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Abstract

DNA double-strand breaks pose a serious threggémomic integrity. Double-
strand breaks can cause chromosomal rearrangeeestifyg to uncontrolled cell
proliferation, or even cell death. However, mamarakystems have in place the non-
homologous end-joining pathway for repair of DNAubite-strand breaks, which requires
a core group of proteins to function: Ku70/80, DIRKcs, and Artemis for recognition,
protection, and processing of the DNA ends, and XXIRCC4, and DNA LigaselV for
ligation of the DNA break. The work presented Hexises on the specific roles of XLF
and XRCC4 within non-homologous end-joining. Hkiity, the structure of the N-
terminal 224 residues of XLF was determined anahdoto consist of a head and tail
domain, structurally homologous to XRCC4. Furtheren L115 of XLF and K63, K65
and K99 of XRCC4 were identified as essential foirderaction between both proteins.
This interaction was then shown to be requiredstonulating ligation of mismatched
DNA ends. To further understand how XRCC4 and XbRance LigaselV activity, an
XRCC4-XLF complex was crystallized. Truncated XREC@-157) was co-crystallized
with truncated XLF (1-224), grown under conditiafslecreasing temperature and
increasing dehydration. The resulting structurg.@4A confirmed the necessity of L115
(XLF) and K63, K65 and K99 (XRCC4) to the XRCC4-Xltkeraction, but also
illustrated that XRCC4-XLF exists as an extendddchkfilament. DNA binding regions
in both XRCC4 and XLF were also identified and utedonstruct a structural XRCC4-
XLF-DNA binding model. Interestingly, XRCC4-DNA Iiling occurs in the same
region of XRCC4 required for homo-tetramerizatiow &inding to LigaselV. These
results culminate in a proposed model of non-hogmls end-joining where XRCC4-
XLF is involved not only in ligation of the doubtgrand break, but also in initial

protection of the DNA ends.
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1.1 DNA Double-strand breaks

DNA double-strand breaks represent a small, yadise form of DNA damage
occurring when single-strand breaks are generatesbmplementary strands of a DNA
helix within close enough distance ( ~10 bp) thaebpairing and chromatin structure are
incapable of keeping DNA ends physically togetivictiael et al., 2000). While double-
strand breaks are less common than other formdN#& @amage, the result can be severe,
destabilizing genomic integrity. Only 1 to 2 doeHsitrand breaks can be lethal for
diploid cells ofS. cerevisiae (Resnick et al., 1976). Strong evidence alsotesisowing
that double-strand break formation leads to mutatend chromosomal translocations,
which if left unrepaired, can lead to tumorigenesigmmunodeficiency (Borek et al.,

1966; Cavazzana-Calvo, et al., 1993; Hei et aB8)9

Multiple causes, both exogenous and endogenaie teell, are responsible for
creating DNA double-strand breaks. Exogenous ssurcclude ionizing radiation (x-
rays, gamma-rays), which deposit energy, creatimgptex damage in a localized area of
DNA (Ward, 1985). Results of this damage incluae direct ionization of DNA bases
and sugars, or indirectly, production of reactixggen species in the aqueous
environment, such as the hydroxyl radical (Ward;3tQVard et al., 1976). Either single
or multiple hydroxyl radicals can then damage tiNADwith 1 Gy of ionizing radiation
(=1 J/kg of absorbed energy) creating 16 — 40 dogbhnd breaks (Siddiqi et al., 1987;
Ward, 1988). Numerous anti-tumour agents alsaemauble-strand breaks by free-
radical damage. One such example is bleomycinrevb@% of the damage created
results in DNA double-strand breaks (Bennet etl®93). Bleomycin damage is further
complicated as it generates DNA ends that are inettt} ligatable and contain a mixture

of 5’-phosphates with 3’-phosphoglycolate ends ikt al., 1981).
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Interestingly, a human cell generates the majafityNA double-strand breaks as
part of endogenous cellular activities. Doubleustt breaks can be formed
unintentionally by exposure to reactive oxygen sggegenerated through cellular
metabolism. These free radicals damage DNA mikehthe free radicals generated by
ionizing radiation (Chance et al., 1979; Richtealet1988). Furthermore, DNA
replication machinery may encounter alternate sg@gnDNA structures, or a nick that
polymerases cannot process through, causing theatpn fork to collapse and form a

double-strand break (Kuzminov 1995; Kuzminov, 2001)

In addition to double-strand breaks generatedaantylthrough exposure to
reactive oxygen species or blocked DNA replicatamyble-strand breaks are also
created intentionally within the cell, usually thee purpose of introducing genetic
variation. This is seen in meiosis, which requttesformation of double-strand breaks
for gene conversion and crossovers, and in V(Dydmdination (Sun et al., 1989;
Keeney et al., 1997). Genetic diversity is introgd into immunoglobulins during V(D)J
recombination through the formation and resolutbdouble-strand breaks in
immunoglobulin genes (Roth et al., 1993). V(D)dorabination is initiated by the
Recombination Activating Gene (RAG)1 and RAG2 pirtgebinding to and catalyzing
cleavage at recombination signal sequences (R8&ekd between variable (V) and
joining (J) DNA segments (Oettinger et al., 1996h&z et al., 1989; McBlane et al.,
1995). The sequence between the RSS that is eelémsermed the signal joint, and is
ligated into circular DNA by an unknown mechanisithe chromosomal DNA ends,
called coding joints, are left with DNA hairpin qagd ends following removal of the
signal sequences (Ramsden et al., 1995; Roth, d198I2). After formation of hairpin
structures on coding ends, the protein Artemiohices nicks into these DNA hairpin
structures, creating a DNA double-strand break é¥ial., 2002). To generate a unique

3
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DNA coding sequence in immunoglobulins, the DNA loleustrand breaks are resolved
by a mutagenic repair pathway called non-homologmasjoining (NHEJ), which will

be discussed later in more detail (Section 1.3dBimann et al., 1991; Early et al., 1980;
Fukumura et al., 1998; Gu et al., 1997; Hendrickstoal., 1991; Schilling et al., 1980;
Taccioli et al., 1994).

1.2 DNA Double-Strand Break Damage Response

The response to DNA double-strand break damagelis can be thought of as a
unique signal transduction cascade, initiated wigh'signal’ being a DNA double-strand
break. Double-strand break 'sensors' then receghezdamage and in turn activate
protein 'transducers’, which are responsible fgmai amplification and diversification of
the response, typically through a kinase cascaddjnig to a range of outcomes (Figure
1.1; Jackson, 2002). Current evidence suggedis tt@mplex of Mrell, Rad50 and
Nbsl (MRN) acts as a ‘sensor’ at the site of damagé the resulting response causing
chromatin remodelling over 2 megabase lengths oARNWNay from the site of damage
(Maser, et al., 1997; Rogakou, et al., 1998). Fiom of MRN at the site of damage
activates the protein ataxia-telengiectasia mutghdd/), as a transducer (Lee et al.,
2005). ATM is a member of the phosphoinositidev3ake-like kinase family, and
controls the G1/S, intra-S, and G2/M checkpointthefcell-cycle, which in the presence
of DNA double-strand breaks phosphorylates a nurabeather ‘transducer’ proteins,
including p53, Chk2, Nbs1, and CtIP, leading tamplex signalling cascade, whose
mechanisms are not entirely understood (Banin.e1898; Canman et al., 1998;
Matsuoka et al., 2000; Lim et al., 2000; Li et aD00). The end results of this cascade

may include apoptosis, cell cycle arrest, and/oANduble-strand break repair.
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DNA Damage
Sensors

Transducers

Signalling Cascade

Cell Cycle
Arrest

Apoptosis

Figure 1.1 DNA double-strand break damage responseThe cellular response
to a DNA double-strand break involves a kinasealgrg cascade, with Mrell,
Rad50 and Nbs1 initiating the damage response tbyaion of proteins such as
ATM (Lee et al., 2005; Maser et al., 1997; Rogakoal., 1998). Through
phosphorylation, ATM continues the signalling cakxdeading to outcomes
such as apoptosis, cell cycle arrest, or DNA doghiand break repair. Figure
adapted from Jackson, (2002).




