produced when ionizing radiation creates 

closely spaced single-strand breaks-on opposite strands of a duplex DNA. DSBs can also 

be produced by the action of radiomimetic drugs and by certain recombination 

endonucleases. DSBs are among the most lethal forms of DNA damage. Unrepaired 

DSBs create acentric chromosomal fragments that are lost in subsequent cell divisions, 

leading to aneuploidy or cell death. All eukaryotic cells have efficient ·mechanisms for 

DSB repair. This repair can proceed by a recombination mechanism, mediated by the 

Rad51 protein and other gene products, or it can proceed via a nonhomologous end

joining pathway (Chu 1997; Kanaar et al. 1998; Tsukamoto and Ikeda 1998; Featherstone 

and Jackson 1999; Lieber 1999). 

11 
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In human cells, NHEJ involves the concerted action ofseveral proteins. The 

heterodimeric Ku protein carr~es out _the initial recognition of broken DNA ends, forming 

a platform for the recruitment of other repair proteins (Dvir et al. 1992; Gottlieb and 
' . ' . 

Jackson 1993'; Cary ~t al..19.97; Yaneva et.aL 1997; Dynan and Yoo 1998; Smith and 

Jackson 1999). The DNA-dependent protein kinase catalytic subunit binds to the initial 

Ku-DNA complex, inducing an inward tran~location of Ku, and leaving DNA-PKcs in 

direct contact with the DNA termini (Yaneva et al. 1997; Yoo and Dynan 1999). The 

next steps in the repair pathway are not as well understood. ~ complex of three proteins, 

MREl 1, RAD50, and NBSl, may be involved in resection of the ends to remove 

damaged nucleotides and to expose regions of microhomology on opposite sides of the 

DNA break (Maser et '1:~· 1997; Paull and Gellert 1998; Bressan et al. 1999; Goedecke et 

al. 1999; Paull and Gellert 1999). A complex of DNA ligase IV and the accessory 

protein, XRCC4, carries out the actual ligation (Teo and Jackson 1997; Barnes et al. 

1998; Frank et al. 1998; Grawunder et al. 1998). There may also be involvement of 

other, as yet unidentified, proteins that are required for assembly of the repair complex, 

anchoring of the free DNA ends, or coupling of repair to cellular signaling pathways. 

The biochemistry of the NHEJ reaction remains incompletely understood. Several 

systems have been described that permit re-creation of the reaction in cell free extracts 

from somatic cells or Xenopus eggs (Pfeiffer and Vielmetter 1988; Ganguly and Iliakis 

1995; Gu et al. 1996; Baumann and West 1998; Labhart 1999). However, crude systems 

have a limited potential for mechanistic studies, and it is therefore an important goal to 

obtain all of the components of the NHEJ system in pure arid active form. 
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The current study focuses on the DNA ligase component. DNL IV is one of three 

isoforn1s of nuclear DNA ligase found in human cells (Wei et al. 1995; Robins and 

· Lindahl 1996; Tomkinson and Levin 1997). DNA ligase I is a replicative ligase required 

for the joining of lagging-strand DNA fragments, and DNA ligase III is required for 

nucleotide excision repair (Prigent et ai. 1994; Cappelli et al. 1997; Levin et al. 1997; 

Tomkinson and Mackey 1998). The _only known function ofDNL IV is in NHEJ (Schar 

et al. 1997; Wilson et al. 1997; Grawunder et al. 1998). Although all three ligases are 

ATP-dependent and share a conserved catalytic core, DNL IV has several unique features 

(Bork et al. 1997; Calleba~t and Momon 1997; Tomkinson ~d Levin 1997; Tomkinson 

and Mackey 1.998). Most significantly, DNL IV has an obligate partner protein, XRCC4, 

is required for biological function (Critchlow et al. 1997; <;}rawunder_et al. 1997; · 

Grawunder et al. 1998). Cells lacking.either DNL IV or XRCC4 are radiation-sensitive 

and are unable to complete V(D)J recombination, which involves a DSB intermediate and 

is required for the development of the adaptive immune system (Frank et al. 1998; Gao et 

al. 1998; Grawunder et al. 1998); these phenotypes are similar to those arising from 

mutations in other genes in the NHEJ pathway (Nussenzweig et al. 1996; Bogue et al. 

1997; Gu et al. 1997; Nussenzweig et al. 1997; Gao et al. 1998). Mice lacking DNL IV 

or XRCC4 display an additional phenotype of a high level of apoptosis in the developing 

nervous system (Frank et al. 1998; Gao et al. 1998). The reason for this phenotype is 

unclear but it could be due to high sensitivity to um:epaired DSBs in developing neurons. 

The native 1:llOlecular weight of the DNL IV /XRCC4 complex is uncertain and has 

been the subject of conflicting estimates (Robins and Lindahl 1996; Critchlow et al. 

1997). Moreover, although XRC.C4 stabilizes DNL IV and enhances its enzymatic 
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activity, it is not clear if it plays a fundamental role in the reaction mechanism, and if so, 

why DNL IV requires this cofactor and other ligases do not. In the present study, we use 

multiple, independent approaches to demonstrate that the active form of the DNL 

IV /XRCC4 complex is a heterotetramer. Cross-linking suggests that an XRCC4 dimer 

forms the structural core of the complex and is therefore responsible for maintaining the 

tetrameric state. We suggest that the presence of two ligase active sites within the 

complex is an adaptation that permits the two strands of DNA to be ligated in a 

coordinated manner. 



MATERIALS AND METHODS 

Cloning of JJ.NL IV and XRCC4 cDNAs and creation of recombinant 

baculoviruses 

DNL IV (accession no. AA081632) and XRCC4 (accession no. R14027) cDNA 

clones were obtained from the Image Consortium (clone ID IMAGE: 547947 (5') and 

IMAGE: 26811 (5'), respectively). The DNL IV clone contained the complete coding 

sequence, which was amplified by PCR using Pfu DNA polymerase (Stratagene, La Jolla, 

CA), primer 1, d(GATCGTCGACACCATGGCTGCCTCACAAACT), and primer 2, 

d(AATTGTCGACTTAATGATGATGATGATGATGAATCAAATACTGGTTTTC). 

The primers introduced a (histidine )6 tag at the 3' end of the open reading frame and San · 

sites at both ends of the amplified fragment. This fragment was digested with San and 

inserted into the San site of pCITE-4a(+) (Invitrogen, Carlsbad, CA). Tp.e resulting 

plasmid was digested with BamHI and NotI, and the DNL IV-encoding fragment was 

inserted at the corresponding sites ofthe_pVL1392 baculovirus transfer vector 

, (Pharmingen, San Diego, CA\ The DNL IV(his)6 polypeptide has a predicted molecular 

weight of 104,747 Da. 

In some experiments, where noted, FLAG and myc epitope-tagged variants of 

DNL IV were used. To construct these, a PCR reaction was performed u~ing the DNL 

IV-his6 clone in the pCITE_-~a(+) v_~~tor as teI?plate, primer 1, and primer 3, 

d(CGGACGCGTGAATCAAATACTGGTT). These amplify the DNL IV coding 

15 
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sequence with deletion of the his6 tag and the addition of an M/,uI site at the 3' end. To 

construct the FLAG tagged variant, the PCR product was inserted int9 pCR-Blunt II

TOPO (Invitrogen, Carlsbad, CA), and the resulting clone was digested with Eco RI and" 

subcloned into pCITE-4a( +) to provide flanking restriction sites. A short DNA fragment 

downstream ofthe_3' end of the DNL IV gene was excised by digestion with M/,uI and 

NotI, and a double-stranded oligonucleotide consisting of 

d(CGCGTCCGACTACAAGGACGACGATGACAAGTAAGC)and 

d(GGCCGCTTACTTGTCATCGTCGTCCTTGTAGTCGGA) was inserted. This results 

in the addition of a FLAG epitope (DYKDDDDK) at the C-terminus of DNL IV. The 

resulting plasmid was digested with BamHI and NotI, and the DNL IV-FLAG encoding 

fragment was inserted into the corresponding sites of the p VL 1393 baculovirus transfer 

vector (Pharmingen, San Diego, CA) .. To construct the myc-tagged variant, PCR was 

performed using DNL IV-(his)6 in pCITE- 4a(+), primer 1, and primer 3. The amplified 

fragment was digested with Sall and M/,uI and was inserted into the corresponding sites 

of the pMS211 vector (Sadofsky et al. 1994). This results in the addition of three tandem 

myc epitope sequences (EQKLISEEDL) at the C-terminus of the protein. The resulting 

plasmid was digested with Sall and NotI to release the DNL IV-myc coding fragment, 

which was inserted into the corresponding sites of the pCITE-4a(+) vector. A BamHI

NotI fragment was subcloned into pVL1393 as described above. 

The XRCC4 clone obtained from the Image Consortium was sequenced and it 

was determined that this clone contained only the 3' region of the gene. In an attempt to 

obtain the entire gene, total HeLa cell RNA was prepared using TRizol (Life 

Technologies, Grand Island, NY) and reverse transcription-PCR was performed using 
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SuperScript II Reverse Transcriptase and Taq polymerase (Life Technologies, Grand 

. . 
Island, NY). The primers used for this experiment, 

d(GATCGGATCCACCATGGGCTACCCATACGATGTTCCAGATTACGCTCATAT 

GGAGA GAAAAATAAGC) and d(AGTGGGATCCTTAAATCTCATCAAAGAG), 

amplify the entire XRCC4 open reading frame and introduce a hemagglutinin epitope tag 

. at the 5' end (YPYDVPDYA). The amplified fragment was inserted into the pCR2.1 

vector (Invitrogen, Carlsbad, CA). DNA sequen~ing showed that several base changes 

· ·had been introduced into the 3' region of the XRCC4 gene. To correct these, the plasmid 

containing the amplified XRCC4 gene was digested with EcaRI, and the resulting 

fragment was subdoned into pCITE-4a(+). A Pstl-Natl fragment encompassing the 3' 

region of XRCC4 was excised and replaced with a corresponding fragment from the 

Image Consortium XRCC4 clone. The resulting plasmjd was digested with BamHI and 

Natl and the XRCC4-encoding fragment was subcloned into the corresponding sites of 

the pVL1393 baculovirus transfer vector (Pharmingen, San Diego, CA). The HA

XRCC4 polypeptide has a predicted molecular weight of 39,389 Da. 

In some experiments, where noted, a FLAG-tagged variant ofXRCC4 was used. 

The plasmid containing the complete HA-XRCC4 gene in pCITE-4a(+) was digested 

with Ndel and Natl to excise the XRCC4 coding sequence (removing the HA tag), and 

the resulting fragment was subcloned into the corresponding sites of the pSK277 

baculovirus transfer vector (Koh et al. 1997), ~esulting in the addition of a FLAG tag at 

the N-terminus. 

To generate viral stocks, transfer vectors encoding DNL IV and XRCC4 were 

transfected, together with linearized AcNPV baculovirus DNA (Pharmingen, San Diego, 



CA), into Sj9 insect cells using a liposome-mediated method (CELLFECTIN, Life 

Technologies, Grand Island, NY). Recombinant baculovirus stocks were amplified 

separately to a titer ofat least 5 X 107 pfu/ml. Protein expression was confirmed by 

immunoblotting using anti-histidine antibo~i(mAb Tetra- Hi~, Qiagen, Valencia, CA) 

and anti-HA antibody (mAb 1·2CA5, Roche, Indianapolis, IN). 

Purification of the DNL IVIXRCC4 complex 

_Recombinant DNL IV and XRCC4- expressing baculoviruses were used to co

infect 3 L of Sj9 cells at an MOI of5-. After'60 h, Sj9 cells were collected by 

centrifugation and suspended in 90 ml oflysis buffer (50 mM NaH2PO4, pH 8.0, 500 
. . 
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mM NaCl, 5 mM B-mercaptoethanol, 10% glycerol). The suspension was sonicated, then 

centrifuged for 1 hat 150,000 X g. The supernatant was mixed with 10 ml (packed 

volume) of Ni+ NTA-agarose (Qiagen, Valencia, CA) and incubated for 4 hours at 4°C 

with rotation. The Ni~ NTA-agarose was packed into a column, washed with lysis 

buffer, and eluted with a linear gradient of imidazole (0-500 mM)in lysis buffer. 

Fractions were analyzed by SDS-PAGE and the presence ofDNL IV and XRCC4 was 

determined by immunoblotting. Fractions containing these proteins (which eluted at 

approximately 0.12 M imidazole) were pooled and dialyzed against CB buffer (50 mM 

Tris-HCl, pH 7.9, 1 mM EDTA, 1 mM dithiothreitol, 0.02% Tween 20, 5% glycerol) 

containing 0.35 M KCl. The dialyzed protein (14 ml) was loaded onto a Superdex 200 

(26/60) column (Amersham Pharmacia Biotech Inc., Piscataway, NJ) that had been pre

equilibrated with CB buffer containing 0.35 M KCl. Fractions containing DNL IV and 

XRCC4 were pooled and dialyzed against TM buffer (50 mM Tris-HCl, pH 7.5, 12.5 mM 



19 

MgC12, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol) containing 0.1 M KCl. The 

material from the Superdex 200 column was divided in half, and each half was loaded 

onto a Mono Q (HR 5/5) column pre-equilibrated with TM buffer containing 0.1 M KCl. 

The column was washed and eluted with a linear gradient of KCl (0.1 M- 0.6 M) in TM 

buffer. Fractions c·ontaining DNL IV and XRCC4 (which eluted together at about 0.275 

M KCl) were adjusted to 15% glycerol, aliquoted, and stored at -70°C. 

To purify FLAG-tagged DNL IV/XRCC4, which was used in one experiment 

where noted, recombinant DNL IV-FLAG and FLAG-XRCC4-expressing baculoviruses 

were used to co-infect Sf9 cells. The pellet from 0.5 L of culture was suspended in 30 ml 

of lysis buffer ( as described in the preceding paragraph except with 0.1 M NaCl), 

sonicated, and centrifuged. The supernatant was loaded onto a 5 ml Q-Sepharose FF 

column (Amersham Pharmacia Biotech), equilibrated with lysis buffer containing 0.1 M 

KCl. The column was washed and eluted with lysis buffer containing 0.5 M NaCl. 

Pooled DNL IV ~XRCC4-containing fractions were loaded onto a Superdex 200 (16/60) 

column (Amersham Pharmacia Biotech)Jh~t had been pre- equilibrated with lysis buffer 

containing 0.35 M NaCl. Fractions were_pooled that contained the DNL IV/XRCC4 

complex (excluding fractions contain~ng free XRCC4) and these were subjected to Mono 

Q chromatography. 

Determination of native· mofecul~r weight 

qel filtration chromatography was performed using a Superdex 200 (26/60) 

column (Amersham Pharmacia Biotech Inc., Piscataway, NJ.) using TM buffer 

containing 0.275 M KCI. To construct a calibration curve, a set of standard proteins was 
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analyzed (HMW and LMW gel filtration calibration kit, Amersham Pharmacia Biotech 

Inc., Piscataway, NJ.). The Kav parameter was determined (Kav= (Ve- Vo)/(Vt-Vo), 

where Ve represents elution volume, Vo represents void volume, and Vt represents total 

bed volume). The Kav values for standard proteins were plotted as a function of the 

logarithm of molecular weight, and the resulting calibration curve was used to derive a 

molecular weight for the DNL IV /XRCC4 complex. 

Native molecular weight was also determined by the method of Ferguson 

(Ferguson 1964). Native gel electrophoresis was performed in a buffer containing 50 mM 

Tris base, 40 mM boric acid, and 10 mM EDT A. Standard and unknown proteins were 

analyzed on a series of gels containing different concentrations of polyacrylamide ( 4%, 

5%, 5.5%, 6%, 8%, and 10%). Relative mobility (Rf) was calculated as the ratio of 

mobility of a given protein to the mobility ofbromphenol blue dye. For each protein, a 

derived value, 1 00[log (Rf XlO0)], was plotted as a function of acrylamide concentration 

(Hedrick and Smith 1968; Chrambach and Rodbard 1971). The slopes of the lines 

generated for each standard protein were determined by linear regression analysis and 

were plotted as a function of the logarithm molecular weight. This calibration curve (a 

"Ferguson plot") was applied to determine the native molecular weight of the DNL 

IV /XRCC4 complex. 

Immunoprecipitation of myc-tagged DNL IV 

Antibody-conjugated Sepharose was prepared by incubation of purified mAb 

9E10 (gift ofM. Sadofsky, Medical College of Geo~gia) with CNBr activated Sepharose 

6MB (Amersham Pharmacia Biotech Inc., Piscataway, NJ). Coupling was performed 
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overnight at 4° C in a buffer containing 0.1 M NaHCO3, ·pH 8.3, and 0.5 M NaCl. The 

reaction was stopped by washing with the_ same_buffer lacking antibody. The beads were 

blocked by incubating with 1.2 M ethanolamine for 2 · h at room temperature. The beads 

were washed in O.'i M NaOAc, pH 4.0, containing 0.5 M NaCl, then with 0.1 M Tris

HCl, pH 8.0, containing 0.5 M NaCl. This cycle of washing was repeated twice more. 

A triple coinfection was p~rformed using 1 ·L ofS/9 cells and bacufoviruses 

encoding the DNL IV-his6, DNL IV-myc, and HA-XRCC4 polypeptides. Each virus 

was used at an MOI 9f about 5. An extract was prepared and subjected to Ni+ NTA

agarose chromatography as described above. Protein from a peak fraction was incubated 

with mAb 9E10 anti-myc Sepharose overnight at 4°C in a buffer containing 0.5 M NaCl, 

50 mM Tris-HCl, pH 7.4, and 0.3 % NP-40. The beads were washed three times with the 

same buffer and bound proteins were analyzed by SDS-PAGE. 