PhD Thesis — S.N. Andres; McMaster University,d@iemistry and Biomedical Sciences

The most favourable outcome when a cell encouat®BIA double-strand break
is repair, and mammalian cells have evolved thegbwpays by which repair occurs:
homologous recombination (HR), non-homologous emaifg (NHEJ), or alternative
non-homologous end-joining (alt-NHEJ). How a cstermines which repair path to
take is not well understood, but is partly basedhencurrent stage of the cell cycle when
damage occurs. HR, as the name implies, requieegde of a homologous DNA
template in order to repair the damage. ThereftdRejs most efficient during S and G2
phases of the cell cycle, when a sister chromatltbanologous chromosome is present
(Kadyk, 1992; Resnick, 1976). NHEJ, however, resgino template for repair, and is
thus available throughout the entire cell cyclghvaurrent research suggesting that
approximately 80% of ionizing-radiation induced DMAuble-strand breaks are repaired
by NHEJ in both G1 and G2 (Beucher et al., 2009sbvi et al., 1982). Differentiating
between NHEJ and alt-NHEJ is even more uncertaaitddHEJ has only recently been
identified and like NHEJ, does not require a tertgofar repair. However, alt-NHEJ
functions in the absence of key proteins requiredHEJ such as Ku 70/80, XRCC4 and,
LigaselV, and does require some microhomology betwbe broken DNA ends for
repair (Bennardo et al. 2008; Yan et al., 200Me Work presented in this thesis deals

with the proteins in NHEJ, and therefore only NH&U be discussed in detalil.

1.3 A Brief Overview of Non-homologous End-Joining

NHEJ in mammals consists of 3 major parts: (ftjahrecognition and protection
of the DNA ends by NHEJ proteins; (2) processirgg@iNA ends to a ligatable form; and
(3) final repair of the DNA double-strand breakitibl protection is carried out by the
Ku70/80 heterodimer, which binds broken DNA endprevent degradation and
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Ku70/80
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Figure 1.2 DNA double-strand break repair by non-lomologous end-joining.
DNA double-strand breaks are repaired by a corefgatoteins in NHEJ, beginning
with Ku70/80 and DNA-PKcs protecting and holding tbNA ends in place.
Processing enzymes prepare the DNA ends for figatibn by XLF, XRCC4 and
LigaselV.
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recruits other NHEJ repair proteins to the sitdarhage (Figure 1.2) (Mimori et al.,
1986). These include XRCC4 and XRCC4-like factoLEX whose purpose at this step
is not fully understood (Yano et al., 2008u70/80 also recruits the catalytic subunit of
DNA protein kinase (DNA-PKcs), causing Ku70/80 ftanislocate approximately one
helical turn inward along the DNA (Paillard et d1991; Gottlieb et al., 1993; Yoo et al.,
1999). Ku70/80 and DNA-PKcs form the holoenzymeARK that synapses broken
DNA ends, holding the DNA in place prior to ligatigDeFazio et al., 2002; Gottlieb et
al., 1993). Based on the type of DNA ends encaadigrocessing enzymes including
Artemis, polymerase mu and lambda, terminal deoghguiidyl transferase (TdT), and
polynucleotide kinase (PNK) may also be recruitedrder to generate DNA ends
containing 5’-phosphate and 3’-hydroxyl groups (@l et al., 2002; Gilfillan et al.,
1993; Komori et al., 1993; Ma et al., 2002; McEHyret al., 2005). The resulting DNA
ends are then ligated by an XRCC4-LigaselV compléRCC4-LigaselV may also
interact with XLF, which has been shown to stimeiliite joining of incompatible DNA
ends by Ligasel\n vitro (Ahnesorg et al., 2006; Grawunder et al., 199&wEINder et
al., 1998a; Robins et al., 1996; Tsai et al., 20idson et al., 1997).

1.3.1Initiating Non-Homologous End-Joining by Ku70/80 am the DNA-Dependent

Protein Kinase Catalytic Subunit

Ku70/80 and DNA-PKCcs are two of the core protemsIHEJ, suggested to be the
initiators of NHEJ, with Ku70/80 binding the DNA dble-strand break first (Griffith et
al., 1992; Blier et al., 1993). Ku70 and Ku80 wérst identified as a target of
autoantibodies in patients suffering from the autoiune disease scleroderma-
polymyositis overlap syndrome (Mimori et al., 198Defects in either Ku protein

prevent proper resolution of DNA double-strand kseand in turn lead to severe
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combined immunodeficiency in mice, along with ass@vity to ionizing radiation in

mammalian cells (Jackson et al., 1995; Lieber.etL8B8a).

Ku70 and Ku80 form a heterodimeric, ring-like sture (deVries et al., 1989;
Walker et al., 2001). While only being 14% ideatim a sequence-based alignment, the
overall structure of each monomer is similar (Feglir3A). Both Ku70 and Ku80 are
composed of 3 domains: an N-terming} domain, &-barrel, and a C-terminal helical
arm (PDB 1JEQ) (Walker et al., 2001While all three domains support the dimerization
interface, the greatest contribution comes fromG@kermini of both monomers. Each
helical tail wraps aroung-barrels of the opposing Ku monomer, forming the’ 8480
ring (Walker et al., 2001; Wu et al., 1996). Tleeof the ring is large enough to
accommodate approximately 20bp of DNA, or two tusha DNA helix, with DNA
binding contacts occurring primarily through thetcel f-barrel domain (Figure
1.3B)(PDB 1JEY). Ku70/80-DNA interactions alsolude additional steric interactions
between the protein and both major and minor greaé¢he DNA’s sugar-phosphate
backbone, as illustrated by the positively chargledtrostatic surface potential of
Ku70/80 contacting the DNA substrate in Figure 1(8Balker et al., 2001). This DNA
binding platform, combined with the ring shape of/80, allows for high-affinity (1.5-

4 X 10*®M™), sequence-independent binding of blunt, 5'- baeg or 3'-overhang DNA
ends (Blier et al., 1993; Falzon et al., 1993; Mingd al., 1986; Paillard et al., 1991).
These features are biologically significant, as Di#nage may occur anywhere within a

chromosome, making Ku70/80 an ideal DNA bindingmar and initiator of NHEJ.

More recently, it was discovered that Ku70/80 pessd enzymatic activity as a
5’-deoxyribose-5-phosphate lyase (Roberts et @lLpP DNA double-strand breaks are
rarely ‘clean’ (i.e. 5’-phosphate and 3’-hydroxybgps), therefore having Ku70/80 as a
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lyase would enable it to remove 5’-terminal abasiapurinic/apyrimidinic sites. The

lyase activity occurs by creating a nick in the DNBAof the abasic site, removing the

a-helical
arm

Figurel.2 Crystal structure of the Ku70/80 heterodimer. (A)The crystal structure of
Ku70/80, solved by Walker et al., (2001), considtthe Ku80 (blue) and the Ku70
monomer. The three domains of the Ku monomerstawme/n in Ku70 as the/§ domain
(green), thg-barrel (yellow), and the-helical arm (red). N and C-termini of Ku70 are
in green and red, and in black for Ku80 (PDB 1JEContinued on page 11.
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Negative

Positive

Neutral

Figurel.2 Crystal structure of the Ku70/80 heterodimer. (B) Crystal structure of
Ku70/80 bound to DNA, solved by Walker et al., (2D0llustrating electrostatic surface
potential. Regions of negative charge (red), pasitharge (blue) and neutral (white) are
shown, with a DNA substrate bound (yellow) (PDB 1JEY

11
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base and leaving behind a 5’-phosphate on the DA &he Ku70/80 lyase activity has
been demonstrated as a necessary function in NN&tFo andin vivo, giving Ku70/80
the added benefit of not just binding DNA ends, &lab processing them (Roberts et al.,
2010).

Another major role of Ku70/80 in DNA double-strameak repair is recruitment
of other core NHEJ repair proteins. Ku70/80 haanleported to interact with XLF,
XRCC4, LigaselV, and DNA-PKcs (Costantini et aD0Z; Gottlieb et al., 1993; Suwa et
al., 1994; Yano et al., 2008b). The purpose of ®8@ interaction with XLF, XRCC4
and LigaselV is not well understood; however KuBD8nteraction with DNA-PKcs has
been studied extensively and shown to be partigulaportant during the initial stages
of NHEJ. The C-terminal tail of Ku80 interacts wihe C-terminus of DNA-PKcs to
form the DNA-PK holoenzyme, greatly increasing dfienity of DNA-PKcs for DNA
ends (Gell et al., 1999; Singleton et al., 1999sW\é al., 1998). Within the context of
DNA-PK, Ku70/80 is thought to function as the regaty unit, while DNA-PKcs

provides the catalytic kinase activity (Dvir, et dl992; Gottlieb et al., 1993).

DNA-PKcs is a serine/threonine protein kinase ihaiart of the
phosphoinositide-3 kinase-related protein kinaaeslfy (Hartley et al., 1995). DNA-
PKcs is a large, 470 kDa protein, structurally mged with a head domain sitting atop a
ring with two arms composed of anti-parallel HEAEpeats. These HEAT repeats fold
back onto themselves, creating a gap at the batfdhe ring (Figure 1.4). The ring is
120A in diameter, large enough to accommodate aldestranded DNA helix (Sibanda
et al., 2010). Small-angle x-ray scattering (SAX8J cryo-electron microscopy data
revealed similar, albeit lower-resolution, modéfsunmel et al., 2010b; Rivera-Calzada
et al., 2005). Similar to Ku70/80, it has beengasied that DNA-PKcs binds to each
side of the double-strand break, forming a syndpkecomplex between the broken

12
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Arms

f! Kinase Domain

<€ 120A >

Figure 1.4 Crystal structure of DNA-PKcs. (A) Space-filling model of the
crystal structure of DNA-PKcs, solved by Sibandalet(2010), consists of a
head domain (yellow), encompassing the catalytiase domain (green). The
arms of DNA-PKcs (blue), are made up of HEAT repeahd also includes a
putative DNA binding domain (pink¥ontinued on page 14.
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DNA :
Binding o& A
Domain S

Figure 1.4 Crystal structure of DNA-PKcs. (B, Side-view of DNA-
PKcs, rotated by 90 Predicted N-terminus is in black. C-terminupriedicted to
be within the head domain (PDB 3KGV).
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ends that would align and bridge them for repaga@olo et al., 2006).

Given the low resolution structure of DNA-PKcs6@), it is only predicted that
the C-terminus lies within the head domain, and hiwhere Ku80 is predicted to bind
(Sibanda et al., 2010)The DNA-PKcs head region also contains the funetitimase
domain, which has been shown to phosphorylatd es&erine (Ser) 2612 and Ser 2624,
along with Threonine (Thr) 2609, 2620, 2638, and2ih response to DNA double-
strand break damage vivo. While the purpose of autophosphorylation is unknoivn
has been shown to be necessary for NHEJ and teemstcuctural changes within the arm
regions of DNA-PKcs, corresponding to the N-terrh2&80 residues (Ding et al., 2003).
SAXS analysis of phosphorylated DNA-PKcs also iaths that large conformational
changes occur, corresponding to the arm regiorestber side of the head domain, while
in vitro experiments show that autophosphorylation of DNge®results in reduced
kinase activity and release from the Ku70/80 subi@ottlieb et al., 1993; Hammel et al.,
2010b). In addition, electron microscopy studigggest that DNA-PKcs ‘arms’ are
flexible and mobile. Therefore, it has been plaséd that autophosphorylation acts as a
regulator for disassembly of the repair complexgi€Chkt al., 1996; Chan et al., 1999;
Douglas et al., 2001; Rivera-Calzada, et al., 2008¢chanistically, the flexibility in the
arm regions of DNA-PKcs permits them to move apaidening the gap at the bottom of
the ring, so that DNA-PKcs can be removed from DiRA/era-Calzada, et al., 2005).

Within NHEJ, DNA-PKcs is also known to phosphorglather DNA repair
proteins. Invitro, Ku70/80, XRCC4, and LigaselV have been identifisd a
phosphorylation targets of DNA-PKcs, but these phosylation events have not been
shown to correlate with biological function (Douglet al., 2005; Wang et al., 2004; Yu
et al., 2003). It has been proposed that phospdtary sites on these NHEJ proteins act
like those of DNA-PKcs to regulate protein-proteimprotein-DNA associationdn vivo,
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DNA-PKcs phosphorylates XLF through SQ/TQ motifsugh this modification does
not appear to be required for repair (Yu et alg®0 Therefore, the only known
biologically relevant phosphorylation activitiesDNA-PKcs are those of self-
phosphorylation, and phosphorylation of the nudeasemis. Artemis requires
phosphorylation by and interaction with DNA-PKcsatdivate its latent endonuclease
function, an important enzymatic activity requifed processing of DNA ends (Goodarzi

et al., 2006; Ma et al., 2002; Ma et al., 2005; ketal., 2007).
1.3.2 Processing the DNA Double-Strand Break

DNA double-strand breaks generatedivo are rarely chemically compatible for
ligation. As discussed previously, DNA damage dussalways produce 3'-hydroxyl
and 5'-phosphate ends, therefore the DNA must deepsed in order for ligation to
occur. This can involve removal or addition of &®sor phosphorylation of DNA ends.
For this, polymerases, kinases and nucleasesgueead, one of which is the Artemis

nuclease.