Adenylation and nick-ligation assays 

Adenylation reactions were performed in a final volume of 10 µ1. Reactions 

contained 2 µl of a ligase-containing protein fraction, and in addition contained 60 mM 

Tris-HCl (pH 8.0), 10 mM MgCh, 5 mM dithiothreitol, 50 µg/ml bovine serum albumin 

and lµCi of [r-32P] ATP (?000 Ci/mmol, NEN, Boston, MA). Reactions were 

incubated for 10 min at room temperature and terminated by addition of SDS-PAGE 

sample buffer. Adenylated proteins were resolved by SDS-PAGE and visualized by 

Phosphorlmager analysis, 

Nick-liga~ion reactions were performed using a d(T) 16 substrate, which was 5' 

end-labeled using T4 polynucleotide kinase and [r-32P] ATP (6000 Ci/nimol). The 
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radiol~beled d(T)16 was hybridized with a stoichiometric am_ount of poly d(A) (200 nt 

average length, Amersham Pharmacia Biotech. Inc., Piscataway, NJ). Ligation reactions 
: . -

were performed in a volume of 5 µl, and contained 1 ng of DNA substrate, 60 mM Tris-

HCl (pH 8.0), 10 mM MgCh, 5 mM dithiothreitol, 50 µg/ml BSA~ and 1 mM ATP. In 

addition, reactions contained 1 µl of ligase containing fraction, which was diluted with 

TM buffer containing 0.275 M KCl to give the amount qfprotein indicated in the Figure 

Legend. Reactions were incubated at 3 7°C for 10 min and stopped by addition of 95% 

formamide loading dye. Products were analyzed by 20% urea- PAGE. The gel was fixed 

with 10% methanol, 10% acetic acid, and the products were visualized by 

Phosphorlmager analysis. 

Chemical cross-linking and detection of cross-linked complexes by 

immunoblotting 

Chemical cross-linking reactions were performed using ·a homobifunctional 

Nhydroxysuccinimide ester cross-linker that had an 11.4 A arm length (BS3
, Pierce, 

Rockford, IL). Reactions were assembled by mixing 10 µl of protein-containing 

fractions, 10 µl phosphatebuffered saline (27 mM KCl, 1 mM KH2PO4, 137 mM NaCl, 

43 mM Na2HPO4), and 2 µl of aqueous BS3 solution. Final BS3 concentrations were as 

indicated in the relevant figure. Reactions were incubated for 1 h at room temperature 

and terminated by adjusting to 200 mM Tris-HCl (pH 8.0). Cross-linked products were 

.resolved by 5% and 7% SDS-PAGE and analyzed by immunoblotting, using anti

histidine tag (mAb Tetra-His, Qiagen, Valencia, CA) and anti-HA (mAb 12CA5, Roche, 

Indianapolis, IN) primary antibodies .. Immunoblots were incubated with the 



appropriately conjugated anti-mouse secondary antibodies and were developed as 

indicated in the Figure Legend. 

Cell-free nonhomologous end-joining assay 
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Extracts were prepared and assayed essentially as described (Baumann and West 

1998). Whole cell extracts were prepared from 4 xl 09 human lymphoblasts (GM00558 

cell line, Coriell Cell Repositories, Camden, NJ). Cells were harvested by centrifugation, 

resuspended, and lysed by homogenization in 10 ml hypotonic lysis buffer (10 mM Tris

HCl, pH 8.0, 0.1 mM EDTA, 5 mM dithiothreitol) using 20 strokes of an A pestle. 

Proteinase inhibitors (PMSF, 0.17 mg/ml, pepstatin A, 1 µg/ml, leupeptin, 1 µg/ml, 

soy.bean trypsin inhibitor, 1 µg/ml) were added. After 20 min incubation on ice, 3.33 ml 

of high salt buffer (50 mM Tris-HCl, pH 7.5, 1 M KCl, 2 inM EDTA, 2 mM 

dithiothreitol) was added. Cell lysate was centrifuged for 3 h at 200,000 X g. The 

supernatant was dialyzed against 20 mM Tris-HCl, pH 8.0, 0.1 M KOAc, 20 % glycerol, 

0.5 mM EDTA, and lmM dithiothreitol. Aliquots were prepared and stored at-70°C. 

DNA substrate for the NHEJ assay was prepared by digestion of pBluescript II 

KS(+) vector (Stratagene, La Jolla, CA) with BamHI. The DNA substrate was labeled 

with T4 polynucleotide kinase and [Y-32P] ATP (6000 Ci/mmol). NHEJ reaction 

mixtures contained 10 mM Tris-HCl, pH 7.9, 65 mM KOAc, 0.25 mM EDTA, 0.5 mM 

dithiothreitol, 10% glycerol, 50 mM triethanolamine, pH 7.5, 0.7 mM MgOAc, 100 

µg/ml BSA, 2 mM ATP and approximately 10 µg cell extract protein. The reaction 

mixture was incubated for 10 min at 37°C. DNA (10 ng) was added, bringing the final 

volume to 10 µl. Incubation was continued for 1 h at 3 7°C. The reaction was stopped by 
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adding 150 µl of a solution containing 0.2 M NaCl, 0.02 M EDTA, 1 % SDS, 4 µg/ml 

tRNA, and 100 µ1 of a solution containing 10 mM Tris-HCl, pH 7.9, 1 mM EDTA, and 

0.1 M NaCl. Reactions were extracted with 300 µl of phenol:chloroform:isoamyl alcohol 

(50:49:1, v:v). A solution of 0.5 M NH4OAc in ethanol was added (500 µl), the nucleic 

acid precipitate was collected by centrifugation, and reaction products were analyzed by 

0.6 % agarose gel electrophoresis. Ligated products were detected by Phosphorlmager 

analysis. 



RESULTS 

Purification of a DNL IVIXRCC4 complex 

The overall cloning scheme for human DNL IV and XRCC4 is described in 

Materials and Methods. The human DNL IV cDNA was obtained by PCR amplification 

of a single IMAGE consortium clone containing the full-length gene sequence. Two 

different AUG codons have been proposed as sites of initiation of translation for DNL 

IV, making this an enzyme of either 844 or 911 residues (Hedrick and Smith 1968; 

Critchlow et al. 1997; Schar et al. 1997). We generated constructs expressing both forms, 

each with a hexahistidine tag introduced at the C-terminus (see Materials and Methods). 

Preliminary characterization revealed that only the 911 residue form was active in 

an AMP-adeny lation assay ( data not shown), in agreement with a previous report 

(Hedrick and Smith 1968). Based on the difficulty encountered in our attempts to purify 

the shorter form, we speculate that the N-terminal region contributes to overall folding of 

the protein. All subsequent experiments were performed with the longer, 911 residue, 

form. 

The human XRCC4 cDNA clo11-e was assembled from two sources. The 5' 

portion of the gene was obtained by RT-PCR using HeLa Cell RNA, and the .3' portion 

was obtained from an IMAGE consortium clone, as described in Materials and Methods. 

Both the DNL IV and the XRCC4 clones were transferred into baculovirus vecto~s, 

which were then amplified to create recombinant viral _stocks. 

25 
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Baculovi~ses containing the DNL IV and XRCC4 cDNAs were used to co-infect 

Sf9 cells, and protein purification was carried out according to the scheme shown in Fig. 

lA. After lysis, the infected cell extract was subjected to immobilized metal ion 

chromatography using Ni+ NT A-agarose. The histidine-tagged DNL IV binds directly to 

this resin, and the XRCC4 binds indirectly because of its interaction with DNL IV. The 

Ni+ NT A-agarose column was eluted with a gradient of imidazole and the DNL 

IV /XRCC4-containing fractions were pooled and applied to a Superdex-200 gel filtration 

column. DNL IV and XRCC4 eluted together from this column in a single well-resolved 

peak, indicating the pres~nce of a homogeneous, stable complex (Fig. lB). These 

fractions were pooled and applied to a Mono' Q anion exchange column, from which 

DNL IV and XRCC4 again eluted together in a single sharp peak (Fig. 1 C). 

Determination of native molecular weight and stoichiometry of DNL IV /XRCC4 

complex 

It was of interest to determine the number of copies of each polypeptide that were 

present within the DNL IV /XRCC4 complex. By definition, DSB repair requires a 

mechanism for coordinated ligation of the two DNA strands, and one straightforward 

way. to achieve this would be if two copies of the DNL IV polypeptide were present in 

the complex. 

We used two complementary approaches to determine the native molecular 

weight of the· DNL IV /XRCC4 conipfex. In the first of these, we calibrated the Superdex 

200 gel filtration column used in the DNL IV /XRCC4 purification by determining the 

Kav values for a set of standard proteins of known molecular weight. A calibration curve 
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based on these Kav values is shown in Fig. 2A. Comparison of the Kav for DNL 

IV /XRCC4 versus the standards suggests a native molecular weight for the complex of 

approximately 310,000 Da. 

As an independent method of determining native molecular weight, we used 

native gel electrophoresis. The mobility of a given protein on a native gel is a function of 

both size and charge, making it impossible to determine molecular weight from a single 

measurement. However, the mobility of the same protein on gels of different proteins 

varies in a systematic way, which can be related to molecular weight. We measured 

relative mobility of the DNL IV/XRCC4 complex and a group of standard proteins using 

a set of native gels containing from 4% to 10% polyacrylamide. Data was analyzed as 

described in Materials and Methods. The log-linear relationship between mobility and 

polyacrylamide concentration was determined for each standard and unknown protein, 

and the slopes of the best-fit lines were plotted as a function of the logarithm of 

molecular weight to obtain the calibration curve shown in Fig. 2B. The native molecular 

weight of the DNL IV /XRCC4 complex determined by this method is 290,000 Da, in 

good agreement with th~ results of gel filtration. Together, the gel filtration and native 

gel electrophoresis data are consistent with the existence of a tetrameric complex, (DNL 

IV)2(XRCC4 )2, which has a predicted molecular weight of 288,272 Da, although the 

precision of the experiments is such that we cannot rule out 9ther alternatives, such as 

(DNLIV)2(XRCC4 )3. 

As another measure of the stoichiometry of DNL IV .and XRCC4, we quantitated 

the relative amount of each polypeptides using two independent methods. In the first, 

purified DNL IV /XRCC4 was analyzed by SDS-P AGE, stained with Coomassie blue, 



and the amount of each stained band was quantitated by densitometry. The results 

suggested a molar ratio ofXRCC4 to DNL IV of 1.03-1.19 as measured in two 

independent experiments (Table 1 ). Within the likely experimental error, this is most 

consistent with a composition of (DNL IV)2(XRCC4 )2. 
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Although Coomassie blue staining is a widely accepted method, it is known that 

certain polypeptides may be relatively oversfained or understained .. Therefore, we also 

used an alternative method of detection, which involved re-cloning DNL IV and XRCC4, 

each.with an identical FLAG epitope tag._ The two polypeptides· were co-expressed in 

baculovirus-infected Sf9 cells andthe complex was purified by sequential 

chromatography-on Q-Sepharose, Superdex 200, and Mono Q columns as described in 
' . 

. ' . 

Materials and Methods. The last two of these columns effectively resolve the DNL 

IV /XRCC4 complex from free XRCC4, which was also present in the co-infected Sj9 

cells. Fractions corresponding to the complex were pooled and analyzed by 

immunoblotting with anti-FLAG primary antibody and alkaline phosphatase-conjugated 

secondary antibody. The immunoblot was developed with a fluorescent substrate and 

visualized using a Storm imaging system (Fig. 3A). Because both polypeptides carry the 

same epitope, the fluorescence signal is proportional to relative molar amounts of each. · 

Quantitation of this signal revealed that the stoichiometry of DNL IV and XRCC4 is 1: 1, 

within an error of about 10% (Fig. 3B). 

Co-immunoprecipitation of his6- and myc epitope-tagged DNL IV polypeptides 

Because of the uncertainty inherent in the measurement of native molecular 

weight, it was desirable to confirm the proposed heterotetramic structure by independent 
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means. To verify that at least two copies of the DNL IV polypeptide were present in each 

complex, we performed a triple mixed infection of Sf9 cells with baculoviruses 

expressing the previously described DNL IV-his6 and HA-XRCC4 proteins, together with 

another baculovirus expressing a DNL IV-myc epitope protein. Cell lysates were 

prepared and subjected to Ni+ NTA-agarose chromatography, and protein from a peak 

fraction was immunoprecipitated using anti-myc antibody-conjugated Sepharose beads as 

described in Materials and Methods. 

The immunoprecipitate was analyzed by SDS-PAG~ with Coomassie blue 

staining, which reve.aled a prominent doublet at the approximate position expected for the 

DNL IV polypeptide .(Fig. 4A, lane 3). The lower band of the doublet (lab~led "his") 

comigrated with a DNL IV-his6 marker (lane 1 ), whereas the upper band (labeled "myc") 

migrated at a slightly larger position because of the presence of the three tandemly 

repeated myc epitope sequences. Immunoblotti11:g with anti-his tag and anti-myc 

antibodies confirmed the identity of tag present in each polypeptide (panels B, C). MB P

RAG I and MBP-RAG2 proteins, which bear both his and myc tags, were included as 

markers in each panel (lane 2) in order to allow precise mobility comparisons. 

Each of the DNL IV polypeptides in _t~is experiment bears only one type of 

epitope tag (i.e., his6 or myc, but not both). Because DNL IV/XRCC4 complex was 

subjected t_o sequential affinity purification, the recovery of protein at the end of the 

experiment is possible only if a polypeptide bearing each tag are present in the same 

physical complex. The results (Fig. 4A, lane 3) provide strong evidence supporting the 

presence of at least two DNL IV polypeptides within the proposed heterotetrameric 

structure. 
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Chemical cross-linking of DNLIVIXRCC4 complex· 

The preceding experiment suggests that the~e are at least two DNL IV 

polypeptides in the complex, but does not address the number of XRCC4 polypeptides. 

To more precisely determine the number ofXRCC4 polypeptides, as well as to determine 

which polypeptides are in direct contact with one another, we performed chemical cross

linking on the DNL IV /XRCC4 complex, using BS3
, a water soluble homobifunctional 

N-hydroxysuccinimide compound that reacts with primary amines. BS3 is expected to 

react with the N-terminu~ and with lysine residues. Cross-linked products were analyzed 

by both S¾ and 7% SDS-PAGE, in order to obtain maximum resolution over a wide siz~ 

range. Immunoblotting was performed to determine which polypeptides were present in 

each cross-linked complex. 

Immunoblotting with the anti-HA antibody showed that XRCC4 was present in 

two cross-linked complexes, designated X ~nd Y (Fig SA and SB). Complex~ migrates 

at a position corresponding to about l S0,000 Da, relative to the marker proteins, and 

contains only XRCC4, with no detectable DNL IV ( compare Panel A with C and Panel B 

with D). Because there was no ev~dence for intermediates running between the XRCC4 

monomer and complex X at the lowest cross-linker concentration (0.4 µfyi), we suggest 

that Complex X must correspond to a cross-linked XRCC4 dimer. This species migrates 
1 

significantly more slowly than predict_ed from its _molecular weight ·of 79,000 Da,. 

probably because of the branched geometry of the crosslinked structure. A slightly more 

rapidly migrating form of Complex X appears at higher BS3 concentrations and might 

correspond to a more compact, multiply cross-linked form (Fig. SA). 
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Complex Y has an apparent molecular weight of greater than 200;000 Da and 

contains both XRCC4 and DNL IV. We suggest that Complex Y corresponds principally 

to a crosslinked.(XRCC4)(DNL IV) dimer .. Complex Y forms quite a broad band in the 

5% SDS-PAGE analysis, and could also include a cr~ss-linked (DNL IV)(XRCC4)2 

trimer. We did not detect species migrating significantly more slowly than complex Y, 

suggesting that cr(?ss-linked DNL IV dimer is probably not present. In· addition to the 

BS3 cross-linking, we also performed similar experiments using sulfo- HSAB, a 

heterobifunctional photo-·activated cross-linker thafreacts with primary amines at one end 
' . . ' , ' 

of the molecule and reacts nonspecifically with various amino acid side chain groups at 

the other end. Results were substantially the same as with B.S3 (data not shown). 

In the course of thes·e experiments, we observed that the XRCC4 in the purified 

complex, although not the DNL IV, had a marked tendency to undergo spontaneous 

oxidation. This was manifested as an appearance of variable amounts of a cross-linked 

XRCC4 dimer in the absence of added chemical cross-linker, and could be avoided by 

inclusion of 35 mM dithiothreitol in the SDS-PAGE sample buffer. We note that 

dithiothreitol had no effect on mobility of the DNL IV/XRCC4 complex in native gels, 

indicating that disulfide bonds are not required for i:naintenance of the tetrameric 

structure. 

Figure SE ~ummarizes and provides ari interpretation of the cross-linking 

experiments. We suggest that an XRCC4 dimer forms the core of the complex and can 

be readily cross-linked to give the Complex X observed in our gels. Each XRCC4 

· polypeptide is in contact with one DNL IV polypeptide, and these can be cross-linked to 
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give Complex Y. The two DNL IV polypep~ides do not appear to be in contact with each 

, other, as there is no evidence for the formatfon of a cross-linked DNL IV dimer. 