Nucleolytic activity in NHEJ has been primarilyrdiuted to Artemis. Artemis
was first identified in patients with radiosensgtisevere combined immunodeficiency,
and like Ku70/80 and DNA-PKc& mammalian cells, Artemismammalian cells are
also highly sensitive to ionizing radiation, indicg the requirement for Artemis in
NHEJ (Moshous, D. et al., 2000; Moshous, D. et28lQ1; Rooney et al., 2003). Artemis
belongs to the CPSF-Artemis-Snm1-Pso2 (CASP) faafifyroteins and functions as a 5'
- 3' exonuclease. However, when Artemis’ C-termiagsociates with DNA-PKcs and is
phosphorylated by DNA-PKcs, Artemis also takes atracture-specific endonuclease
activity (Goodarzi et al., 2006; Ma et al., 2002a gt al., 2005; Niewolik et al., 2006).

This makes Artemis useful in not only removing dgethnucleotides, such as 3'-
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phosphoglycolates, but also for opening up DNAgaistructures generated during
V(D)J recombination (Ma et al., 2002). No struatigolution exists yet for Artemis, but
it is predicted to be structurally homologous te tonserved catalytic domain from
another CASP protein, CPSF-73. The catalytic regioc@PSF-73 consists offaCASP
domain, subdivided into a metalfslactamase domain and CASP motif. The metgdlo-
lactamase domain consists dgf-aandwich, flanked by-helices, with the CASP motif
inserted in the middle. The CASP motif containmeallelf-sheet surrounded loy
helices. Two zinc ions are located at the interfaicthe CASP motif and metalf®-
lactamase domain. (Figure 1.5) These zinc iongimgosed to be necessary for
Artemis’ endo- and exonuclease activity, a functioat makes Artemis a versatile player
in NHEJ and processing of a DNA double-strand b(€tlebaut et al., 2002; Carfi et
al., 1995; Mandel et al., 2006; Moshous et al., 1200

During NHEJ processing, polymerases, kinases, hndghatases are also
required to create compatible DNA ends for ligatidrihe Polymerase (Pol) X family is
associated with NHEJ, and includes RoPol), and TdT, with Pol. activity stimulated
by interaction with LigaselV (Fan et al., 2004)heBe polymerases are small, single unit
enzymes, with 5’-3’ polymerase activity only. Theyntain BRCA1 C-terminal
homology (BRCT) domains, a characteristic domaumtbin DNA repair proteins
including LigaselV, and associated with proteintpno interactions. The BRCT domain
of Polu is composed of four parallptstrands, surrounded by thrednelices, and is

structurally homologous to all other known BRCT dons (Figure 1.6)(Alt et al., 1982;
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B-CASP
domain

Figure 1.5 Crystal structure of ap-CASP domain The crystal structure of tife
CASP domain from CASP family member, CPSF-73 (Maetlal., 2006). The
metallof-lactamase domain is coloured blue, and is int¢edipy the CASP motif
(orange). Two zinc ions are located at the inte&rfaf both domains. N- and C-
termini are in blue (PDB 2I7T).
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Figure 1.6 BRCT domain of polymerase mu.The solution structure of the BRCT domain
from polymerase mu, solved by nuclear magneticnrasoe, consists of four anti-paralfel
strands (yellow), surrounded by thredelices (blue). N- and C-termini are in black

(DeRose et al., 2007; PDB 2HTF).
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Aoufouchi et al., 2000; Bork et al., 1997; DeRosalg 2007; Garcia-Diaz et al., 2002;
Ito et al., 1991; Lee et al., 2003; Mahajan et2002; Mueller et al., 2008; Zhang et al.,
1998). In addition to polymerization, the finabpessing method involves PNK, which
modifies the phosphate groups on DNA ends. PNKblo#s 5’-kinase and 3'-
phosphatase activities, to ensure that DNA endsisbaf a 5’-phosphate and 3'-
hydroxyl, which is chemically compatible for ligati (Chappell et al., 2002; Habraken et
al., 1983; Koch et al., 2004; Pheiffer et al., 1982herefore, Artemis, the PolX family of
polymerases and PNK are all available in NHEJ azess all forms of a DNA double-

strand break that may occur.

1.3.3 Ligation of the DNA Double-Strand Break — X C4, LigaselV and XLF

The final step in NHEJ is ligation of the DNA badne through formation of a
phosphodiester bond. The three proteins resp@f&bimediating this activity are
XRCC4, LigaselV and XLF (Ahnesorg et al., 2006; Bet al., 2006; Giaccia et al.,
1990; Li et al., 1995). The necessity for thessgins in DNA repair has been well
established through deletion and mutational studiesammals. Cells lacking any of
these three proteins show increased levels of sadgitivity and defects in the ability to
repair double-strand breaks, while knockout mousdets of XRCC4 and Ligase IV are
embryonic lethal (Frank et al., 1998; Gao et &98; Gao et al., 2000; Giaccia et al.,
1990; Zha et al., 2007). In humans, mutationsigase 1V or XLF genes result in
radiosensitivity, immunodeficiency, and developna¢delays, all characteristics of
double-strand break repair defects (Buck et aD62@'Driscoll et al., 2001; Riballo et
al., 1999). Thus, these three proteins are esseéntproductive NHEJ.

XRCC4 takes on a structural role in ligatiomding to and stimulating DNA
LigaselV (Critchlow et al., 1997; Grawunder et 4B97; Grawunder et al., 1998a). Itis
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a 336 amino acid protein, whose structure conefsé® N-terminal head domain and a
long, extended C-terminal tail. The head is mguefia 7-stranded anti-parallel beta
sandwich, interrupted by a helix-turn-helix motdttveen-strands four and five, while
the C-terminal tail extends away from the head smgle long alpha-helix (Figure 1.7A).
The biological unit of XRCC4 is a dimer, as detered by analytical ultracentrifugation,
with the primary interface occurring between thachdomains and upper portion of the
tail (residues 119-155) (Figure 1.7@unop et al., 2000; Leber et al., 1998nly the
structure of XRCC4 1-203 has been determined vaycrystallography, leaving the C-
terminal 133 residue structure unknown. Electracroscopy studies suggest that the C-
terminus may form a small globular domain at the efithe helical tail region. However,
SAXS analysis of full-length XRCC4 suggests that @iterminus is unstructured and
may fold back towards the head domain (Hammel.eP@l0Oa; Recuero-Checa et al.,

2009).

XRCC4 does not harbour any known enzymatic agteaund functions as a
scaffold protein, interacting with numerous regawteins and DNA during NHEJ.
XRCC4 only binds efficiently to long DNA substraiefs100 bp or more, that are either
nicked or contains double-stranded breakgtro. XRCC4-DNA binding has also been
shown to be highly cooperative, suggesting XRCC# foem extended protein-DNA
complexes (Modesti et al., 1999). In addition tfdA) XRCC4 also binds proteins XLF
and LigaselV (Ahnesorg et al., 2006; Critchlow let H997). Furthermore, recent
evidence from fluorescence recovery after photalblies analysis suggests that XRCC4
is recruited to DNA double-strand breaks earlierepair, perhaps by Ku70/80, and is
stabilized at the break site through interactiothidNA-PKcs, which is known to
phosphorylate the C-terminus of XRCQ@witro (Calsou et al., 2003; Yano et al., 2008a,;
Yu et al., 2003). However, the nature of thesegineprotein and protein-DNA
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Figure 1.7 Crystal structure of XRCCA4. (A) The crystal structure of an XRCC4
monomer to amino acid K178 (blue). XRCC4 consi$ts head domain (green) made
up of a 7-stranded anti-parallglsandwich, interruped by a helix-loop-helix motif
(yellow). The C-terminus consists of a lompelical tail (blue) (Junop et al., 2000).
Continued on page 23.
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Figure 1.7 Crystal structure of XRCC4.(B) XRCC4 dimer, ending at amino acids
Q203, and K178. The dimerization interface is aoéal light purple, while the
homotetramerization interface is coloured dark fur@he head and tail amino acid
boundaries are indicated below the label for eashective domain. N- and C-

termini are in black (PDB 1FU1).
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interactions and their mechanistic purpose arevetitunderstood. Of all these

interactions, the most studied is the interactietwleen XRCC4 and Ligase IV.