Activity of purified DNLIVIXRCC4 complex in nick-ligation and NHEJ assays 

Althoug~ the biological function ofDNL IV is to join DNA double-strand breaks, 

previous reports indicate that the purified enzyme has only a minimal ability to carry out 

this reaction in vitro, presumably because of~ requirement for additional cofactors 

(Baumann and West 1998). 

Because of the anticipated lack of direct double-strand break joining activity, 

preliminary characterization of the purified recombinant DNL IV /XRCC4 complex was 

performed using a nick-ligation assay (Tomkinson et al. 1991). Results are shown in Fig. 

6. There was a progressive increase in the formation of ligated products as increasing 

amounts ofDNL IV/XRCC4 were added to the reaction (Fig. 6A). Interestingly, under 

the conditions used, the number of ligation events was approximately equal to the amount 

of DNL IV /XRCC4 tetramer added to the reaction (Fig. 6B), suggesting that the enzyme 

might be limited to a single turnover under these conditions. Further kinetic studies will · 

be needed to understand the mechanism of interaction with this substrate in more detail. 

We next investigated the activity of DNL IV /XRCC4 in the presence of other 

repair factors. An NHEJ assay system has recently been described that measures plasmid 

end-joining in the presence of a whole cell extract from human lymphoblasts (Baumann 

· and West 1998). The system is faithful, in that the reaction is dependent on endogenous 

Ku, DNA-PK, and DNL IV, but end-joining efficiency is low, typically less than 5%, and 

in our experience is somewhat v~riable. We carried out NHEJ assays essentially as 
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described (Baumann an~ West 1998) using ,a .BamHI-digested plasmid substrate and 

adding purified DNL IV /XRCC4 complex. Results are shown in Fig. 7. As expected, the 

purified DNL IV /XRCC4 complex alone had little activity. Similarly, the lymphoblast 

cell extract alone had little activity under these conditions. However, the ·combination of 

the DNL IV /XRCC4 complex and cell extract showed a high level of activity, with as 

. much as 70% of the monomer substrate being converted to various ligated forms. This 

result indicates that DNL IV /XRCC4 is a limiting component in cell extracts, and that 

there is strong synergy between exogenous, recombinant enzyme and cellular factors. 

We note that DNL IV /XRCC4 catalyzes many fewer ligation events, per mole of 

coniplex, in the end-joining assay than in the nick-ligation assay (compare Fig. 7 and Fig. 

6). This presumably reflect the complexity of the interactions in reactions containing 

crude extract.. For example, the DNL IV /XRCC4 may participate in nonproductive 

complexes with endogenous repair proteins o_r it may interact with specific negative 

regulatory proteins. Further purification and characterization of the components in the 

e~tract will be required to address this issue. 

In order to determine whether the DNL IV /XRCC4 complex was stimulating the 

specific, Ku-dependent pathway of end-joining, we tested the effect of several human 

autoimmune sera on the reaction (Fig. 8). The reaction was strongly inhibited by four 

differentsera (lanes 4-6, 8). Two of these contained anti-Ku antibodies (HT and OY), 

one contained anti-DNA-PKcs antibodies (FT), and one contained a mixture of both 

types of antibodies (TT). By contrast, there was• rio inhibition in the absence of serum 

(lane 9) or in the presence of control sera (lanes 3, 7). One of the control sera was from a 

normal individual (NS), and the other was an autoimmune serum (TA) that contained 
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antibodies against another nuclear autoantigen, RNA helicase A (Takeda et al. 1999). In 

addition to the autoimmune sera, we tested an anti-DNA-PKcs monoclonal antibody 

(mAb 18- 2), which also strongly inhibited the reaction ( data not shown). 

To determine whether the end-joining occurred perfectly, without insertion ij,lld 

deletion of nucleotides, we digested the products of a control reaction with BamHI, which 

cleaved substantially all of the ligated DNA (Fig. 8, lane 10). Together, these results 

indicate that the reaction is faithful and remains dependent on physiologically essential 

repair proteins even when large amounts of DNL IV complex are present to drive the 

reaction. We have so far been unable to reconstitute the reaction with a mixture of 

purified DNL IV/XRCC4, Ku and DNA-PKcs, indicating that at least one other repair 

factor is likely to be required, in agreement with a previous study (Baumann and West 

1998). 



DISCUSSION 

We have expressed and purified an active, recombinant DNL IV /XRCC4 

complex. Physical characterization of the complex by gel filtration, native gel 

electrophoresis,' quantitative analysis of Coomassie blue binding, quantitative 

immunoblotting, and chemical cross-linking strongly suggests that is a mixed tetramer 

containing two copies of DNL IV and two copies of XRCC4. We were also able to 

isolate mixed multimers containing DNL IV polypeptides with two different epitope tags, 

which provides additional confirming evidence that more than one copy of DNL IV is 

present. Although each experimental approach is subject to specific limitations, together 

they provide strong evidence in favor of the tetramer model. To our knowledge, DNL IV 

is the first example of a mammalian DNA ligase that contains two active sites within the 

active enzyme complex. We suggest that this is a specialized adaptation to the function 

ofDNL IV in double-strand break repair. 

Chemical cross-linking experiments suggest that a XRCC4:XRCC4 interface 

forms the core of the DNL IV /XRCC4 tetramer. Consistent with this model, previous 

studies have shown that XRCC4 self-aggregates when expressed in the absence of DNL 

IV (Leber et al. 1998; Modesti et al. 1999; Takeda et al. 1999). As has been reported by 

others, XRCC4 has a propensity for formation of disulfide linked dimers (Takeda et al. 

1999). Because the interior of the cell is a reducing environment, it is unlikely that such 

disulfide linkages exist in vivo, and we suggest that they may form during storage or 

35 
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handling of the purified protein. The prop~nsity for oxidation probably-reflects chance 

juxtaposition of cysteine residues at the XRCC4:XRCC4 interface. Two-hybrid studies 

suggest that this interface involyes amino acids 115-204. Three cysteine residues are 

present within this region (Modesti et al. 1999). 

The DNL IV/XRCC4 complex has been subjected to gel filtration analysis in 

several previous studies, with conflicting results. In one case, the DNL IV /XRCC4 

complex was shown to coelute with a DNL III/XRCC 1 complex, in another, it was 

estimated to have a molecular weight of about 200,000, and in a third report, the 

molecular weight was estimated·to be 400,000 (Robins and Lindahl 199.6; Critchlow et 

al. 1997; Mizuta et al. 1997). Various authors have suggested the existence of a DNL IV

XRCC4 dimer, a (DNL IV)(XRCC4)2 trimer and, in a very recent study, a (DNL IV) 

2(XRCC4)2 tetramer. (Hedrick and Smith 1968; Robins and Lindahl 1996; Critchlow et al. 

1997; Mizuta et al. 1997; Kanaar et al. 1998). One explanation for the discrepancy in the 

results is that, in the earlier studies, the gel filtration columns may not have been 

sufficiently well-calibrated in the high molecular range to distinguish between different 

higher-order oligomeric forms. In any case, the variability underscores the n~ed for 

multiple approaches in order to accurately determine oligomeric structure. 

Although the isolated DNL IV/XRCC4 complex had virtually no ability to join 

double stranded DNA fragments in an end-joining assay, there was strong synergy 

between the.isolated enzyme and other repair factors presen~ in cell extracts. This 

pro~ides strong evidence that th~ tetrameric DNL IV /XRCC4 complex is the active form 

of the enzyme. Our results also demonstrate that the· DNL IV /XRCC4 complex is the 

limiting component when the nonhorriologous end-joining reac~ion is reconstituted with a 
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mammalian cell extract prepared under the· conditions described (Baumann and West 

1998). 

One of the challenges inherent in the reconstitution of complex biological 

reactio_ns is that multiple, competing reaction pathways may operate simultaneously. In 

the case ofNHEJ, previous workers have observed the operation of both Ku-dependent 

and Ku-independent pathways in cell-free systems (Baumann and West 1998; Labhart 

1999; Wachsberger et al. 1999). The Ku-dependent pathway is believed to reflect the 

major physiological pathway of mammalian NHEJ, as identified by genetic analysis, 

I 

whereas the Ku-independent pathways are not well characterized and could reflect 

nonspecific activity of_other DNA ligases in the extract. Because the DNL IV/XRCC4 

complex is highly dependent on Ku_and other repair proteins for_its 8;Ctivity, the addition 

o'r the purified complex to a cell .. free NHEJ system provides the ability to increase the 

flux through the Ku-dependent pathway without increasing background attributable to 

nonspecific end-joining. This ability will _fadli~ate future mechanistic studies ofNHEJ 

using the in vitro system. 

The DNL IV /XRCC4 tetramer presumably has a dyad symmetry, which implies 

that it may play a role in bridging the two DNA ends in NHEJ. There have already been 

several suggestions·that other repair proteins may work to facilitate the synapsis of DNA 

ends. Ku itself has some capacity to bridge DNA ends, as evidenced by the facilitated 

. kinetics of transfer of Ku_ protein between DNA fragments with C(?hesive ends (Bliss and 

Lane 1997) and by direct observations using atomic force microscopy (Pang et al. 1997; 

Yaneva et al. 1997). DNA-PKcs may also be involved in synapsis,_ as evidenced by 

atomic force microscopy and by enzymatic studies showing the superactivation of DNA--
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bound kinase by single-stranded DNA presented in trans .(Cary et al. 1997; Yaneva et al. 

· 1997; Leuther et al. 1999; Hammarsten et al. 2000). One way to reconcile these various 

observations is to postulate that occupancy of the DNA termini by Ku, DNA-PKcs, and 

DNL IV /XRCC4 occurs sequentially, rather than simultaneously. 

We have recently reported results of a series of binding and photocross-linking 

studies using oligonucleotides designed to trap. repair complexes in defined positions and 

orientations. On the basis of these and other studies, we suggest that NHEJ involves 

sequential occupancy of the eµds by three different complexes, as shown in Fig. 9: _ 

(1) The initial complex, where a single Ku heterodimer is bound in contact with 

the free DNA. Previous data indicate that this complex occupies 14 nt, and the Ku is 

oriented, with th~ ~u70 subunit proximal and the Ku80 subunit distal to the free DNA 

end (Yoo et al. 1999). 

(2) The DNA-PK complex, which is formed by recruitment ofDNA-PKcs to the 

Initial Complex. This enzymatically active complex occupies a minimum of 28 nt, and 

the Ku translocates inward, leaving DNA-PKcs in direct contact with about 1.5 turns of 

the DNA helix, proximal to the end (Dynan and Yoo 1998; Yoo and Dynan 1999). · 

(3) The ligation complex, which is formed by recruitment ofDNL IV/XRCC4 to 

the DNA-PK complex. We have-not been able to observe this complex directly, although 

we infer its existence from the functional synergy between purified DNL IV /XRCC4 and 

factors in the cell extract. 

-We suggest that the ligation complex involves the obligatory synapsis of the DNA 

ends,. that the XRCC4 dim~r interface is responsible for maintaining this syn,apsis, and 

that the two DNL IV polypeptides are in direct physical contact with the DNA termini, so 
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that they are in a position to catalyze covalent strand joining. The minimum site size for 

the complex is unknown, although it may be quite large, since we have so far been unable 

to observe factor-dependent in vitro ligation using small oligonucleotide substrates. 

Moreover, the inability to reconstitute the ligation complex with ligase, Ku, and DNA

PKcs alone suggests that formation of the complex occurs only in concert with other 

repair factors. 



Figure. 1. Purification of DNL IVIXRCC4 complex. A. Diagram shows 

purification procedure. Baculovirus-infected cell extracts were prepared as described in 

.Materials and Methods. Extracts were subjected to sequential chromatography on Ni+ 

NTA agarose, Superdex-200, and Mono Q as described in Materials and Methods. B, 

Analysis of Superdex-200 fractions by 7% SDS-PAGE with Coomassie blue staining. 

Arrows at right denote positions of DNL IV and XRCC4. Identity of these polypeptides 

was confirmed by immunoblotting ( data not shown). Positions of molecular weight 

· markers are indicated at left (kDa). C. Analysis of Mono Q fractions by 7% SDS-PAQE 

with Coomassie blue staining. 
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Figure. 2. Determination of native molecular weight of DNL IV/XRCC4 complex. 

A. Gel filtration analysis of DNL IV /XRCC4 complex. Superdex 200 gel filtration 

chromatography was performed as· described in Materials and Methods. Molecular 

weight standards include chymotrypsinogen A (25,000 Da), ovalbumin (43,000 Da), 

BSA (67,000 Da), aldolase (158,000 Da), catalase (232,000 Da), ferritin (440,000 Da), 

and thyroglobulin (669,000 Da). For each protein, a Kav parameter was derived as 

described in Materials and Methods. The Kav for the DNL IV /XRCC4 complex is 

indicated by the arrow. B. Native gel electrophoresis (Ferguson plot) analysis. 

Electrophoresis was performed as described in Materials and Methods. Proteins used as 

molecular weight standards were a-lactalbumin, (14,200 Da), carbonic anhydrase, · 

(29,000 Da), ovalbumin (45,000 Da), BSA monomer,(66,000 Da), BSA dimer, (132,000 

Da), urease trimer, (272,000 Da), and urease hexamer, (544,000 Da). Each standard and 

unknown protein was run on a series of gels with different polyacrylamide concentrations 

ranging from 4% to 10%. Relative mobility (Rf) was calculated as the ratio of mobility of 

a given protein to the mobility.ofbromphenol blue dye. For each protein, a derived 

value, IO0[log (RfX 100)], was plotted as a function of acrylamide concentration (data 

not shown). The slopes of the li~1es generated (or each standard protein were determined 

by linear regression analysis and the resulting numerical values were plotted as a function 

of molecular weight to generate the calibration curve (Ferguson plot) ·shown in panel B. 

The position of the DNL IV /XRCC4 complex on this curve is indicated _by· the arrow. 
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Figure. 3. Immunoblotting of DNL IVIXRCC4 complex with anti-FLAG 

antibodies. Flag-tagged variants of the DNL IV and XRCC4 polypeptides were co

expressed in Sf9 cells and the DNL IV /XRCC4 complex was purified as described in 

Materials and Methods. k Immunoblotting of purified DNL IV /XRCC4 complex with 

anti-FLAG antibody (Sigma-Aldrich, St. Louis, MO). Increasing amounts of DNL 

IV /XRCC4 were loaded in each lane, as indicated in ng. Immunoblotting was performed 

using polyvinylidene difluoride membrane with detection by enzyme-catalyzed 

fluorescence substrate (Vistra ECF substrate,.Amersham Pharmacia Biotech). The 
' ' 

immunoblot was imaged using a Storm system (Molecular Dynamics). DNL IV and 

XRCC4 bands were identified by migration relative to prestained molecular weight 

markers (not shown) and are denoted by arrows. B. Fluorescence of each band was 

quantitated using the Storm system. 
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Figure. 4. Inimunoprecipitation of DNL IV/XRCC4 complex containing both his6 

and myc epitope tagged DNL IV polypeptides. A triple mixed infection was performed 

using baculovirus expressing DNL IV-hi_s6, DNL IV-myc, and HA-XRCC4 polypeptides, 

and cell lysates were subjected to sequential Ni+ NTA-agarose_chromatography and 

immunoprecipitation using mAb 9E10-conjugated Sepharose. -The following samples 
' .. ' ' 

were analyzed in each panel: lane M (panel A only) prestained molecular weight markers 

(BioRad), lane 1, marker consisting of purified DNL IV-his6/HA-XRCC4 complex, lane 

2, marker,-consisting of recombinant myc/his6-tagged MBP-RAG 1 protein (120 kDa) and 

myc/his6-tagge~ MBP-RAG2 protein (90 kDa)(Bailin et al. 1999), lane 3, 

, inimunopredpitate from triple mixed infection. A. 7% SDS-PAGE gel stained with 

Coomassie brilliant blue. B. Immunoblot of 7% SDS-PAGE gel~ probed with anti

histidine tag primary antibody and alkaline-phosphatase conjugated rabbit anti-mouse 

lgG secondary antibody and developed with bromochloroindolyl phosphate/nitroblue 

tetrazolium stain. C. Same immunoblot as in panel B, subjected to additional incubation 

with mAb 9E10 anti-myc primary antibody and horseradish peroxidase-conjugated rabbit 

anti-mouse lgG secondary antibody and developed using luminol-based ECL Western 

Blotting System (Amersham Pharmacia Biotech Inc., Piscataway, NJ). Each panel is a 

composite of lanes from the same gel. 
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Figure. 5. Chemical cross-linking of DNL IVIXRCC4 complex. A-D. Analysis of 

cross-linked products by SDS-PAGE and immunoblotting. Purified DNL complex (1.2 

µg) was used in cross-linking reactions with the homobifunctional 

N-hydroxysuccinimide cross-linker BS3
, as described in Materials and Methods. The 

final concentration of BS3 ranged from Oto 382 µMas indicated. Cross-linked proteins 

were resolved by SOS-PAGE using two different concentrations of polyacrylamide in 

order to provide optimum resolution for complexes of different size. (Panels A and C, 7% 

SDS-PAGE, Panels B. and D 5% SDS-PAGE). Individual gels were immunoblotted with 

anti-HA antibody to detect HA-XRCC4 .(panels A, B) or with anti-his tag antibody to 

detect DNL IV-his6. Anti-HA antibody was visualized using horseradish peroxidase

conjugated rabbit anti-mouse IgG secondary antibody and a luminol-based detection 

system as described in the legend to Fig. 4. Anti-his tag antibody was visualized alkaline- . 

phosphatase conjugated rabbit anti-mouse IgG secondary antibody and 

bromochloroindolyl phosphate/nitroblue tetrazolium stain. ~-or each of the panels, the 

positions of molecular weight markers are indicated at the left. Arrowheads at the right 

mark the positions ofnoncross-linked DNL IV and XRCC4, as well as cross-linked 

complexes denoted as X and Y. In some lanes, complex X was resolved as a doublet, 

which may reflect cross-Hnking ~t multiple sites. E. Schemattc diagram showing 

interpretation of cross-linking analysis. Complex X apparently corresponds to a (HA

XRCC4)2 homodimer. Complex Y apparently corresponds to a (DNL IV)(XRCC4) 

heterodimer, although the presence of higher-order species cannot be ruled out. 
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Figure. 6. Nick-ligation assay using purified DNL IVIXRCC4 complex. Nick 

ligation reactions were performed as described in Materials and Methods. The amount of 

DNL IV /XRCC4 complex in each reaction is indicated. Reaction in left lane contained 

400 U of T4 DNA ligase (New England Biolabs). A. Reaction products were analyzed 

by 20% urea-PAGE. Positions of monomer d(T)16 substrate and of the dimer and 

multimer ligation products are indicated at right. Schematic diagram at bottom shows 

d(T)16: poly d(A) substrate. Vertical arrows indicate potential nick-ligation sites. B. 

Quantitation of data in panel A. 
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Figure. 7. NHEJ assay. End-joining assays were performed as described in 

Materials and Methods using BamHI-digested plasmid substrate and the indicated amount 

of purified DNL IV /XRCC4 complex and lymphoblast cell extract protein. A. Products 

analyzed by 0.6% agarose gel electrophoresis and detected by Phosphorlmager analysis. 

Arrows at right indicate monomer substrate and various reaction products. Identity of 

reaction products has been assigned tentatively, based on electrophoretic mobility. 

Arrows indicate linear dimers (dimer), open circles (OC), and closed circles (CC). 

Bracket indicates other multimers. B. Quantitation of results in panel A (lanes 2-6) by 

Phosphorlmager analysis. Data in Figure 7 were generated by Dr. Juren Huang using 

DNL IV /XRCC complex prepared by the candidate. ·. 
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Figure. 8. Inhibition ofNHEJ by anti-Ku and anti-DNA-PKcs sera. End-joining 

assays were performed as in Figure 6, using 0 or 10 µg of cell extract protein as indicated 

(CE) and 0 or 80 ng ofDNL IV/XRCC4. Reactions_contained 1 µ1 of the following 

human sera, as indicated: NS, normal serum, HT, anti-Ku, OY, anti-Ku, TT, anti-Ku and 

anti-DNA-PKcs, TA, anti-RNA helicase A, TF, anti-DNA-PKcs. Reactions in lanes 9 

and 10 contained 1 µ1 phosphate-buffered saline in place of serum. In lane 10, products 

were digested with Bamm subsequent to ligation. A. Products analyzed by 0.6% agarose 

gel electrophoresis and detected by Phosphorlmager analysis. Arrows at right indicate 

monomer substrate and various reaction products, as in Fig. 7. B. Quantitation of results 

in panel A. Data in Figure 8 were generated by Dr. Juren Huang using DNL IV/XRCC4 

complex prepared by the candidate and autoantisera supplied by Dr. Y oshihiko Takeda. 
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Figure. 9. Model for NHEJ shol1!ing sequential assembly of protein-DNA 

complexes at the site of a DSB. A. Initial complex, showing oriented Ku heterodimer in 

contact with 14 nt site. B. DNAPK complex, showing inward translocation of Ku and 

enzymatically active DNA-PKcs in contact with termini. Site size is 28 nt. C. Ligation 

complex, showing dyad-symmetric DNL IV /XRCG4 complex bridging DNA ends, with 

one DNL IV active site in contact with each of the two termini. Sit~ size is unknown. 

Dashed ellipse represents additional, unknown repair factors required to stabilize the 

ligation complex. 
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TABLEJ 

Quantitation of the density of the stained band~ ofDNL IV/XRCC4 complexa 

Polypeptide Density XRCC4: 

DNLIV 

molar ratio 

Experiment DNLIV 2.250 1.029 

1 XRCC4 0.926 

,:.; 

Experiment DNLIV 2.616 1.187 

2 XRCC4 1.243 

a Approximately 2.5 mg of DNL IV /XRCC4 complex was analyzed by 7 % SDS

p AGE. Gels were stained with Coomassie blue and destained to equilibrium with 10 % 

acetic acid, 10 % methanol. Gels were dried on a clear cellulose membrane and analyzed 

by densitometer (Imaging Densitometer Model GS-700, BioRad). Molar ratio was 

calculated by normalizing density according to polypeptide molecular weight. 



CHAPTER II 

Chapter II form aportion of a paper published as Lee, K. J. (Lee, K. J., Dong, X., 

Wang, J. Takeda, Y., Dynan, W. S., (2002). "Identification of Human Autoantibodies to 

the DNA Ligase IV /XRCC4 Complex and Mapping of an Autoimmune Epitope to a 

Potential Regulatory Region." J Immunol 169(6): 3413-21). The candidate and Ms. 

Dong were joint first authers. All of the data excepted hers were generated by the 

candidate. 

INTRODUCTION 

The production of autoantibodies to intracellular proteins, nucleic acids, and 

nucleoprotein complexes is characteristic of syst,emkfopus· eryth~;rnatosus (SLE) and 

other systemic rheumatic diseases (Tan 1989; Reeves et al. 1994). Certain autoantibodies, 

such as anti-double-strand DNA antibodies, ar~-useful indicators of disease activity. 

Other antinuclear aiitipodies are associated with particular clinical syndromes and serve 

as markers for disease subsets. The production of autoantibodies is believed to be antigen 

driven. Within an individual patient, autoatitibodies are directed against only a limited 

number of targets (Hardin 1986)~ Frequently, autoantibodies occur as linked sets directed 

against different constituents ·of the same nucleoprotein particle, such as small nuclear 

ribonucleoproteins or the nucleosome (Hardin 1986; Craft and Hardin 1987). 
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The occurrence of autoantibodies in linked sets, together with the observation that 

some autoantibodies tend to stabilize assembled. nucleoprotein complexes (Satoh et al. 

1996; Satoh et al. 1997; Wang et al. 1997; Takeda and Dynan 2001) suggests that the 

complexes themselves may play an important role in the maintenance and propagation of 

the autoimmunity. It may be that novel epitopes are formed at protein-nucleic acid 

interfaces or as the result of conformational changes that accompany complex assembly 

(Jafri et al. 2001). ~onsistent with this, .autoa1.:1tibody-defined epitopes are often 

conformation dependent and coincide with active site regions (Tan et al. 1994). Such 

epitopes may be able to evade the normal mechanisms of tolerance induction in 

individuals ·predisposed to the development of autoimmune disease. 

Another hypothesis arises from observations that environmental factors contribute 

to the generation of autoantibodies. Those factors include viral and other infections as 

well as other processes leading to cell injury. The underlying mechanism may involve the 

generation of novel peptide fragments as the .result of protease activity. Autoantigens are 

much more -likely than o~her cellular proteins to be cleaved by proteases that are activated 

during inflammation· and cell death. Autoantigens are frequent targets of caspase cleavage 

( Cascio la-Rosen et al. 1995; Cascio la-Rosen et al. 1996), and staining of apoptotic cells 

with autoimmune sera shows that, autoantigens dramatically redistribute during apoptosis, 

becoming clustered and concentrated in surface ~tructures on dying cells (Casciola-Rosen 

et al. 1994). Autoantigens are also frequent targets for granzyme B, a protease that is 

released during the cyto~oxic T cell response (Casciola-Rosen et al. 1999). In both cases 

it is possible that proteolytic cleavage of target proteins alters the pattern of subsequent 
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Ag processing and pre'sentation (Casciola-Rosen et al. 1994; Casciola-Rosen et al. 1996; 

Casciola-Rosen ~t al. 1999). 

Several well-characterized nuclear 8:Utoantigens have been shown to have 

functional roles in the nonhomologous ·end-joining (NHEJ) pathway of DNA double-
. . . 

strand break repair (revieweq in Ref. 8). Double-strand breaks are induced by ionizing· 

radiation and during V(D)J recombination. The Ku protein, which carries out the initi~l 

recognition of DNA breaks, was identified as a target of autoantibodies in a population of 

Japanese patients with so-called overlap syndrome:. combin1ng features of scleroderma 

and polymyositis (Mimori et al. 1981 ). Subsequent studies using more-sensitive 

techniques revealed the presence of anti-Ku Abs in 5-15% of SLE patients in U.S. 

populations (Reeves 1985; Yaneva and Arentt 1989; Olhoffer et al. 1997). Abs to 

another enzyme in the NHEJ pathway, DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs), have also been detected in SLE patients, and their incidence was shown to 

be significantly correlated with the presence of anti-Ku autoantibodie~ (Satoh et al. 1996; 

Suwa et al. 1996). This sugges~s that the autoimmune response may be directed in part 

against an assembled Ku/DNA-PKcs/DNA particle. In addition, DNA-PKcs can be 

cleaved by caspase 3 and granzyme B, which may play a role in its selection as an 

autoantigen (Casciola-Rosen et al. 1995; Han et al. 1996; Song et al. 1996; Teraoka et al. 

1996; McConnell et al. 1997; Casciola-Rosen et al.. 1999). 
\ . 

Several other proteins are also part of the NHEJ pathway. Among these are DNA 

ligase IV (DNL IV) and XRCC4, which is the product of the x-ray cross

complementation group 4 gene. These two polypeptides form a molecular complex that 

carries out the actual ligation step (Critchlow et al. 1997; Grawunder et al. 1997; Teo and 
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Jackson 1997; Wilson et al. 1997; Decker et al. 1998). It has been shown that XRCC4 is 

phosphorylated by DNA-PK in vitro (Leber et al. 1998; Modesti et al. 1999) and in 

response to radiation exposure in vivo (Matsumoto et al. 2000). Current models postulate 

that these and other proteins participate in a series of repair complexes that form at the 

DNA ends and guide the process toward completion. 

It was of interest to investigate whether constituents of the NHEJ pathway other 

than Ku and DNA-PKcs might be targets of autoantibodies. We screened a panel of sera 

from patients with autoimmune diseases for autoantibodies to DNL IV and XRCC4 using 

ELISA and immunoblotting. Autoantibodies to the DNL IV /XRCC4 complex were 

found in 15-20% of patients with SLE and other systemic rheumatic diseases. An 

autoimmune epitope was mapped in the C-terminal region ofXRCC4. This region is not 

required for the core biochemical functions of the DNL IV /XRCC4 complex (Modesti et 

al. 1999), but may play a regulatory role, as it is subject to radiation-induced post

translational modifications, including cleavage by caspases and phosphorylation by 

DNA-PK (Matsumoto et al. 2000). We found that the epitope precisely coincides with an 

in vitro DNA-PK phosphorylation site and lies within a few residues of a caspase 3 

cleavage site, suggesting that radiation-induced modifications may play a role in 

triggering or maintaining the autoimmune response to the DNL IV /XRCC4 complex. 



MATERIALS AND METHODS 

Characterization of autoimmune sera by ELISA 

Recombinant DNL IV IXRCc;4 complex was purified as described (Lee et al. 

2000) from extracts of cell~ .co-infected-with DNL IV- and XRCC4-expressing 

recombinant baculoviruses. Individual wells of microtiter plates (Immunoplate 

MaxiSorp, Nunc Inc., Naperville, IL) were :coated ov:emight at 4 °C with the purified 

DNL IV/XRCC4·complex (10 µg/ml in 20 mM Tris:Hcl, pH 8.0). Thewells were -. 

washed twice and blocked with B;BS buffer (0.17 M H3BO3, 0.12 M NaCl, pH 8.5) 
' . 

. containing 0.5% BSA, 1 mM EDTA, arid 6.05% Tween-20. Samples of autoimmune 

sera, diluted in the same buffer at 1 :250, were added to individual wells and incubated for 

1.5 hat 22· 0 c. The wells were washed with BBS, alkaline phosphatase-conjugated goat 

anti-human IgG (ychain SJ?.ecific, >1:1250 dilution, Sigma-Aldrich, St. Louis, MO) was 

added, and incubation was continued for 1.5 h. The wells were washed, BluePhos 

Phosphatase Microwell Substrate (KPL, Gaithersburg, MD) was added, incubation was 

continued for 30-60 min, and absorbance was determined at 495 nm. 

Characterization of autoimmune-sera by immunoblotting 

For immunoblotting, purified DNL IV/XRCC4 complex was.subjected to SDS

p AGE and transferred by electro blotting to a nitrocellulose or PVDF membrane. After 

blocking with 3% BSA in TBS/T .buffer (Tris-buffered saline containing 0.05% Tween 

20), the membrane was incubated with autoimmune sera at the dilutions indicated in the 
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figure legends. The membrane was washed with TBS/T, incubated with alkaline 

phosphatase-conjugated sec_ondary antibody, and developed using nitroblue tetrazolium 

and 5-bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich, St. Louis, MO). In some 

experiments, horseradish peroxidase-conjugated secondary antibody was used, and the 

membrane was developed using the ECL method (Amersham Pharmacia Biotech, 

Piscataway, NJ). 

In vitro cleavage by Caspase 3 and Granzyme B 

Recombinant DNL IV /XRCC4 complex ( 5 µg) was incubated with 20 units of 

Caspase 3 (Upstate Biotechnology, Lake Placid, NY) in 20 µl ofreaction buffer (50 mM 

PIPES, pH 6.5, 2 mM EDTA, 5 mM DTT) for 1 hr at 37 °C (Takeda et al. 1999). In 

some reactions, Caspase 3 inhi~itor (DEVD-CHO, Calbiochem, San Diego, CA) was 

added. For Granzyme B digestion, DNL IV/XRCC4 complex (5 µg) was incubated with 

7 units of Granzyme B in 20 µl of phosphate buffered saline for 1 h at 3 7 °C. Cleaved 

products were resolved by 12% SDS-PAGE. For N-terminal peptide sequencing, cleaved 

peptides were transferred to a PVDF membrane, excised and analyzed at the Molecular 

Biology Core Facility at the Medical College of Georgia. 

Expression of recombinant XRCC4 fragments 

Selected portions of the XRCC4 gene were amplified by polymerase chain 

reaction. To generate C-terminal deletion mutants, PCR was carried out using a common 

5' primer, d(TAGGATCCACCCATATGGAGAGAAAAATA), and the following 3' 

primers: for 1-310, d(TAGTCGACTTACTCCTTTTTCGACGTC); for 1-270, 

d(TAGTCGACTTAT~TACTTGGTGCAATAT); for 1-215, 
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d(T AGTCGACTT AAGTTTCCCCT~CTTGT); for 1-180, 

d(TAGTCGACTT AAAACCGCTT AT AAA GA TC); for 1-115, 

d(TAGTCGACTTATTTCTCTAGGTTGAAGGA). The PCRproducts were inserted into 
. ' ,· ... . ' ,' 

. ' ' . . 

the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA).· The resulting plasmid was 

digested with BamH I and Sal I and the XRCC4-containing fragment was inserted into 

corresponding sites in the pET28b bacterial expression vector (Novagen, Madison WI). 

This vector contributes histidine-tag at the C-terminus end of the expressed XRCC4 

mutant proteins. Plasmids were introduced in E. coli BL21(DE3) for expression 

(Novagen). 

To generate fusion proteins containing XRCC4 sequences from residue 180 to 

residues 220, 240, 250, 260, and 270, separate amplification reactions were performed 

with a common 5' primer, d(ATTGGATCCATTCTGGTGTTGAATGAGAA), and the 

following 3' primers: d(AATGAATTCTTCAGAACAGATTGCAGTTT), 

d(AATGAA TTCTTGGTTTTCACTTTCCTCAT), 

d(AATGAA TTCT ACAGCAGCTGAAGCCAA), 

d(AATGAA TTCACTTGAAA TAATGGAATCATC), and 

d(AATGAA TTCTTTTCTACTTGGTGCAA TATC). To generate a fusion protein 

containing XRCC4 residues 251-334, amplification was performed using 

d(TAGGATCCACCCATATGGTAAGTAAGATGATTCCA), 

d(ATAGTCGACTT AAATCTCATCAAAGAG). To generate a protein containing 

residues 266-334, amplification was performed using 

d(ATTGGATCCATTGCACCAAGTAGAAAAAG) and 

d(AATGAATTCAATCTCATCAAAGAGGTCTT). PCR products were cloned into the 
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pCR2. l-TOPO vector (Invitrogen). The XRCC4-encoding fragments were excised with 

BamH I and EcoR I, or BamH I and Sal I, and inserted /at corresponding sites downstream 

of the glutathione-S-transferase gene in pGEX2T or pGEX4T vector, respectively 

(Amersham Pharmacia Biotech, Piscataway, NJ). The resulting plasmids were 

introduced into E. coli strain Topl0 (Invitrogen) for expression. 

To generate the XRCC4 S260A point mutant, PCR was performed with 

complementary primers d(GATGATTCCATTATTTCAGCTCTTGATGTCACTGAT) 

and d(ATCAGTGACATCAAGAGCTGAAA T AA TGGAA TCATC), which _incorporate 

the desired mutation. After limited PCR (13 cycles), products were digested·with Dpn I 

to eliminate dam methylated template and the plasmids were introduced into E. coli strain 

ToplO. 

Purification of recombinant XRCC4 fragments. 