One of the primary roles of XRCC4 is to stabilared stimulate LigaselV.
Grawunder et al. (1997) first demonstrated thadkejV co-immunoprecipitates with
XRCC4, while a yeast two-hybrid assay also pulletXRCC4 and LigaselV as
interacting partners. More importantly, thougteymotedn vitro that when co-
expressed with XRCC4, LigaselV activity was stinteth7-8 fold higher when compared
to LigaselV activity on its own (Grawunder et d1997). Attempts to understand the
mechanism of stimulation took on a structural appho The interaction interface
between XRCC4 and the C-terminus of LigaselV, cxtimgy of two tandem BRCT
domains with a small unstructured region betweemtiwvas initially defined
biochemically (Critchlow et al., 1997; Grawundeiakt 1998a). These regions of
XRCC4 (1-203) and LigaselV (654-911) were usedstauctural studiesThe resulting
crystallized complex then found that structurathgre are two key interfaces between
XRCC4 and LigaselV. One is the helix-loop-heliamp that wraps around the tails of
XRCC4, while the other is a three helix bundlepried by the helical tails of the XRCC4
dimer, and a third helix from the second BRCT donddiLigaselV (Figure 1.)8(Wu et
al., 2009). Unfortunately, this structure lacks @+terminus of XRCC4 (203-336), the
N-terminal 653 residues of LigaselV, and does movige a clear mechanism for why

XRCC4 stimulates LigaselV activity.

The ligation mechanism of LigaselV itself is commmaimong both DNA and RNA
ligases and is a condensation reaction requirimgcéeotide cofactor. In the case of

LigaselV, this is adenosine triphosphate (ATP),cliforms a phosphoamide bond
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Triple-Helix BRCT
Bundle Binding
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Helix-Loop-
Helix Clamp

BRCT1

Figure 1.8 Crystal structure of XRCC4 bound to LigaselV. The crystal structure of
XRCC4 (blue) bound to the tandem BRCT domains gakelV (green). XRCC4-
LigaselV interactions include a helix-loop-helacip (red), and a triple helix bundle
(light purple, light green). The BRCT binding damaf XRCC4 spans amino acids
160-200, as indicated. N- and C-termini are irel\Vu et al., 2009; PDB 3l16).

25



PhD Thesis — S.N. Andres; McMaster University,d@iemistry and Biomedical Sciences

between the alpha-amino group of K273 with dhghosphate of ATP, releasing
inorganic pyrophosphate (PPi). The adenosine muosghate (AMP) is then transferred
from K273 to a free 5'-phosphate at a DNA end angad pyrophosphate bond. Finally,
the 3'-hydroxyl group performs a nucleophilic attan the 5'-phosphorylated DNA end,
removing the AMP and covalently joining the DNAastds in a phosphodiester bond
(Lehman, 1974)The N-terminal residues of LigaselV are key to tligction, as they
contain the catalytic core, with the active siteidae K273 responsible for ligation
(Tomkinson et al., 1991). The catalytic core afdselV is composed of a 3-domain
subunit conserved amongst eukaryotic ligases, dneguLigasel and Ligaselll. The
catalytic core consists of a DNA-binding domain (@Ba nucleotidyltransferase
(NTase) domain and an oligonucleotide/oligosacdeabinding (OB) domain (Cotner-
Gohara et al., 2010; Martin et al., 2002; Murzi®39Pascal et al., 2004). While there is
currently no structure of LigaselV’s catalytic damahe catalytic domain structure of
Ligasel bound to DNA has been solved. The catafjdimain of Ligasel forms a ring
around the DNA, with both the DBD and NTase bindd?gA and the active site lysine
residing in the NTase domain. The OB domain aidbe transfer of AMP to the active
site lysine (Figure 1.9A) (Pascal et al., 2004)ve@ the conservation of the catalytic
domain between human DNA Ligases (I, Ill, 1V), thgasel structure (residues 1-607),
was used in SWISS-MODEL to predict the structuréhefcatalytic domain of LigaselV.
The resulting model of LigaselV suggests that tlgagelV N-terminus would be able to
form a ring around DNA, and function in a similaamnmer to Ligasel (Figure 1.9B)
(Arnold et al., 2006; Guex et al., 1997; Schwedal e2003; Shuman et al., 1995). More
recently, electron microscopy studies of the faltgth XRCC4 bound to full-length
LigaselV suggested that the catalytic subunit glalselV resides near the N-terminal

head domains of the XRCC4 dimer. This interactiocurs in a distinct region
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Figure 1.9Crystal structure of the catalytic domains of humanDNA ligases.
(A) The crystal structure of human Ligasel bound BIN&A substrate (yellow),
includes the DNA-binding domain (blue), a nuclegitittansferase domain (red),
and the oligonucleotide-binding domain (green). RAkblue/green spheres) is
bound in the nucleotidyl-transferase domain. N @atermini are in black
(Pascal et al., 2004; 1X9N¥ontinued on page 28.
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Figure 1.9 Crystal structure of the catalytic domains of humanDNA ligases.
(B) Model of human LigaselV catalytic domain, based_masel, and generated
using SWISS-MODEL. The predicted DNA-binding (blueucleotidyl-
transferase (red) and oligonucleotide-binding (gye®mains suggest a similar
ring structure to Ligasel. The catalytic K273 @meis located in the nucleotidyl-
transferase domain of the model. N- and C-teramaiin black (Arnold et al.,
2006; Guex et al., 1997; Schwede et al., 2003).
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from where the tandem BRCT domains of LigaselVratewith XRCC4 (Recuero-
Checa et al., 2009). From this data, it has bestupated that the LigaselV catalytic
subunit may require movement for function, and thatBRCT domains serve primarily
to anchor LigaselV to XRCC4, while still allowingrfmovement of the LigaselV
catalytic subunit. Although this model is compadliand able to account for how XRCC4
stimulates LigaselV activity, further structuraladysis is required to truly understand
how full-length XRCC4 associates with LigaselV atidnulates its ligation activity
(Recuero-Checa et al., 2009).