For protein purification, 4 ml bacterial cultures were grown to an OD600 of 0.4-0.6 

and induc~d with 1 mM isopropyl t;hiogalactoside for 4 hat 30 °C or 37 °C. Cells were 

collected by centrifugation and resuspended in lysis buffer. For his-tagged constructs, 

lysis buffer contained 50 mM NaH2PO4, pH 8.0, 500 mM NaCl, 5 mM ~

mercaptoethanol, and 10 % glycerol. The suspension was sonicated, then centrifuged for 
. . 

30 min at·6500g. The supematants were mixed with 200 µ1 Ni+-NTA agarose (1:1 slurry 

in lysis buffer) (Qiagen, Valencia, CA) and the mixture was incubated at 4 °C overnight. 

The beads were· washed 3 times with lysis buffer and elut~d with lysis buffer containing 

0.5 mM imidazole. 

GST fusion proteins were purified by a moqification of a previous method 

(Peterson et al. 1992). Lysis buffer contained 50 mM Tris-i-ICl pH7.9, 12.5 mM MgCh, 1 
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mM EDTA, 100 mM KCl, 20 µg/ml PMSF, 1 µg/ml Pepstatin A, 1 µg/ml leupeptin, 1 

µg/ml soybean trypsin inhibitor, and 15 niM ~-mercaptoethanol. -After incubation on ice 

for 30 min, Triton X-100 was added to a final concentration of 1 %, and incubation was 

continued for 10 min. The cell lysate was sonicated, then centrifuged for 15 min at 

6500g. The supematants were mixed with 100 µl of glutathione-agarose (1: 1 slurry in 

lysis buffer containing 1 % Triton X-100) (Sigma-Aldrich) and the mixture was incubated 

at 4 °C overnight. Beads were collected and subjected to three cycles of washing 

alternately with wash buffer 1 (50 mM Tris-Hq, pH 7.9, 1 M NaCl, 15 mM ~

mercaptoethanol, and protease inhibitors) and wash buffer 2 (137 mM NaCl, 2.7 mM 

KCl, ~-~ mM-Na2HPO4, 1.4 mM KH2PO4, 1% TritonX-100, 15 mM ~-mercaptoethanol, 

and-protease inhibitors). The GST-~RCC4 fusion proteins were eluted with lysis buffer 

containing 15 mM glutathione. 

Synthetic peptides and peptide ELISA- : 

All peptides were synthesized with a biotin group at the N terminus, which was 

· followed by three aminocaproic acid spacer moieties and the following amino acid 

sequences: peptide 1 (amino acids 211-235), QEGETAICSEMTADRDPVYDESTDE; 

peptide 2 (amino acids 221-245), MTADRDPVYDESTDEESENQTDLSG; peptide 3 

(amino acids 231-255), ESTDEESENQTDLSGLASAAVSKDD; and peptide 4 (amino 

acids 251-265), VSKDDSIISSLDVTD. Some experiments used variants of peptide 4 · 

where individual serine and threonine residues were substituted with alanine, or where a 

serine residue was substituted with phosphoserine. Peptide quality was monitored by 

reverse phase HPLC and mass spectrometry. Solutions were prepared based on peptide 

weight, and concentrations were verified by the bicinchoninic acid method. 
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. For ELISA, autoimmune serum was diluted as indicated in the figure legends, 

using PBS containing 0.05 % Tween 20, 1 % BSA; and 1 % bovine y-globulin. 

NeutrAvidin coated polystyrene plates (Pierce, Rockford, IL) were washed three times 

with PBS containing 0.05% Tween 20. Biotinylated peptide (10 nmol) was added and 

allowed to adsorb for 2 hat 20 °C. Plates were blocked by incubation with 3% BSA in 

PBS for 1 hat 20 °C and washed with PBS containing 0.05% Tween 20. Diluted human 

autoimmune serum was added, and incubation was· continued for "3 0 min. The plate was 

incubated with secondary antibody and developed as described in a preceding section. 

In vitro phosphorylatiqn 

DNA-PKcs was.purified from HeLa cell nuclear extracts as described (Dvir et al. 

1993 ). Recombinant Ku protein was purified as described from extracts of Sf 9 cells co

infected with Ku 70- and Ku 80-expressing recombinant baculoviruses (Yoo et ·al. 1999). 

In vitro phosphorylation reactions ~ontained 25 mM Tris-HCl, pH 7.9, 25 mM MgCh, 

1.5 mM DTT, 50 mM KCl, 10% glycerol, 20 nM pGEM 3Z plasmid digested with BamH 

I, 0.16 µM [y-32P] ATP (6000 Ci/mrnol), 8 nM DNA-PKcs, 20 nM Ku, and protein or 

peptide substrate as indicated in the Figure Legends. The final volume was 10 µl. 

Reactions were incubated for 30 min at 30_°C. Protein phosphorylation reactions were 

terminated by addition of SDS-PAGE sample buffer. Products were analyzed by 12% 

SDS-PAGE and detected by Phosphorlmager analysis. Peptide phosphorylation reactions 

were terminated by addition of an equal volume of 7 .5 M guanidine hydrochloride and 

spotted on SAM2 biotin capture membrane (Prom.ega, Madison, WI). The membrane was 

washed three times with 2 M NaCl, 4 times with 2 M NaCl in 1 % phosphoric acid, and 

twice with water. Relative incorporation of r3:diolabel was measured by Phosphorlm 



RESULTS 

Screening by ELISA to detect autoantibodies against the DNL IVIXRCC4 

complex and determination of subunit specificity 

. Antibodies to DNLIV /XRCC4 were identified from sera with diagnoses of SLE 

or overlap syndrome and tested for subunit specificity. Defails have b~en published 

elsewhere (Lee et al. 2002). 

Mapping of an autoimmune epitope in XRCC4 

It was of interest to map the autoimmune .ePitopes with respect to the primary 

sequence and functional sites in the DNL IV and XRCC4 polypeptides. Initial mapping 

studies were performed with serum M124, which had the strongest reactivity in an 

immunoblot among the sera tested. Our ·experiments took advantage of several unique 

naturally occurring protease cleavage sites in XRCC4. It has previously been reported 

that XRCC4 is an in vivo substrate of-Caspase 3, which cleaves during radiation-induced 

apoptosis (Matsumoto et al. 2000). To identify the exact site of cleavage, we analyzed 

the products formed when the DNL IV !)CRCC4 complex was digested with Caspase 3 in 

vitro. SDS-PAGE showed two products (Fig. lA). These were transferred to a membrane 

and subjected to N-terminal sequencing as ~escribed in Materials and Metho~s. Results, 

summarized in Fig. 1 E, showed that cleavage occurred between residues 265 and 266. 

We also tested cleavage by Granzyme B, an inflammatory protease, in similar 
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experiments. This enzyme also cut at a single site, between XRCC4 residues 254 and 255 

(Fig. lA, lE). DNL IV was not cleaved by either protease under the conditions used. 

To map the autoimmune epitope with respect to the sites of protease cleavage, 

digestion products were transferred to a membrane and immunoblotted with serum M124 

(Fig. lA). Only the larger Caspase 3 fragment was detected, indicating that sequences N

terminal to residue 265 are necessary 'and sufficient for antibody recognition. Serum 

M124 did not recognize either of the Granzyme B products, indicating that a sequence 

spanning residue 254/255 must remain intact for epitope recognition (lane 6). 

To better identify the boundaries of the XRCC4 epitope, mapping was performed 

using recombinant XRCC4 fragments expressed in bacteria. Fig. 1 B show a series of C

terminal deletion mutants. Proteins were purified as described in Materials and Methods, 

and equal amounts were _loaded, as shown by Coomassie staining of replicate gels ( data 

not shown). The immunoreactivity ofXRCC4(1-310) and XRCC4(1-270) fragments was 

comparable to that of full l~ngth XRCC4 (compare lanes--1, 5, and 6). By contrast, little 

or no immunoreactivity was seen when additional sequences were deleted in XRCC4(1-

115), XRCC4(1-180), and XRCC4(1-215) (lanes 2, 3, 4). Taken together with results 
- . 

from panel A, these data indicate that sequences between residue 215 and 265 form an 

essential part of the autoimmune epitope. 

Further mapping studies were performed using smaller fragments of XRCC4 

expressed as OST fusion proteins (Fig. 1 C). Immunoreactivity was seen with GST

X4(180-270) (lanes 7 and 12), but not with GST-X4(180-260) (lane 6) or any o_f a series 

of shorter constructs (lanes 3,.4, 5). Immunoreactivity was also seen with GST-X4(251-

334) (lane 10), but not with GST-X4(266-334). Thus, immunoreactivity correlated with 



the presence of a sequence between 251-265, which appears to form the major epitope 

recognized under these conditions. 
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To confirm this finding, four overlapping peptides were synthesized covering the 

predicted epitope.region and adjacent sequen~~s. Results of an ELISA are shown in Fig. 

lD, and the.relative location of each peptide is diagrainmed in Fig. lE. ·Only peptide 4, 

spanning residues 251 to 265, showed immunoreactivity. Thesedata confirm the epitope 

mapping results obtained by imtnunoblotdng in Fig. 1, panels A-C. They establish that 

sequences between residues 251 · and 265 are both necessary and sufficient for 

autoantibody recognition. 

Recognition of the XRCC4 (251-265) epitope by other sera. 

It was of interest to determine whether the same epitope was recognized by 

autoantibodies in other sera. Peptide ELISA were performed, _with results shown in Fig. 

2. Serum M109 showed a level of immunoreactivity that was distinctly above 

background with peptide 4 (Fig. 2A). There was no reactivity above background with the 

other peptides. The specificity of serum Ml 09 was confirmed by immunoblotting, where 

it reacted with GST-X4(180-270) and GST-X4(251-334), but not with several other 

constructs in which the epitope region had been deleted (Fig. 2C). Serum M162 also 

showed immunoreactivity with peptide 4 in an ELISA (Fig.· 2B). Eleven other 

autoimmune sera were negative, indicating that they recognize conformational epitopes 

or epitopes elsewhere in the protein. 
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. . . , 

The XRCC4(251-265) epitope can be idimunodominant. 

It was also of interest to determine whether the XRCC4 (251-265) epitope was 

immunodominant in any of the sera containing this specificity. Competitive ELISA was 

performed, in which purified DNL IV /XRCC4 complex was adsorbed to a multiwell 

. plate, and immunoreactivity of different sera was measured in the presence ~f varying 

amounts of free competitor peptide. Results are shown in Fig. 3. Serum M124 was 

strikingly susceptible to competition with peptide 4, but not with a control peptide, 

indicating that the XRCC4 (251-265) epitope is immunodominant. Although less 

immunoreactive under these conditions, sera M109 and M162 did not appear to be 

susceptible to competition by peptide 4, suggesting that they contain additional 

specificities. 

The epitope region is both a substrate and a regulator of DNA-PKcs 

Ku and DNA-PKcs bind to broken DNA ends to form an active DNA-PK 

complex. XRCC4 is a substrate for this kinase invitro and in vivo (Leber et al. 1998; 

Modesti et al. 1999; Matsumoto et al. 2000) and it is believed that this phosphorylation 

may be important for regulation of the NHEJ pathway. Phosphorylation occurs at 

multiple sites within the XRCC4 C-terminal region, the exact locations of which have not 

been reported (Leber et al. 1998; Modesti et ~l. 1999). To determine the relationship 

between the ph~sphorylation sites and.the.epitoperegion, we carried out an in vitro 

kinase reaction using native DNL IV/XRCC4 complex and purified Ku and DNA-PKcs. 

_As shown in Fig. 4, [ y-32P] ATP radio label was incorporated preferentially into XRCC4, 

rather than DNL IV, although both polypeptides were present in stoichiometric amounts 
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(Fig. 4, panels A and B, lanel). Caspase 3 digestion, performed subsequent to 

radiolabeling, revealed that phosphorylation occurred ih both the N-terminal_(l-265) and 

·c-terminal (266-334) fr~gments (Fig 4A). We designated the sites in ~hese two fragments 

as N-X4 and C-X4, respectively. Under the conditions tested, the N-X4 site was used 

about 3-fold less efficiently than the C-X4 site. 

Further mapping· was performed using Grruizyme B digestion. When radio labeled 

protein was cleaved with this enzyme, only a single phosphorylated product was seen, 

corresponding to a fragment that spans residues 255-334 (Fig. 4B, lane 2). Because this is 

the only radiolabeled cleavage product, it must contain both the N-X4 and C-X4 sites. 

Taking the results of panels A and B together, the N-X4 site must map in the interval 

between the Granzyme Band Caspase 3 site, that is, in the interval spanning residues 255 

to 265. The C-X4 site must map C-terminal to the Caspase 3 site, between residues 266 

and 334. There are no phosphorylation sites N-termi~al to the Granzyme B site. These 

results are consistent with, and extend, findings reported previously by others (Leber et 

al. 1998; Modesti et al. 1999) .. 

. Interestingly, when the DNL IV /XRCC4 substrate was cleaved with Caspase 3 

prior to radiolabeling, only the N-X4 site ~as utilized (Fig. 4A, lane 4~~ _Thus, sequences 

N-terminal to the Caspase 3 site control phosphorylation of the C-X4 site. Stimulation of 

phosphorylation·occ,urs only in cis, and not when the two parts ofXRCC4 are severed by 

protease cleavage. 

Phosphorylation results were confirmed using GST fusion proteins as substrates. 

Results are shown in Fig. 4C. GST-X4 (251-334) contains both the N-X4 and C-X4 

sites. It was phosphorylated relatively efficiently, and Caspase 3 cleavage showed that 
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both the N-X4 and C-X4 sites were used (Fig. 4C, lanes 1-2). GST-X4(266-334), which 

contains t!?-e C-X4 site only, and is analogous to the natural C-terminal Caspase 3 

cleavage fragment, was used much less efficiently (lane 3). In control experiments, GST 

alone showed no specific phosphorylation ( data not shown). These results confirm that, in 

addition to serving as a substrate for DNA-PK, sequences in the N-X4 region are required 

for efficient phosphorylation elsewhere in the protein. 

The N-X4 site maps to an 11 residue interval that coincides with the autoimmuµe 

epitope. There are four potential phosph9acceptor residues within the sequence of 

interest (Fig. 4-F). Peptide substrates were synthesized in which each of these residues 

was substituted by alanine. Peptide quality was verified and concentrations were 

standardized as described in Materials and Methods. Results of a peptide 

phosphorylation assay are shown in Fig. 4D. The S260A substitution completely 

eliminated the ability to serve as substrate, and was the only substitution to have this 

effect. This indic~tes that serine 260 is the sole phosphorylation site in the region. The 

S256A and S259A substitutions increased the apparent Km for substrate utilization_but 

did not affect apparent V max, indicating that these contribute to substrate recognition but 

do not correspond to actual sites of phosphorylation. The T264A substitution had no 

effect. These results are summarized in Fig. 4F. 

To confirm these results in the context of a larger protein fragment, the S260A 

substitution was introduced into the. GST-X4(251-334) construct. This substitution 

reduced utilization of the N-X 4 site to almost undetectable levels and reduced utilization 

of the C-X4 site by about 2-fold. The reduction in C-X4 phosphorylation is consistent 
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with the req{iirement for N-X4 sequences for full utilization of the C-X4 site, seen 

originally in Fig. 4A. 

,I .'s 

Precise coincidence between $tructural determinaf!,ts required for DNA-PK 

phosphorylation and immunoreactivity. 

To examine the correlation between structural determinants required for DNA

PK phosphorylation and recognition by autoantibodies, we performed peptide ELISA 

using different sequence variants. Results are shown in Fig. 5. The S260A. substitution 

eliminated immunoreactivity with serum M124. The S256A and S259A substitutions 

partially reduced immunoreactivity, and the T264A substitution had no effect. Thus, 

relative immunoreactivity closely paralleled the ability to be utilized as a DNA-PK 

substrate. 

Peptide ELISA was also performed using peptides with a phosphoserine 

substitution at position 260. This substitution also eliminated immunoreactivity (Fig. 5). 

Similar results were obtained with both serum M124 and M109. These results, together 

with the results of the alanine substitutions, indicate that the side chain hydroxyl group of 

serine 260 is essential both for DNA-PK.recognition and for immunoreactivity. Side 

chain~ of serines 256 and 259 contribute to both processes but are not absolutely 

required. 



DISCUSSION 

We used a panel of sera from patients with SLE and other systemic rheumatic 

diseases to identify the DNL IV /XRCC4 complex as a new human autoantigen. Sera from 

24 patients, approximately 15% of the panel, showed significant levels of 

immunoreactivity against purified complex in an ELISA. Further characterization of the 

positive sera showed that multiple epitopes were recognized. In some cases, these were 

conformational, but in others, they could be mapped to individual DNL IV and XRCC4 

polypeptides by immunoblotting. The major linear epitope in XRCC4 was shown to 

correspond to a short sequence that over~apped with recognition sites for inflammatory 

and apoptotic proteases and coincided with a site of DNA-PK phosphorylation. 

Antibodies to this epitope were detected in three sera. In.one serum, which had a 

relatively high level of immunoreactiv1ty, a competition ELISA showed that this single 

epitope was immunodominant. 

The majority of the positive sera were from patients with SLE. However, only a 

limited number of sera were available from patients with other diagnoses, and we cannot 

exclude the possibility th~~ anti~D~~L IV and anti-XRCC4 antibodies may occur in 

association with ·other systemic rheumatic diseases. Although the panel of sera used in the 

present study was sufficient to demonstrate the ·existence of this new autoantibody 

system, sera from ~ larger and more defined population will be needed to determine the 

association of these autoantibodies with specific d,isease states. 
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The present findings increase to five the number of polypeptides in the NHEJ 

pathway that have been shown to be targets of autoant~bodies in patients with SLE or 

other systemic rheumatic diseases. These include the two subunits of Ku and the 

catalytic subunit of DNA-PK, as well as the DNL IV and XRCC4 characterized in the 

present study. These findings raise an obvious-question whether e~posure to radiation or 

other agents that induce DNA double strand bre·aks inay influence the development of an 

autoimmune response in susceptible individuals. Previous studies in animals and humans 

have suggested that radiation exposure can be correlated with the production of 

autoantibodies or the manifestation of autoimmune disease (Balsalobre 1991; Sakaguchi 

et al. 1994; Kasatkina e.t al. 1997; Pacini et al. ·1998; Vermiglio et al. 1999). More 
. . : . ' . . 

specific measurements of autoantibodies t~ NHEJ protei~s in exposed populations may 

_help· clarify whether radiation contributes to autoantibody production in this context. 

NHEJ proteins are latent in the normal cell and form complexes with damaged 

DNA fragments in the context of geriotoxic injury and cell death. In some cases, 

exposure to double-strand break-inducing agents also. involves introduction of specific 

post-translational modifications, including phosphorylation and protease cleavage. In the 

present study, we used a combination of biochemical approaches to map the sites of two 

of these modifications, a Caspase 3 cleavage site and a DNA-PKcs phosphorylation site, 

with greater precision than had been previously reported (Leber et al. 1998; Modesti et al. . 

1999; Matsumoto et al. 2000). We also mapped a novel Granzyme B site of as yet 

unknown significance. All of these sites fall within or near the short linear epitope 

recognized by three of the autoimmune sera. This remarkable juxtaposition provides 

further support for the idea that conversion from latent to acdve form, or the introduction 



of radiation-induced posttranslational modifications, is connected with initiation of the 

autoimmune response. 

Although many autoantigens are susceptible to cleavage.with Caspase 3, 
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Granzyme B, or both, the present results provide one of the few examples of an 

autoimmune epitope that has been mapped with sufficient precision to show that it lies in 

immediate physical proximity to the protease c~eavage sites. It will be of interest to learn 

whether close physical proximity of autoimmune epitopes and protease cleavage sites is a 

general feature in other autoantigen systems. Closely spaced Caspase 3 and Granzyme B 

sites 'occur in DNA-PKcs (Casciola-Rosen et al. 1999), but their relationship to the 

autoimmune epitopes is unknown. In another DNA repair protein, poly(ADP-ribose) 

polymerase, autoantibodies were shown to recognize conformational epitopes in the two 

zinc finger motifs, one of which lies only IO residues upstream from the major Caspase 

site . Thus, poly(ADP-ribose) polymerase may afford another example of an epitope that 

maps immediately adjacent to a site of proteolytic cleavage. 

One of the interesting characteristics of the autoantisera in the present study is that, 

although strongly reactive in the initial screening assays, interaction with the DNL 

IV /XRCC4 complex in solution was relatively inefficient. Only weak immunoreactivity 

was seen in immunoprecipitation assays, and in preliminary experiments, antisera failed 

to give functional inhibition in cell-free end-joining assays (data not shown). Preliminary 

attempts to increase the immunoprecipitation efficiency by digestion of the complex with 

Caspase 3, by in vitro phosphorylation, or by incubation with Ku, DNA-PKcs, and DNA 

did not result in persuasive differences. It is thus possible that there are additional, 

unknown modifications, or conformational changes that accompany the assembly of a 
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functional repair complex in vivo, that enhance accessibility of the epitope in the native 

protein. 



Figure 1. Mapping of a major linear epitope in XRCC4. A. Purified DNL 

IV /XRCC4 protein ·was incubated in vitro with 20 units of Caspase 3 or 7 units of 

Granzyme B under the conditions described in Materials and Methods. Products were 

resolved by 12% SDS-PAGE. Products were visualized by staining with Coomassie blue 

or by immunob~otting with serum M124 at 1: 1000 dilution, as _indicated. Filled arrows 

denote the position of uncleaved DNL IV and XRCC4. Open arrows indicate positions 

of Caspase 3 and Granzyme B cleavage fragments. Asterisk denotes Granzyme B. B. 

Immuno~lotting ofrecombinant XRCC4 fragments with serum J\4124 as in Panel A. 

Recombinant proteins were expressed and purified as described in Materials and 

Methods. Equal amounts of protein were loade~ ih each lane, as verified in a Coomassi~ 

blue-stained gel run in parallel (not shown) C. Immunoblotting of the indicated proteins 

was performed using autoimmune serum M124_. Equal amounts of protein were loaded in 

each lane. Background in region of-lanes 2-4-'Yas not seen in other experiments and does 

not correspond to position of protein bands in these lanes. D. Peptide ELISA using 

serum M124 or normal human serum (NHS) at the indicated dilutions. ELISA was 

performed using biotinylated peptides in Neutravidin-coated microwells as described in 

Materials and Methods. Error bars denote the range of duplicate measurements. · Error 

bars are not shown when this range was smaller than the symbol. E. Summary diagram 

showing position of Caspase 3 and Granzyme B cleavage site and the relative positions of 

the four peptides used for ELISA. Amino aGid sequences shown denote residues 

identified by N-terminal sequencing of cleavage products. 
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Figure 2. Screening of additional sera by peptide ELISA. A. Serum Ml 09 were 

diluted over a range 1 :200 to 1 :800 and tested by ELISA using biotinylated peptides, as 

described in Materials and Methods. Peptides are the same as in Fig. 1. Error bars 

deri.ote the range of duplicate measurements. B. Twelve additional sera were screened for 

immunoreactivity with peptide 4. Serum M124 was included as a positive control, and 

normal human serum (NHS) as a negative control. C. Immunoblotting of the indicated 

protiens was performed using serum M109. Equal amounts of protein were loaded in 

each lane. 
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Figure 3. Competitive ELISA. DNL IV /XRCC4 complex was adsorbed to 

microwells and ELISA was performed using a 1:200 dilution of sera M124 and normal 

human serum (NHS) and a 1: 100 dilµtion of sera Ml 09 and Ml 62. The indicated 

amounts of peptide were included during the incubation with primary antibody. Peptides 

are numbered as in Fig. 2. No streptavidin was present, so that competitor peptide 

remained in the solution phase. Error bars denote the range of duplicate measurements. 
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bottom, normalized to undigested GST-X4(251-334). NIA, not applicable. F. Summary 

diagram showing relative position of N-X4 and C-X4 sites. Sequence of relevant portion 

of peptide 4 is shown. Asterisks denote potential -phosphoacceptor residues in region 

between Granzyme B site (residue 255) and Caspase 3 site (residue 265), with site _of 

actual phosphorylation at residue 260 noted. 
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Figure 5. ELISA using"peptides with substitutions in epitope region. A, B. 

Peptide ELISA was performed as in Fig. 1 using biotinylated peptides containing the 

indicated substitutions. ELISA was performed with serum M124, Ml 09, and normal 

human serum (NHS) as indicated. Error bars denote range of duplicate measurements. 
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CHAPTER III 

INTRODUCTION 

DNA double-strand breaks (DSBs) are the most lethal form of DNA ·damage. 

DSBs can be generated by various-environmental factors~ including-ionizing irradiation 

and radiomimetic drugs (Morgan et al. 1996; Jackson and Loeb 2001). DSBs are also 

produced by physiological processes such as V(D)J recombination. The same DSB 

repair proteins participate in boththe repair ofradiation~induced DNA damage and V(D)J 

recombination (Gellert 2002). Therefore, humans or mice with genes encoding defective 

DSB repair proteins show both radiosensitivity and immunodeficiency (Nussenzweig et 

al. 1996; Gu et al. 1~97; Nussenzweig et al. 1997; Barnes et aL 1998; Frank et al. 1998; 

Gao et al. 1998; Gao et al. 1998). DSB repair has an important role in _maintaining 

genome stability (Difilippantonio et al. 2000; Lim et al. 2000). DNA repair proteins are 

known to interact with the p53 tumor suppressor to maintain genome stability (Gao et al. 

2000). Genomic instability is a hallmark of cancer. Its features include chromosomal 

translocation and gene amplification. These are often observed in cells from mice 

lacking DNA repair proteins (Morgan et al. 1996; Difilippantonio et al. 2000; Gao et al. 

2000; Khanna and Jackson 2001). 

Despite the importance ofDSB repair, it has not been as well studied as DNA 

damage sensing and its downstream gene regulation which is mediated by A TM ( ataxia 
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telangiectasia mutated) or ATR (ataxia telangi~ctasia and rad3-related) (Savitsky et al. 

1995; Savitsky et al. 1995; Abraham 2001; Khanna et al. 2001). A-T (ataxia 

telangiectasia) patients have a defective ATM gene and have clinical symptoms that 

include radiosensitivity and neurodegeneration (Gotoff et al. 1967; Morgan et al. 1968; 

Taylor et al. 1975). ATM proteins play a key role in sensing DNA lesions and regulating 

downstream cell cycle checkpoint pathways (Kastan et al. 1992; Morgan and Kastan 

1997; Canman et al. 1998; Matsuoka"et al. 1998; Matsuoka et al. 2000). DNA-PKcs, 

ATM and ATR are all in the PB Kinase family (Hartley et al. 1995). 

DNA-PKcs was initially identified as a protein kinase that phosphorylates many 

nuclear pro_teins in· vitro, including the {~TD (C-termirial domain) of RNA -polymerase II. 

I~ forms a complex with the Ku70/80 h~terodimer. Its kinase activity is dependent on the 

presence of DNA (Ohtsuki et al. 1980; Walker et al. 1985; Lees-Iyliller et al. 1990; Dvir 

et al. f992; Dvir et al. 1993; Gottlieb and Jackson 199_3). Mice lacking DNA-PKcs 

showed radiosensitivity and immunodeficiency (Biedermann et al. 1991; Kirchgessner et 

al. 1995; Wiler et al. 1995; Shin et al. 1997; Kurimasa et al. 1999). DNA-PKcs bearing a 

point mutation in the kinase active domain cannot rescue the radiosensitive phenotype of 

a DNA-PKcs defective cell line. Wild type DNA-PKcs can rescue.the phenotype under 

the same conditions. PB Kinase inhibitors can block in vitro DSB repair efficiently 

(Kurimasa et al. 1999). Together, these data suggest that the kinase activity of DNA

PKcs plays an essential role in DSB repair. 

The critical in vivo substrates ofDNA-PKcs in the DSB repair pathway are not 

yet known. DNA-PKcs will phosphorylate many proteins in vitro, including p53, the 

CTD CC-terminal domain) of RNA polymerase, Ku heterodimer, and XRCC4 (Anderson 
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1993; Smith and Jackson 1999). DNA-PKcs is also known to be autophosphorylated. 

Autophosphorylation causes dissociation from DNA and the Ku heterodimer complex, 

thus leading· ~o los·s of kinase activity (Lees-Miller et al. 1990; Chan and Lees-Miller 

1996; Merkle et al. 2002). A rece_nt report shows that autophosphorylation at threonine 

2609 occurs in vivo in response to ionizing radiation. DNA-PKcs deficient cells 

transfected with mutant DNA-PKcs containing a threonine to alanine substitution at 

position 2609 are more radiosensitive than wild type-transfected.cells (Chan et al. 2002; 

Douglas et al. 2002). However, it is as yet unclear how phosphorylation ofDNA-PKcs. 

determines progression of the DSB repair. 

In DSB repair, the final step is performed by a complex of DNA Ligase IV and 

XRCC4 (the DNL IV /XRCC4 complex). DNA ligase IV and XRCC4 form a stable 

heterotetramer (Lee et al. 2000). The function of the XRCC4 component.of the complex 

is not clear yet, but it is known that XRCC4 enhances adenylation activity of DNA ligase 

IV and stabilizes the complex. In DSB repair, the DNA-PK complex recruits the DNL 

IV /XRCC4 heterotetramer to the DNA end (Chen et al. 2000; Nick McElhinny et al. 

2000). · Like DNA-PKcs itself, XRCC4 is phosphorylated by DNA..:PKcs after exposure 

to ionizing irradiation in vivo (Matsumoto et al. 2000) .. This suggests that 

phosphorylation might be required for XRCC4 activity. Surprisingly, a mutant of 

XRCC4, with a deletion of the domain containing the DNA-Pkcs phosphorylatio~ sites, 

can rescue phenotypic defects of XRCC4-deficient cells as efficiently as wild type 

XRCC4 (Leber et al. 1998; Modesti et al. 1999)._ However, this experiment does not rule 

out a physiological role for XRCC4 phosphorylation. For example, the C-terminal region 

could have an autoinhibitory function that is relieved by phosphorylation. In this case, 
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deletion of the entire domain would produce a protein that i~ as active, or more active, 

. than wild type, wherease point mutations in the phosphoacceptor residues would lead to 

loss of funtion. Alternatively, XRCC4 phosphorylation might be required for a radiation

signaling pathway that is not required for survival in CHO cells. Therefore, these studies· 
. . 

are not conclusive regarding the physiological role ofXRCC4 phosphorylation by DNA-

PKcs in DSB repair. 

The crystal structure of_XRCC4_reveals that XRCC4 has a globular N-terminal 

domain and a continuing a-helical rod-like structure that contains both a dimerization 

domain and a DNA Ligase IV interaction domain. Unfortunately, the C-terminal domain 

including the putative phosphorylation sites (amino acids 204 to 334) was not present in 

the structure (Junop et al. 2000). 

Previously, we have reported that there are at least two in vitro phosphorylation 

sites for DNA-PKcs in XRCC4 (Lee et al. 2002). The major phosphorylation site (C-X4) 

is located C-terminal to a unique Caspase 3 cleavage site at residue 265/266. A more 

minor site (N-X4) is N-terminal to the Caspase site. We identified N-X4 site as amino 

acid 260 (Chapter II). This minor phosphorylation site coincides with the epitope 

recognized by human autoantibodies to XRCC4. Interestingly, we also found that 

efficient phosphorylation at the C-X4 site depends on sequences to N-terminal to the 

Caspase cleavage site. Once the C-terniin~l Caspase fragment of XRCC4 is detached 

from N-terminal fragment, it is .no longer phosphorylate4 efficiently by DNA-PKcs. 

In order to investigate the possible regulatory role of X~.C~4 phosphorylation, we 

need to identify the C-X4 phosphorylation site and make recombinant DNLIV/XRCC4 

complexes c~mta}ning mutations at this phosphorylation site. Using the mutant 
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DNLIV /XRCC4 complex, we can perform reconstituted in vitro DNA end-joining assay 

with other repair proteins, which are supplied as purified proteins, or from a fractionated 

or whole nuclear extract. Our study using reconstituted the in vitro- DNA end-joining 

system will help to clarify the biochemistry of the regulatory mechanism by which DNA

PKcs kinase activity regulates the end-joining reaction. 



MATERIALS AND METHODS 

Construction of GST fusion XRCC4 mutant 

To generate Glutathione-S-transferase (OST) fusion proteins containing XRCC4 

sequences from residue 251 to residues 296, 310, 320, and 323, separate PCR reaction 

were performed with a common 5' primer, 

d(TAGGATCCACCCATATGGTAAGTAAGATGATTCCA)·, and the following 3' 

primers: d(ATAGTCGACTTACTTTTCTTGAAGCTGATTCT), -

d(ATAGTCGACTTACTCCTTTTTAGACGTCTCA), · 

d(ATAGTCGACTTATTCTAAAGACATGTTTTCA), 

d(ATAGTCGACTTATCTCAGAGT TTCTAAAGACA). PCR products were cloned 

into the PCR cloning vector, pCR2.1-TOPO (Invitrogen, Carlsbad, CA). -PCR products 

were digested with BamH I and EcoR I, or _BamH I and Sal I, and transfer into 

corresponding sites· iij glutathione-S-transferase fusion protein expression vector, 

pGEX2T or pGEX4T respectively (Amersham Pharmacia Biotech, Piscataway, NJ). The· 

resulting plasmids were introduced int9 E.. coli strain ToplO (Invitrogen) for expression. 

To generate the XRCC4 S260D, S318A and S318D point mutants by using GST

X4 (251-334) as a template, PCR reactions were performed with complementary primers: 

d(GATGATTCCATTATTTCAGATCTTGATGTCACTGAT) and 

d(ATCAGTGACATCAAGATCTGAAA T AA TGGAA TCATC) for S260D. 

d(CTCAG~TGAAAACATGGCTTTAGAA ACTCTGAGAAAC) and 

81 



82 

d(TCTCAGAGTTTCT AAAGCCATGTTTTCAGCTGAGATG) for 8318A. 

d(TCAGCTGAAAACATGGATTTAGAAACTCTGAGAAAC), and 

d(TCTCAGAGTTTC TAAATCCATGTTTTCAGCTGAGATG) for 8318D. These 

mutagenic primers were used to generate the desired mutations at each amino acid. After 

·limited PCR (13 cycles), products were digested with Dpn I to eliminate dam methylated 

parental template. The mutated plasmids were transformed into the Topl0 bacterial 

strain. 

In order to generate full-length mutant XRCC4 containing point mutations at 

serine 260, PCR was performed with a pCITE HA-XRCC4 as a template~ The same 

mutagenic primers, which were used for constructing GST fusion XRCC4 point 

mutations 8260A, 8260D, were used for generating full-length mutant XRCC4. To 

·· introduce 8318A or S318D mutation-in full length XRCC4, pGEX-4T XRCC4 (8318A) 

or (8318D) were digested with Bsu36 I and Not I, and the mutated gene fragments were 

cloned into the corresponding sites in pCITE HA-XRCC4 to replace wild type sequences. 