The third protein involved in ligation, and th@st recently identified member of
the NHEJ pathway, is the 299 amino acid proteimG@enos or XLF, so hamed for its
prediction to be similar in structure to XRCC4, eibkough sequence identity between
the two proteins is low. XLF was identified indepently by two groups, through yeast-
two hybrid screening for interactions with XRCC#adadentified in human patients
exhibiting defective DNA repair phenotypes in cargtion with cDNA functional
complementation studies (Ahnesorg et al., 2006 kRat@l., 2006). The primary role
identified thus far for XLF is stimulation of LigaB/ ligation activity, however the
mechanism is unknownIn vitro, XLF binds DNA, and like XRCC4, requires long DNA
substrates (>80bp) for stable association (Lu.e2@D7). In the yeast homolog of XLF,
DNA binding has been localized to the C-terminugygesting a similar location for DNA
binding in mammalian XLF (Sulek et al., 2007). Xh&s also been shown to promote
re-adenylation of LigaselV after ligation, as wedl stimulate ligation of incompatible
DNA endsinvitro (Riballo et al., 2009; Tsai et al., 2007). Rermore, it was
established that in whole cell extracts lacking XbFoken DNA ends that required gap-
filling by polymerases p aridcould not be filled, and were only able to do sceoXLF
was present (Akopiants et al., 2009). Therefamnfdata currently available it would
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appear that XLF functions in NHEJ primarily througkeractions in the final steps of

ligation.
1.4 Thesis Objectives and Organization

In the context of NHEJ, XLF’s role is unclear, egtthat it is required and
appears to be involved in repairing DNA doubletstrdreaks with chemically
incompatible DNA ends. This thesis takes a stmat@pproach to understanding XLF,
it's interaction with XRCC4, and how XLF fits intbe ligation mechanism. As a
‘sandwich’ thesis, the following chapters consisprepared manuscripts describing the
research undertaken to answer these questiongtettzabegins with a structural
solution of XLF and identification of functionalgielues involved in DNA binding,
XRCC4 interaction, and stimulating LigaselV. Clea® describes the technical
challenges encountered when determining the steicfuXRCC4 bound to XLF, while
Chapter 4 presents the structure of XRCC4 bountLtg the necessity of the XRCC4-
XLF interaction in DNA binding, bridging of DNA esdand the significance of the
XRCC4-XLF complex to NHEJ. Chapter 5 describegahwork in determining the
structure of XRCC4-LigaselV, and how this completeracts with XLF. The final
chapter (6) presents a summary of all the workepresl and discusses its significance to

the field of DNA double-strand break repair.
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Chapter 2: Crystal structure of human XLF:

a twist in non-homologous DNA end joining

Andres, S.N., Modesti, M., Tsai, C.J., Chu, G., andop, M.S. (2007). Crystal structure
of human XLF: a twist in nonhomologous DNA end-jam Mol Cell 28: 1093-1101.

Reproduced with permission from Elsevier Ltd.
2.1 Author’s Preface

The research presented in chapter 2 has been Ipeibliis the peer-reviewed
journalMolecular Cell, and appears in its published format. This atmiesented the
crystallographic structure of human XLF for thesfitime, identified amino acids through
which XRCC4 and XLF interact, and identified amamds required to stimulate ligation
in non-homologous end-joining. S.N. Andres conddictieystallization and structural
determination of XLE?** along with creation of all XLF mutants. S.N. Aed also
carried out all DNA binding and protein interactianmalysis on the XRCC4 and XLF
mutants, and was involved in writing of the manipcrDr. M. Modesti supplied the
original XLF clone, along with all expression pladsiof XRCC4 mutants. Dr. M. Tsai
and Dr. G. Chu were responsible for the ligatiosagsand manuscript revision. Dr. M.S.

224

Junop was involved in structural determination & and writing of the manuscript.
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2.2Summary

DNA double-strand breaks represent one of the smatre forms of DNA
damage in mammalian cells. One pathway for rapattiese breaks occurs via non-
homologous end-joining (NHEJ) and depends on XRQA@selV and Cernunnos, also
called XLF. While XLF stimulates XRCC4/LigaselV ligate mismatched and non-
cohesive DNA ends, the mechanistic basis for tmgtion remains unclear. Here we
report the structure of a partially functional 224idue N-terminal fragment of human
XLF. Despite only weak sequence similarity, X'’ shares structural homology with
XRCC4"*° However, unlike the highly extended 130 A hdldamain observed in
XRCC4, XLF adopts a more compact, folded helicaéfninal region involving two
turns and a twist, wrapping back to the structyredinserved N-terminus. Mutational
analysis of XLF and XRCC4 reveals a potential ist#on interface, suggesting a

mechanism for how XLF stimulates the ligation obmatched ends.

2.3Introduction

Generation of DNA double-strand breaks pose asetioreat to chromosomal
integrity. If left unrepaired, such breaks canagarte destabilizing chromosomal
rearrangements that may lead to tumorigenesis (&am,, 2000; Lieber, 1998). Double-
strand breaks occur in response to exogenous geoaigents, and as intermediates in
the genomic rearrangements associated with V(z@hmbination. Eukaryotic cells
maintain two systems for repairing double-strarebks: homologous recombination,

which facilitates accurate restoration of DNA (Jegt998), and non-homologous end
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joining (NHEJ), which facilitates error-prone repaithout a homologous DNA

template.

NHEJ requires a core set of five proteins: Ku, DRKes, XRCC4, LigaselV and
Cernunnos, an XRCC4-like factor hereafter called=XIKu initially binds broken DNA
ends, preventing nucleolytic degradation (Liang dasin, 1996), and then recruits DNA-
PKcs, which stabilizes synapsis of the DNA endsH@»o et al., 2002). DNA end
processing enzymes, including Artemis, enhance Nb{E&aking DNA ends compatible
for ligation by XRCC4/LigaselV (Ma et al., 2002; Hihinny et al., 2005). However, in
the presence of Ku, XLF stimulates XRCC4/Ligased\ligate mismatched and non-
cohesive DNA ends (Tsai et al., 2007). XLF cardddNA and interact with the
XRCC4-LigaselV complex; however, the nature of éhederactions and the mechanism
by which XLF functions remain poorly understood (ittges et al., 2006; Callebaut et al.,
2006; Ahnesorg et al., 2006 Lu et al., 2007).

XLF was identified as the gene mutated in patient#békig immune deficiencies
and microcephaly, symptoms consistent with impaNetEJ (Ahnesorg et al., 2006;
Buck et al., 2006). Secondary structure predistisuggested that XLF and XRCC4 are
structurally related, despite limited sequencelsirity (Ahnesorg et al., 2006). In
addition, XLF and XRCC4 exhibit other similaritid®oth proteins exist as dimers and
have DNA binding activity dependent on the presesfdeng (> 80 bp) DNA fragments
(Hentges et al., 2006; Lu et al., 2007). AlthoudlF and XRCC4 are able to interact,
the nature and functional importance of this queeyr structure remains unknown.

Current data suggest that XLF interacts with XRQ@#HselV primarily through contact
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with XRCC4, but the role of DNA and LigaselV in $hinteraction has not been

rigorously evaluated (Deshpande and Wilson, 2007etLal., 2007).