Expression and purification of GST fusion XRCC4 mutant from bacteria 

GST fusion proteins were purified_ by described before (Lee et al. 2002). In brief, 

cultures of pacteria containing the _GST expression plasmids were induced with 1 mM of 

isopropyl-~-D-thiogalactopyranoside and further incubated for 6 hr. Cells were collected 

and resuspended in lysis buffer containing 50 mM Tris-HCl pH7.9, 12.5 ~M MgCh, 1 

mM EDTA, 100 mM KCl, 20 _ µg/ml PMSF, 1 µg/ml Pepstatin A, 1 µg/ml leupeptin, 1 

µg/ml soybean trypsin inhibitor, and 15 mM ~-mercaptoethanol. After incubation on ice 

for 30 min, Triton X-100 was added.to a final concentration of 1 % and incubation was 
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continued for 1 0 min. The mixture was sonicated, then centrifuged for 15 min at 6500g. 

The supernatants were mixed with 100 µ1 of glutathione-agarose (1: 1 slurry in lysis 

buffer containing 1 % Triton X-°I00) (Sigma-Aldrich, St. Louis, MO) and the mixture was 

incubated at 4 °C overnight. Beads were collected and subjected to three cycles of 

washing alternately with wash buffer 1 (50 mM Tris-HCl, pH 7.9, 1 M NaCl, 15 mM ~

mercaptoethanol, and protease inhibitors) and wash buffer 2 (137 mM NaCl, 2.7 mM 

KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 1 % Triton X-100, 15 mM ~-mercaptoethanol, 

and protease inhibitors). The GST-X4 fusion proteins were eluted with lysis buffer 

containing 15 mM glutathione. 

Preparation of recombinant baculovirus encoding mutant XRCC4 and 

purification of mutant DNL IV~CC4 complex. 

Construction of baculovirus transfer vectors containing full-length XRCC4 was 

performed as described before (Lee et aL 2000). To generate viral stocks, transfer 

vectors encoding DNL IV and XRCC4 were transfected, together with linearized AcNPV 

baculovirus· DNA (Pharminge_n, San Diego, CA), into Sj9 insect cells us1ng a liposome

mediated method (CELLFECTIN, Life Technologies, Grand Island,. NY). Recombinant 

baculovirus stocks were amplified separately to a titer of at least 5 X 107 pfu/ml. Protein 

expression was confirmed by immunoblotting·m;ing anti-histidine antibody (mAb Tetra

His, Qiagen, Valencia, CA) and anti-HA antibody (mAb 12CA5, Roche, Indianapolis, 

IN). 

Purification of recombinant DNL IV and XRCC4 complex was performed as 

described (Lee et al. 2000). Purified recombinant DNL IV /XRCC4 complex was 



dialyzed against DB 0.1 buffer containing 0.1 M KOAc, 20 mM Tris-HCl pH 7.9, 0.5 

mM EDT A, 1 mM DTT, 20% glycerol and protease inhibitors. 

Imm.unoblotting 
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For immunoblotting, proteins were subjected to SDS-PAGE and transferred by 

electroblotting to a nitrocellulose membrane. After blocking with 3% BSA in TBS/T 

(Tris-buffered saline cont~ining 0.05% Tween 20) buffer,'the membrane was incubated 

with polyclonal antibody against DNA ligase I\: and XRCC4 at 1: 1000 dilution. 

· Polyclonal antibody was generated against purified DNLIV /XRCC4 complex by 

BioSynthesis Inc. Lewisville, TX. The membrane was washed with TBS/T, incubated 

with alkaline phosphatase-conjugated secondary Ab, and developed using nitroblue 

tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich, St. Louse, MI). 

In vitro Phosphorylation Assay 

In vitro phosphorylation assays were performed as de~cribed with some 

modifications (Dvir et al. 1993). In vitro phosphorylation reactions contained 25 mM 

Tris-HCl, pH 7.9, 25 mM MgCh, 1.5 mM DTT, 50 mM KCl, 10% glycerol, 20 nM 

pGEM 3Z plasmid digested with BamHI, 0.16 µM [y-32P] ATP (6000 Ci/mmol), 8 nM 

DNA-PKcs, 20 nM Ku, and recombinant DNL IV /XRCC4 complex or GST fusion 

XRCC4 proteins as indicated in the Figure Legends. The final volume was 10 µl. 

Reactions were incubated for 30 mi°: at 30 °C. Protein phosphorylation reactions were 

terminated by addition of SDS-PAGE sample buffer. Products were analy'zed by 12% 
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SDS-P AGE and detected by Phosphorlmager analysis. · Relative incorporation of 
. . . . 

radiolabel was measured by Phosphorlmager. 

In vitro Caspase 3 cleavage assay· 

Recombinant DNL IV /XRCC4 complex ( 5 µg) was incubated with 20 units of 

Caspase 3 (Upstate Biotechnology, Lake Placid, NY) in 20 µl ofreaction buffer (50 mM 

PIPES, pH 6.5, 2 mM EDTA, 5 mM DTT) for 1 hr at 37 °C (Takeda et al. 1999). 

Cleaved products were resolved by 12% SDS-PAGE. 

Two-dimensional thin layer chromatography (TLC) assay. 

Two dimensional thin layer chromatography (2D-TLC) was performed by using 

the Hunter thin layer electrophoresis system (HTLR 7000) (C.B.S. scientific company 

inc., Del Mar, CA). In vitro phosphorylated XRCC4 protein was cleaved by Caspase 3 as 

described above. The cleaved XRCC4 protein was subjected to SDS-P AGE and 

transferred to PVDF membrane. After visualizing phosphorylated XRCC4 in 

polyvinylidene difluoride membrane by Phosphorlmager analysis, the desired band was 

excised for acid hydrolysis. The membrane was treated with 200µ1 of 5.7 M·Hcl for one 

hour at 110 °C. The mixture was centrifuged at 22,000g for 5 min and transferred for 

lyophilization on a Speed-Vac (Savant Instruments, Holbrook,_NY). After lyophilization, 

the sample was resuspended in 10 µl of TLC pH 1.9 buffer (2.5% formic acid and 7 .8% 

glacial acetic acid). Samples were mixed with loading dye containing a standard 

phoshoramino acid mixture (1.0 mg/ml each of phosphoserine, phosphothreonine, and 
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phosphotyrosine) and spotted onto a prewetted TLC plate (E.M. science, Gibbstown, NJ) 

on Hunter-TLC apparatus. Electrophoresis was run at 1.5 kV for 20 min. The TLC plate 

was dried completely after finishing the first dimension chromatography. The TLC plate 

was prewetted again with TLC buffer pH. 3.8 (0.5% pyridine and 5.0% glacial a~etic 

acid) and replaced on the apparatus with 90° rotation. The second dimension 

electrophoresis was run at 1.3 kV for 16 min. After finishing the run, the TLC plate was 

removed from the apparatus and dried. To detect the amino acid markers, a 0 .2 % 

ninhydrin solution in acetic acid was sprayed over the TLC plate, which was incubated at 

60 °C oven until colors developed. Radiolabelled phosphoamino acids on the TLC plate 
. . 

were visualized by· Phosphorlmager analysis. 

Mass spectrometric analysis 

In vitro phosphorylation and in vitro Caspase 3 cleavage ofXRCC4 were 

performed as described in before. Phosphorylated and Caspase 3 cleaved DNL 

IV/XRCC4 was subjected to be separated with 12% SDS-PAGE. The cleaved C-tenninal 

XRCC4 fragment was visualized by Coomassie staining. Non-phosphorylated and 

phosphorylated XRCC4 samples were ·sent for mass spectrometric analysis to Proteomics 

and Mass spectrometry core facility at Medical _College of Georgia. Trypsin digested 

peptides were analyzed by using MALDI on a QST AR Pulsar I (ABS). 
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· DNA end-joining assay. 

DNA end-joining assays were performed as described (Lee et al. 2000; Huang 

and Dynan 2002). DNA substrate was prepared by digestion of pGEM 3zf( + )(Promega, 

Madison, WI) withBamHI restriction enzyme and labeled.withT4 polynucleotide kinase 

and [Y -32P]ATP. End-joining assays were performed in a 10 µl of reaction mixture 

containing 50 mM triethanolamine, pH 7.5, 10 mM Tris-HCl, pH 7.9, 65 mM KOAc, 

0.25 mM EDTA, 0.5 mM DTT, 10% glycerol, 1.0 mM Mg(OAc)2, 100 ng/µl bovine 

serum albumin, 1 mM ATP. The reaction mixture and purified proteins were incubated 

for 10 min at 37 °C and continued to incubate for 30 min after adding 0.25 ng/µl 

substrate DNA. Reactions were terminated by addition of 4 µl of 1 % SDS, 30% glycerol, 

0.1 o/o bromphenol blue, 0.1 % xylene cyanol. Reaction mixtures were _incubated for 15 

min at 70 °C and subjected to electrophoresis on a 0.6% agarose gel. Radiolabeled DNA 

was visualized by Phosphorlmager analysis. 



RESULTS 

Sequences betw_een amino acid 310-320 are required for utiliation of the C-X4 

phosphorylation site. 

Previous studies showed that there are at least two phosphorylation sites in the C

tenninal region of XRCC4 (Modesti et al. 1999; Lee et al. 2002). We have previously 

mapped one of these (N-X4) sites to serine 260. The other (C-X4) maps C-terminal to 

the Caspase 3 site at residues 265/266. To identify the C-X4 site (or sites),.we 
" 

constructed GST-XRCC4 (GST-X4) fusion proteins containing v~iable amount of 

XRCC4 sequences (Fig. lA). These GST-X4 proteins were expressed in bacteria and 

purified using glutathione-agarose beads as described in Materials and Methods. Purified 

GST-X4 proteins were phosphorylated by DNA-PKc~ in vitro, resolved in SDS-P}\GE 

and visualized by Coomassie staining (Fig. lA) and Phosphorlmager analysis (Fig. lB). 

As expected GST-X4 (251-334), which contains both the N-X4 sites, was phosphorylated 

well and serves as a positive control. GST-X4 (266-334), which lacks the N-X4 site as 

well as N-terminal sequences required ~or C-X4 utilization, was poorly phosphorylated 

and serves as a negative control. GST-X4 (251-320) and GST-X4 (251-323) showed 

similar level of phosphorylation as GST-X4 (251-334), but two shorter derivatives, GST

X4 (251-296) and GST-X4 (251-310) showed greatly reduced phosphorylation. The loss 

of phosphorylation in these mutants shows that sequences between 310 and 320 are 
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required for efficient utilization of the C-X4-site and suggests that the actual 

_phosphoacceptor residue may reside in this region. 
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DNA-PKcs is a serine/threonine kinase. The sequence between 310-320 contains

two serine residues and no threonine residues. There are, however, several threonine 

residues in the immediate flanking regions (Thr 306 and Thr 321). In order to narrow 

"' down the candidate phosphorylation sites, we performed in vitro phosphorylation using 

the native DNL IV/XRCC4 complex, GST-X4 (251-334), and a GST-X4 (S318A) 

mutant. Phosphosphorylated products were cleaved by Caspase 3, subjected to SDS-

p AGE, and transferred to a polyvinylidene difluoride membrane. Products were excised 

from polyvinylidene difluoride membrane, subjected to acid hydrolysis, and analyzed by 

thin layer chromatography (Fig. 2). Most of the phosphorylation was detected in serine 

residues in all three proteins. Minimal phosphorylation was detected in threonine 

residues. There was no detectable phosphorylation on tyrosine (Fig. 2 A, B). The results 

are consistent with utilization of one or both serine residues in the 310-320 region. 

Serine 318 is one of the C-terminal phosphorylation sites. 

To determine the·phosphorylation site/sat C-X4, we made serine to alanine 

substitution mutations using GST-X4 (251-334) as a template. Point mutations were 

introduced at both candidate serine phosphorylation sites in the 310-320 region. All 

mutants.were sequenced and verified before use. In vitro phosphorylation assays were 

performed to compare GST-X_4 (251-334), GST-X4 (251-334)(S313A), ~d GST-X4 

(251-334)(S318A). The results show that GST-X4 (251-334)(S318A) had reduced 

phosphorylation compare with GST-X4 (251-334). Caspase 3 cleavage of the 
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phosphorylated GST fusion proteins showed that most of the reduction in 

phosphorylation was ~t the C-X4 site. Phosphoamino acid analysis of mutant protein was 

also consistent with use of the S318 site. Together, the results suggest that S318 is a 

bona fide phosphorylation site, although the presence of some residual phosphorylation in 

the mutant suggest other sites may be used as well. 

To identify these other ~ites, we constructed an S313A point mutant, as well as 

S313A, S318A double mutant. Unexpectedly, these mutants showed even more 

phosphorylation at C-X4 than the wild type GST-X4 (251-334) (Fig. 3C). These results 

suggest that it is unlikely that S313 itself is a phosphoacceptor site.· A poss~ble 

explanation for the unexpected behavior is that introduction of an alanine substitution at 

S313 interferes with protein folding and increase accesibility of nearby sites to the kinase . 

. The serine 318 phospho.cylatioh site was confirmed using mass spectrometry (Fi'g. 

4A). DNL IV /XRCC4 was phosphorylated in vitro by DNA-PKcs, cleaved with Caspase 

3, and subjected to preparative SDS-PAGE. The 266-334 pepti~e containing the C-X4 

site was excised and further digested with trypsin prior to MALDI-TOF analysis. A 

peptide corresponding to the nonphosphory lated 310-3 23 tryptic fragment was detected 

in the nonphosphorylated control sample but greatly reduced in the phosphorylated 

sample ( data not shown). An ion corresponding to the single phosphorylated form of the 

peptide (m/z 1709), detected at low abundance in the phosphorylated sample, was . 

selected and sequenced by collisionally induced dissociation. A series of y ions were 

detected as shown in Fig. 4. They ions series terminates at y5, indicating that the next 

residue (S318) is the likely phosphorylation site. Under optimized conditions, we were 

also able to detect ab ion series through S318, which appeared as a dehydroalanine 
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elimination product. Results are strongly indicative of the presence of phosphoserine at 

residue 318 but do not exclude phosphorylation at other sites. Sequence alignment with 

mouse XRCC4 showed that the 310-323 region is relatively conserved and that both 

S313 and S318 have conterpart in the mouse protein. (Fig. 4B). 

Purification of DNLIVIXRCC4 complex containintsubstitution mutations at 

phosphorylation sites in XRCC4. 

To further investigate the function of phosphorylation in XRCC4, point mutants 

were prepared th_at abolished individual phosphorylation sites (S260A, S3 l 8A) or that 

mimicked the effect of phosphorylation at these sites (8260D, S3 l 8D). These were 

transferred to baculovirus vectors and used to coinfect sj9 insect cells with a vector 

encoding DNL JV. DNLIV /XRCC4 complexes were purified as described in Materials 

and Methods. SDS-PAGE analysis of four of the purified preparation is shown Fig. 5 A. 

With Coomassie staining, DNA Ligase IV and XRCC4 s~owed an approximately 1: 1 

stoichiometry except for S260A, which showed reduced expression of DNL IV. One of 

the mutant DNL IV /XRCC4 complexes, containing the XRCC4 S318D mutation, could 

not be purified. When purifi~ati<?n was attempted, expression of the DNL IV polypeptide 

was markedly substoichiometric and the complex behaved aberrantly during 

chromatography. These characteristics can be seen in Fig SB and SC, which shows an 

immunoblot of the Superdex 200 gel filtration column used in the second step of 

purification. The elution peaks of DNL IV and XRCC4 were slightly offset, and XRCC4 

was present in marked excess, compared with purifed, wild type enzyme ("positive 

control"). The excess XRCC4 eluted at a position much larger than expected for free 
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dimer .. Together, these characteristics suggest th~t mtwh of the mutant XRCC4 protein 

was present in the form of a nonspecific aggregate. It is not clear whether this was due 

simply to the high level of: mutant XRCC4 expression or whether the S318D mutation 

caused misfolding. Because the amount of DNL IV virus used for each coinfection was 

identical, differences in the amount of DNL IV expression must be attributable to the 

XRCC4 component. One prnisible explanation is that the mutation causes XRCC4 to 

mis-fold. Another explanation is that the exceptionally high level of expression of the 

S318D mutant causes problems indirectly. 

In vitro phosphorylation assay with purified recombinant XRCC4 mutant 

complexes. 

To confirm whether the mutations at S260 and S318 affected phosphorylation in 

the context of the native DNL IV /XRCC4 complex, recombinant wild type and mutant 

XRCC4 complexes were used as substrates for in vitro phosphorylation. Results showed 

that the S318A mutation reduced phosphorylation of the C-X4 fragment (Fig. 6). These 

results confirm that serine 318 is required for e_fficient phosphorylation of the C-X4 site 

within the DNL IV /XRCC4 complex and is a likely phosphoacceptor residue. We also 

tested the phosphorylation of the S260A and S260D mutants. In contrast to the results 

obtained with the 8260A mutant in the GST-X4 context, the same mutation in the DNL 

IV /XRCC4 context shows residual phosphorylation at the N-X4 site. However, the 

8260D mutant was not phosphorylated. The interpretation of this result is uncertain; it is 

poss~ble that S260 is a bona fide phosphorylation site but there is compensatory 

phosphorylation at nearby sites (such a~ serine 259) in the 8260A mutant. 
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We detected small effects of the S260 mutation on S318 phosphorylation in the 

DNL IV/XRCC4 complex. Use of the C-X4 site was slightly reduced in the S260A 

mutant (Fig. 6) but the reduction was not nearly as great as when XRCC4 was cleaved by 

Caspase 3 ( chapter II). Interestingly the S260D mutant showed slightly more 

phosphorylation at the C-X4 site than the wild type (Fig. 6). Taking the GST-X4 and 

DNL IV/XRCC4 results togeth~r, the trend is that prevention ofN-X4 phosphorylation 

reduces use of the C-X4 site, whereas phosphorylation at N-X4, or introduction of a 

negative charge or by the S260D mutation, increased use of the C-X4 site. Further study 

will needed to confirm this effect. 

The S260A mutant of XRCC4 shoes reduced DNA end-joining activity. 

To investigate the functional requirement for phosphorylation sites at S260 and 

S318 in DNA end-joining, purified mutant XRCC4 complexes were added to an in vitro 

DNA end-joining assay. It was.interest to identify whether these mutants support DN~ 

end-joining activity. A DSB repair assay was performed with 30 nM of each wild type 

and mutant XRCC4 co~plex. Reactions also contained lymphoblast whole cell extract 

(Fig. 7 A) or HeLa nuclear extract (Fig. 7B). Neither the wild type DNL IV /XRCC4 

complex nor HeLa nuclear extract alone was capable of efficient DNA end joining (Fig. 

7 A, lanes 2, 3), consi~tent with previous results. However, a mixture of the wild type 

DNL IV /XRCC4 and nuclear extract showed a higher level of activity (lane 4). The DNL 

IV /XRCC4 (S260A) complex showed reduced DNA end-joining activity relative to wild 

type. Other mutant DNL IV /XRCC4 complexes showed almost the same DNA end

joining activity as wild type (Fig. 7 A) 
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To.confirm the partial loss of function in the XRCC4 S260A mutant, a series of 

different concentration of each DNL IV /XRCC4 complex were tested in a DNA end

joining assay. Results are shown in Figure 7B. DSB repair activity was significantly 

enhanced as the concentration· of wild type DNL IV /XRCC4 complex was increased in 

the reaction. Like the wild type DNL IV /XRCC4 complex, DNL IV /XRCC4 (S260D) 

and DNL IV /XRCC4 (S3 l 8A) complexes also showed concentration-dependent 

stimulation of ligase activity. However, S260A XRCC4 complex showed less activity 

overall and little concentration dependence comparing to the other proteins. Figure 7B, 

lower panel, shows a quantitation of this result. 

To further investigate the role of protein phosphorylation, the PI3 kinase inhibitor, 

LY294002, was _a_dd,ed to-the reactiqn mi~tures. With.wild-type DNL IV/XRCC4 

complex, DNA end-joiµing was inhibited by about 2-fold. Our expectation is that either 

loss of function or gain of function mutations at phosphorylation sites on XRCC4 may 

make DNA end-joining reaction less sensitive to L Y294002. Consistent with this, the 

S260A and S260D mutant were somewhat less sensitive to L Y294002 (Fig. 7B). The 

result was repeated from another experiment t1sing whole cell extr8:ct from lympoblast, 

which is more sensitive to L Y294002 and results were similar to the results using HeLa 

cells ( data not shown). 

Together, these experiments suggest that S260 phosphorylation may be important 

for DNA end-joining. However the results were not absolute, and should be interpreted 

with caution because the DNL IV /XRCC4 (S260A) preparation contained somewhat 

substoichiometric levels of the DNL IV polypeptide. At the time this thesis was 

submitted, further experiments were planned by others in the Dynan laboratory to test the 
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effect of S260A and S260D mutations on phenotypic re_scue of XRCC4 deficienct cells, 

which may provide a more definitive answer about the role of XRCC4 phosphorylation. 



DISCUSSION 

We have investigated the physiological role. of phosphorylation of XRCC4 by 

DNA-PKcs in DSB repair. Previously, we have identified two spatially separated 

phosphorylation sites in XRCC4. Both are located in the C-tenninal region of the 
. . 

protein, operationally defined as those sequences C-terniinal to the central coiled-coil 

region (approximately amino acid 204-334) (Junop et al. 2000). This C-tenninal region 

of XRCC4 is quite interesting in several respects. First, it contains all of the major 

known DNA-PKcs phosphorylation sites in this protein. Phosphorylation of:XRCC4 

occurs in vivo in response to io!lizing radiation (Matsumoto et al. 2000). Second, the C

tennina region cleaved by Caspase 3 during ~adiation-induced apoptosis. Third,· the 

caspase cleavage greatly reduces in vitro phosphorylation, especially at the C-X4 site. 

Therefore, the continuity of the C-terminal sequences seems to be important for DNA

PKcs recognition. Further, the C-terminal region contains a major human autoimmune 

epitope as shown in Chapter II. Autoimmune epitopes often coincide with enzyme active 

sites or other functionally important regions. Despite the potential importance of the C

tenninal region ofXRCC4, two previous studies reported that the C-tenninal domain is 

not essential for rescue of DSB repair or V (D)J recombination deficiency in XRCC4-

deficient cell lines (Mizuta et al. 1997; Leber et al. 1998; Modesti et al. 1999). Thus, the 

physiological role of phosphorylation ofXRCC4 in response to DNA damage remains 

controversial. In an attempt to address this questi~n, we mapped several phosphorylation 
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sites in XRCC4, mutated them and purified mutant DNL IV /XRCC4 complexes 

containing the mutations. We tested these in a functional assay to determine if the 

mutation affected end~joining activity. 
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Previously, we mapped S260 as the N-X4 phosphorylation site (chapter II) (Lee et 

al. 2002). In this study, we found that S3.18 accounts for at least one of the C-X4 

phosphorylation sites. It appe~rs that there may al.s~- be some phosphorylation at nearby 

sequences, although these could not be mapped precisely and .it is unclear exactly how 

many sites are present. Neither theN-X4 site nor the C-X4 region contains a match to 

the DNA-PKcs consensus phosphorylation motif (SQ/TQ), which is found in some but 

not all substrates (Smith and Jackson1999) .. Intere.stingly, DNA~PKcs also 

phosphorylates Ku protein at non-SQ/TQ sites, which are located at sites in the N and C 

terminal domain that are not directly involved in DNA interaction (Chan et al. 1999; 

Walker et al. 2001). It is perhaps significant that both Ku and XRCC4 are 

phosphorylated at sites that are not involved in core biochemical functions of the 

respective proteins. Perhaps all of these sites serve regulatory functions. ~ 

In phosphorylation assays using DNL IV /XRCC4 complexes purified from Sj9 

cells, we found that the S260A mutation did not affect in vitro phosphorylation as much 

as predicted based on peptide and GST fusion protein studies. S260D mutations 

abolished phosphorylation at the same site. One hypothesis is that alt~ough serine 260 is 

the true phosphorylation site in wild type protein, DNA-PKcs phosphorylates other 

nearby residues in the absence of a suitable phosphoacceptor residue at S260. S260 

contain many serine and threonine residues that could serve as alternative · 

phosphorylation sites. Interestingly, sequences flanking S260 in XRCC4 (DSIIS_$260L) 
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have significant similarity to Ku80 sequences containing phosphorylation site S578 and 

S580 (S.578VS.S.580L, phosphorylated amino acids are underlined). We have observed that 

DNA-PKcs phosphorylates XRCC4 in the form of a complex DNA ligase IV complex 

much more efficiently than GST fusion XRCC4 alone ( data not shown). This implies 

that interaction with DNA ligase IV may enhance phosphorylation efficiency ofXRCC4 

by DNA-PKcs. Taken together, we suggest that DNA-PKcs phosphorylates non-SQ/TQ 

motif in XRCC4 based not only primary sequences but also on the higher order structure 

ofXRCC4. 

This is considerable evidence that sequences N-terminal to the Caspase 3 

cleavage site might control phosphorylation at the C-X4 site·. We showed initially that 

caspase cleavage greatly reduced use of the C-X4 site. In part, this may reflect sequential 

phosphorylation at the N-X4 and C-X4 sites. Consistent with this, phosphorylation of the 

C-X4 site was greater in the 8260D mutant (which mimics phosphorylation) than in the 

8260A mutant in both the DNL IV/XRCC4 and GST-X4 context. Taken together with 

data showing loss of phosphorylation in the Caspase 3 cleaved C-X4 fragment, we can 

make a hypothesis that phosphorylation a~ the N-X4 controls phosphorylation at the C-X4 

site. This hypothesis predicts that the phosphoacceptor re_sidue at the N-X4 site may be 

the-mostimportant for function, because it controls not only phosphorylation at the N-X4 

site, but partially controls phosphoryla#on at the C-X4 site as well. 

The major goal of our study is to find out the role ofXRCC4 in regulating DSB 

repair. Therefore, we need to ·have a DNE IV /XRCC4 complex, which contains 

mutations at phosphorylation sites to perform functional assays. We purified mutant 

DNL IV /XRCC4 complexes containing 8260A, 8260D, and 8318A mutations. While 
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attempting to make mutant XRCC4 complex proteins, we failed to purify S318D XRCC4 

complex due to a failure to form a correct complex with DNL IV. The Superdex 200 

profile suggests that the XRCC4 is aggregated, and although some DNL IV is present, it 

is unclear if it is bound in a specific complex or trapped in the XRCC4 aggregate. It will 

be of interest to investigate whether this phenomenon is simply an artifact of the 

expression difference or if it reflects a physiological significant conformational change in 

XRCC4, induced by the presence of a residue at position 318 that mimics the 

phosphorylated form. 

The results of DNA end-joining activity assays showed that the XRCC4 (S260A) 

mutant had reduced DNA end-joining activity. However, the S260D mutant, which 

mimics phosphorylation showed normal end-joining activity. Both the S260A and the 

S260D mutant were somewhat less sensitive to L Y294002 inhibitor than the wild type. 

These results suggest that the S260 phosphorylation may be important for f\mction, 

although they are not fully conclusive because the effect was not absolute and because 

DNL IV was substoichiometric in the S260A mutant complex. Another difficulty in 

interpreting the r~sult is that th~ S260A mutant shows considerable residual 

phosphorylation at the N-X4 site. Phosphorylation at rearby residues may mimic the 

effect of phosphorylation at S260. 

We expected that either serine to alanine or aspartic acid would make the DNA 

end-joining systen:i insensitive to the PB Kinase inhibitor, L Y294002, by eliminating 

phosphorylation by DNA-PKcs. Contrary to our expectation, all ofXRCC4 mutant 

complexes showed some PB kinase inhibitor sensitivity. However, sensitivity of the 

S260A and S260D mutants was somewhat reduced. This result, although not fully 
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conclusive, warrants further investigation. Another possible explanation for the 

'incomplete effect on LY294002 sensitivity is that there are multiple targets ofDNA-PKcs, 

in the DSB repair system . Therefore, the effects of the PB kinase inhibitor are not fully 

eliminated by mutation of phosphoracceptor residues in any single target protein (Chan et 

al. 2002). 

Because biochemical studies have not been fully conclusive about the biological 

significance ofXRCC4 phosphorylation.by DNA-PKcs, we need to perform genetic 

studies by transfecting mutant XRCC4 cDNAs, which contain substitution mutations at 

phosphorylation sites, into an XRCC4 defective cell line, such as the XR-1, CHO cell 

line. We can test whether these mutants XRCC4 can rescue the XRCC4 defective cells 

or not. 



Figure 1. Construction and in vitro phosphorylation of series ofGSTfusion 

XRCC4 fusion proteins. A. Schematic diagram of GST-XRCC4 C-terminal deletion 

mutants. B. Coomassie staining of purified GST- XRCC4 C-terminal de~etion mutants. 

Purified GST fusion deletion mutants were resolved in 12% SDS-PAGE and stained with 

0.1 % Coomassie brilliant b_lue. C. In vitro phosphorylation of GST-XRCC4 C-terminal 

deletion mutants. Equal amounts of GST-XRCC4 proteins were phosphorylated in vitro 

by DNA-PKcs and subjected to 12% SDS-PAGE. Phosphorylated proteins were 

visualized by Phosphorlmager analysis. 
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Figure 2. Two-dimensional thin layer chromatography analysis of XRCC4 

phosphopeptides. C-terminal phosphorylated fragments generated by Caspase 3 

cleavage, were acid hydro~yzed and separated by thin layer chromatography as described 

in Materials and Methods. A. Analysis of C-terminal fragment ofXRCC4 derived from 

native DNLIV /XRCC4 ·complex. Pho'sphorylated amino acid was detected by 

Phosphorlmager. Dotted circles indicate control phosphoamino acid markers, which 

were developed using a 2% ninhydrin solution. B. Analysis using Caspase 3 cleaved C

terminal fragments from GST-X4 (251-334). C. Analysis by using Caspase 3 cleaved C

terminal fragment from GST-X4 (251-334)(S318A). 
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Figure 3. In vitro phosphorylation assay with GST-XRCC4 fusion protein. 

Purified GSTfusion XRCC4 proteins from amino acid 251 to 334, containing the 

indicated mutations at potential phosphorylation sites, were analyzed by in vitro 

phosphorylation with DNA-PKcs as described in Materials and Methods. A.· 

Phosphorylation of GST-X4 (251-334) and GST-X4 (25 l-334)(S318A). Serial dilutions 

of each protein were made to give final concentration in the 0.1 to 3 µM range. The 

approximate concentration of each protein is indicated in the figure. Phosphory lated 

products were subjected to 12% SDS-PAGE and visualized by Phosphorlmager analysis. 

The same gel as used for Phosphorlmager analysis was stained with 0.1 % Coomassie 

brilliant blue, lower panel. B. Phosphorylated products from the in same reac~ion 

mixtures as in panel B were further cleaved with Caspase 3 to allow separate analysis of 

N-X4 and C-X4 sites. GST-XRCC4 designates residual uncleaved GST-X4 fusion 

protein, N-X4 and C-X4 denote fragment derived from sequences N-terminal or C-

. terminal to the Caspase 3 cleavage site, respectively. C. Phosphorylation of GST-X4 

(251-334)(S313A, S318A) double mutant. 
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Figure 4. Mass spectrometry analysis of in vitro phosphorylated XRCC4. A. In vitro 

phosphorylated C-X4 fragment was isolated, by preperative SDS-PAGE and analyzed by 

mass spectrometry as described in the text. An ion of m/z 1709 representing the single 

phosphorylated 310-323 tryptic fragment was sequenced by collisionally induced 

dissociation to give the indicated y ion series. B. Alignment of human and mouse 

XRCC4 sequences showing conservation in region of S318. Mass spectrometry was 

performed by Mr. Marko Jovanovic in the MCG mass spectrometry core laboratory, 

using samples prepared by the candidate. 
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Figure 5. Purification of DNL IVIXRCC4 mutant complexes.. A. Coomassie blue 

staining of purified DNL IV /XRCC4 complexes. Complexes were purified from sj9 

insect cells co-infected with recombinant baculoviruses encoding DNL IV and wild type 

or mutant XRCC4. Arrows denote DNL IV and XRCC4 polypeptides. B. Superdex 200 

profile showing elution pattern ofDNL IV/XRCC (S318D) sample. The indicated 

fractions were analyzed by 7.5% SDS-PAGE and immunoblotted using a polyclonal anti 

DNL IV /XRC.C4 serum. Antibody was used at 1: 1000 di~ution in TBS/T (Tris-buffered 

saline containing 0.05% Tween 20) containing 1 % BSA. The immunoblot was 

developed with bromochloroindolyl phosphate/nitroblue tetrazolium. Positions ofDNL 

IV and XRCC4 polypeptides are denoted by arrows. Asterisk indicates possible XRCC4 
. ' .. 

degradation prod~ct. Positive control is purified \Vild type DNL IV /XRCC4 complex B. 

Quantitation of immunoblot. · Staining was quantitated using Alphalmager 2000 system 

(Alpha Innotech corporation, San Leandro, CA). Relative distribution of each protein · 

was plotted as percentage of density of each signal to the density seen with peak fraction. 
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Figure 6. In vitro phosphorylqtion of mutant DNL IVIXRCC4 complexes. 

Phosphorylated DNL IV/XRCC4 complexes were cleaved by Caspase 3. 

Phosphorylation reactions contained DNL IV /XRCC4 complexes at 17 to 70 nM 

concentration as indicated. Phosphorylated proteins were subjected to SDS-PAGE and 

visualized by Phosphorlmager (upper panel). Phosphorylated C-terminal fragments of 

each cleaved XRCC4 complex proteins were quantitated by Phosphorlmager analysis 

(lower panel). The relative amount ofN-X4 and C-X4 phosphorylation in the residua!' 

uncleaved material was estimated based on the ratio observed with the cleaved fragments. 
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Figure 7. In vitro non-homologous end-joining assay (NHEJ). End-joining 

assays were performed using BamHI.-digested plasmid substrate and the indicated amount 

of purified DNL IV /XRCC4 complex and HeLa nuclear extract. Different DNL 

IV /XRCC4 mutant complexes were used as indicated. A. In vitro NHEJ was performed 

with 30 nM DNL IV/XRCC4 complexes. Products were analyzed by 0.6% agarose gel 

electrophoresis and detected by Phosphorlmager analysis. B. (Upper panel) DNA ~nd

joining assay with varing amounts ofDNL IV/XRCC4 complex as indicated. DNA end

joining reactions was performed as described in Panel A. LY294002, (a PB-kinase 

inhibitor) was added to a final concentration of 50 µM where indicated. (Lower panel) 

Quantitation of results by Phosphorlmager analysis. , DNA end-joining activity was 

calculated and is presented as a percentage of ligated products to total DNA substrate. 

Dotted line indicates the level of DNA end-joining acitvity provided by nuclear extract 

alone. 
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