Here we report the crystal structure of a partillyctional N-terminal fragment
of human XLE?**at 2.5 A resolution. This fragment fails to eféintly bind DNA or
stimulate ligation of non-cohesive DNA ends, buaires the ability to directly interact
with XRCC4. The N-terminal region of XLF (aminoids 1-170) adopts a structure
almost identical to XRCC4, as predicted from therenacid sequences (Ahnesorg, et al.,
2006; Callebaut et al., 2006). However, amino a&id0-224liverge greatly from the
expected elongated helix seen in XRCC4. Two heheihin this region of XLF fold
back onto and twist around the main helical st&lXld- occluding the analogous
LigaselV binding interface observed in XRCC4. Btricture of XLF therefore explains
why LigaselV is unable to bind XLF in the same manobserved for XRCC4. Based on
the structures of XLF and XRCC4, we then conduatethtional analysis aimed at
further defining surfaces involved in the protemoyein interactions. These studies
suggest that the N and C-terminal domains of XLtEract with XRCC4 and DNA,
respectively. Taken together, our results proviee insight into the assembly of a
functional DNA repair complex.
2.4 Results and Discussion
2.4.1 Crystal structure of XLF*?**shows formation of a stable dimer

Human XLF contains 299 residues (Ahnesorg et 8062Buck et al., 2006).
Comparison with other eukaryotic homologs revediggh degree of sequence similarity

within the N-terminal ~220 residues. Interestinghys does not extend to the C-terminal
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portion of XLF. As expected, similarity within tid-terminal region is most pronounced
amongst hydrophobic amino acids (Figure 2.1A). egalclusters of more highly
conserved residues, including both hydrophobicaratged/polar amino acids occur in
the N-terminal region (57-65, 108-123, 160-186)watl as at a single basic region in the
extreme C-terminus (residues 288-295) (Figurd2dd C). Based on these
observations, we created a truncation to remové&tgeconserved C-terminal 75 residues
of human XLF with the hope of reducing structutakibility and thereby facilitating
crystallization.

Although native XLE?**formed crystals, the quality and resolution of mittion
data were poor; thus, all data used for both sirectolution and refinement came from
selenomethionine-substituted protein. Experimgpitalses were determined using
single-wavelength anomalous diffraction (SAD). €lajs formed in space groupR2,
with 2 monomers of XLF in each asymmetric unit.giRes of disorder within the crystal
prevented modeling of residues 85-92 in chain Am@stdues 80-92 in chain B. These
residues are illustrated as dashed loops in tla dinucture (Figure 2.1C). The overall
structure was refined to R angdRvalues of 25.3 and 28.7 %, respectively (PDB 2R9A)
Table 2.1 contains a complete list of data coltecand model refinement statistics.

XLF*??%s comprised of two principal domains. The globiNaterminal head
domain consists of a 7-stranded anti-pargieandwich with a single helix at the N-
terminus and a helix-turn-helix motif inserted beém strands 4 and 5 (Figure 2.1B).
The loop region connectingd andp5 is not well-ordered and therefore not presetén

final model. Three-helices combine to form an elongated C-terminahdio, the first
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Figure 2.1. Structure and sequence conservation of the-terminal region of
human XLF. (A) Sequence alignment of XLF homologs. Conservediuesi are
colored as follows: hydrophobic, yellow; negatoharge, red; positive charge, blue;
proline, glycine, brown; threonine, serine, gregysteine, light blue; glutamine,
asparagine, purple. Regions of highly conserveiives are underlined in green,
orange, red, and black. For clarity, XLF resid249-282 fromS. cerevisiae are not
shown in the alignment(B) Stereo image of a single XLE** p-strand and:-helix in
red and blue, respectivelfC) XLF dimer observed in crystal asymmetric unit. {©ha
A and B are shown in teal and yellow. Conservedhes are labeled and colored to
correlate with (A).
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Table 2.1 Crystallographic data and refinement statistics.

Data Collection

Wavelength (A) 0.9800
Space group P22,2,

a=63.41, b=86.93, c=91.87
Cell parameters (A)

a=Bf=y=90
Molecules in A.U. 2
Resolution range (A} 25.0 — 2.50 (2.59 - 2.50)
Unique reflections 33,944
Data Redundancy 7.3 (7.1)
Completeness (%) 99.9 (99.7)
I/6(1)? 9.1 (3.0)
Rimerge (%)° 15.0 (38.3)
Mosaicity 0.75

Wilson scalingB factor (A% 37.0

Model and refinement

Resolution range (A) 25.0 - 2.50
Rwork (%) 25.3

Riee (%) 28.7

Refl. observed 14110
Refl. test set 1031

No. of protein atoms 3,464

No. of waters 288

rmsd bond lengths (A) 0.016
rmsd bond angles (A) 1.613
AverageB factor (A% 40.3

& Statistics for the highest data resolution shell ar
shown in parentheses.
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of which @4) extends ~ 60 A away from the N-terminal headis Father long helix
terminates with a conserved glycine at position. 1The following extended coiled
region (residues 171-185) reverses the overadéidtayy of the polypeptide chain,
bringing the secondib) and third ¢6) helices of the C-terminal domain back into conta
with 4. The last helixo©) of the C-terminal domain wedges itself betweérandp1,
forcing the N-terminal head domain to adopt an &ed position (Figure 2.1C). In
addition, the orientation @f6 suggests that the terminal 75 residues of XLIleasear

the N-terminal head domain.

XLF formed a dimer within the crystallographic asyetric unit. This quaternary
structure has also been observed for XLF homolo&§spombe andS. cerevisiae (Cavero
et al., 2007; Sulek et al., 2007) suggesting thatdn XLF forms a homodimer in the
absence of DNA and other NHEJ proteins. Xf#monomers are related by a 2-fold
non-crystallographic axis, and interact primarilyaugh conserved hydrophobic regions
within a4, listed in detail in Supplementary Figure 2.1.emer is also held in place by
compensatory interactions betweghof one monomer antb of the opposing monomer.
Further stabilization occurs from the clamp fornbgd:5 anda6 as they twist upward
and wrap around4 from the opposite subunit. The dimer interfaceds a surface area
of ~6500 X, the greatest contribution coming from interacsitimat result from the
folding back and clamping a5 anda6 ontoo4. The combined effects of burying
extensive hydrophobic surface and structural supggoned by wrapping5 anda6 onto
a4, suggest that the XLF dimer is highly stable.widweer, the possibility remains that

opposing tailsd5 anda6) from two XLF dimers could interchange to forrteramer
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similar to XRCC4 (Junop et al., 2000). Prelimindata from gel filtration analysis
suggests that XLF can form concentration-depenklgher-order complexes
(Supplementary Figure 2. 2).

Interestingly, three patches of highly conservesidiees in XLE?**do not
contribute significantly to the dimer interfacedbre 2.1). Many of the conserved
residues in these regions are exposed and likebhiad in other interactions. Patch IlI
(residues 160-186) is N-terminal to the region ltFX{residues 186-209) corresponding
to the region in XRCC4 that binds to LigaselV. Hmwer, Patch 11l forms a hinge that
folds back to occlude the potential LigaselV birgdgurface. Although Patch | and Il are
non-contiguous in primary structure, these regfons a continuous surface in the
tertiary structure of XLF (Figure 2.1C). Many bftconserved residues in these two
patches consist of exposed polar/charged resithaésite not expected to contribute to
protein folding. A stretch of 3 exposed hydroplofgisidues (amino acid 115, 116 and
118; see supplemental Figure 2.1, section 2.4s¢sfaund in this region, specifically
within the short loop joinin@6 andB7. These features raise the possibility that e
I-11 surface mediates interactions with XRCC4 dnestNHEJ proteins.

2.4.2 The XLF C-terminal domain is required for DNA binding and mismatched end
ligation

To determine the role of the conserved N-termiaglan of XLF in NHEJ, we
tested XLE?*for its ability to stimulate ligation of mismatah®NA ends, bind DNA,
and interact with XRCC4/LigaselV. Tsai et al., @Z) recently used am vitro end-

joining assay to demonstrate that XLF stimulatgation of non-cohesive and
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mismatched ends. Using this assay, we found tiidehgth XLF and XLE %2
stimulated ligation of mismatched ends by ~ 300 2uhold, respectively (Figure 2.2A).
The decreased activity of Xt:E**was surprising given the general absence of
conservation in the C-terminal 75 amino acids @elétom XLF %> However, the
extreme C-terminus of XLF contains a small consghasic cluster, which was proposed
to represent an NLS (Ahnesorg et al., 2006).

We compared the DNA binding activities of Xt#* full length XLF and
XRCC4, and found that the ability of XEE**to bind DNA was dramatically decreased
(Figure 2.2B), suggesting that the C-terminal Zdees of XLF are necessary for DNA
binding. In agreement with these findings, biocleainstudies of the XLF homolog &
cerevisiae indicate that the analogous C-terminal region essary and sufficient for
DNA binding (Sulek et al., 2007).

XLF interacts with XRCC4 and the XRCC4-LigaselV qaex (Ahnesorg et al.,
2006). Using a two-step approach, we examinegtbiein-protein interactions retained
by XLF when its C-terminal 75 residues are absémthe first step, individually purified
proteins were mixed and then resolved by native BABgure 2.2C). In the second
step, protein bands were excised from the gel esolved by electrophoresis under
denaturing conditions (Figure 2.2D). XRCC4 andasig I\V>***'were included as a
positive control, since they form a stable comglwdesti et al., 2003). When XRCC4
and Ligase N\****were combined and resolved under native condi@onew band was

observed with altered mobility compared to eitimglividual protein on its own (Figure
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Figure 2.2 Functional analysis of XLF*#?*. (A) Stimulation of non-

cohesive end-joining requires the C-terminus of XI{B) DNA binding of
XLF requires the C-terminal 75 amino acids. Xt and/or XRCC4 were
tested by mobility gel shift using increasing amtsusf protein (2-fold
increase starting at 4 pmol in lane 2) and 100frimearized dsDNA (2.6
kbp). (C&D) Protein-Protein Interactions with X£E** XRCC4, and Ligase
IV o>+ Native PAGE (C). Bands from lane 4, 5 and {Qhwere cut out
and resolved by SDS-PAGE (D).
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2.2C, compare lane 4 to lanes 1 and 3). Wherb#ms was resolved under denaturing
conditions, both XRCC4 and Ligase®®***were present as expected (Figure 2.2D, lane
4). We then tested various combinations of XRQGdase \*°***and XLF?*for
their ability to form stable complexes (Figure 2.2 2.2D). The conserved N-terminal
fragment of XLE?**retains the ability to interact stably with XRCQddato the complex
of XRCC4 bound to Ligase f7*°'* On the other hand, XI!E**and Ligase I%°*°*
failed to form a stable complex, consistent withidgts examining the interaction between
full length XLF and LigaselV (Lu et al., 2007; Dgsinde and Wilson, 2007).

In summary, the C-terminal 75 residues of human ¥té-required for
stimulation of mismatched DNA ligation and DNA bind, but not for interaction with
XRCC4. Interestingly, this region of XLF exhiblikle sequence conservation with other
homologs, except for the extreme C-terminus.
2.4.3 XLF and XRCC4 structures exhibit similaritiesand differences

Figure 2.3A presents a structure based sequeigrergnt of XLE?**and
XRCC4"#L Although the first 120 residues of XLF and XRCé&¢hibit only 13.4%
sequence identity, the predicted secondary stresttisplay almost perfect homology
with an overall root mean square deviation of 1.B#Athe G atoms (SuperPose, Maiti et
al., 2004). However, examination of the entir¢iaey structure reveals unexpected and
dramatic differences between XRCC4 and XLF. Twyp ¢#éferences become evident
upon alignment of XLF and XRCC4 using either thedamains (Figure 2.3B) or the
head domains (Figure 2.3C). The first differersca large 45outward rotation of the

XLF helical tail domain (Figure 2.3C). This strudl difference is due to insertion @t
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Figure 2.3. Structure-based comparison of human XLI*%%. (A) Structure-based
sequence alignment of XEE**and XRCC4?':. Conserved residues are colored
according to the designation in Figure 1. Basethe®. cerevisiae structure of Lifl-
Dnl4(tandem BRCT), triangles indicate putative desis of XRCC4 that mediate
LigaselV interaction. Reflecting asymmetric intdrans in Lif1-Dnl4, triangles are
colored either black or grey for interaction witkbsinits A or B of XRCC4. XRCC4 and
XLF mutations are indicated by triangles in blue anange, respectively.

Continued on page 44.
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Continued from page 43.

Figure 2.3. Structure-based comparison of human XE*??% (B) Overlay of XLF%2*
and XRCC4?*pound to Ligase IX¥?°>"®2 in orange, blue, and yellow respectively. The
helical tail region of XLF (residues 128-171) wa®d to structurally align the
corresponding region of XRCC4. The structure ofCGR bound to LigaselV (PDB
1756) is reported in Doret al., (2006).(C) Overlay of N- terminal head domains of
XLF'**?2and XRCC4'* in orange and blue, respectively. Arrow indisaaet8
difference in the trajectory of XLF and XRCC4 Crenal tail domains(D) Stereo

image of XRCC4-XLF interface suggested by mutati@malysis. XLF-A and XLF-B
are contributed from separate dimers. Mutatiohgiting XRCC4-XLF interaction are
circled in grey.(E) Model for assembly of an XRCC4-XLF-LigaselV filante

anda6 between the head and stalk domains, elevatirgheads within the XLF dimer
(Figure 2.3B, black arrow). This creates a flagtirelongated surface (~ 25 A x 70 A)
extending from either end of the dimer (Figure 2g3Ben arrows). We speculate that the
newly formed surface may serve as a binding interfa

The second major difference is the folding of thee@ninal helical domain of
XLF. In XRCC4 the C-terminal domain exists asrgke helix that extends away from
the head domain with a small but important confdaromal deviation at the point that
interacts with LigaselV (Figure 2.3B). The analogaegion of XLF is broken into three
helices, withu5 anda6 folding back ont@4 of the opposing dimer subunit. XLF helix
a5 aligns with the LigaselV binding region of XRC(Hgure 2.3A). Interestingly, XLF
helix a5 is less conserved than Patch 11l of the XLF hi(fggure 2.1A), suggesting that
a5 might not interact with LigaselV. In additiomethelical stalk of XLF folds back onto
itself to produce a more compact structure witheatly increased dimer interface.
Importantly, the folding and twisting o6 anda6 back onta:4 prevents LigaselV from
binding to XLF in the same way it binds to XRCC4ddésti et al., 2003; Sibanda et al.,
2001). This result supports our biochemical datansng that XLF and LigaselV do not

interact strongly (Figure 2.2C), and is consisteth data from other groups (Lu et al.,
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2007; Deshpande and Wilson 2007). Neverthelestottied helical region of XLF may
still interact with other NHEJ proteins, or witlsélf to form tetramers, as discussed
above.

2.4.4 Model for the XLF-XRCC4-LigaselV Complex

Recent studies by Deshpande and Wilson (2007 )estigigat the head region of
human XRCC4 is necessary and sufficient for staftéraction with the N-terminal
region of human XLF. We conducted a mutationalyamigof both XRCC4 and XLF to
define their interacting surfaces in greater detad thereby provide data for a model of
the XRCC4-XLF complex.

We targeted mutations in XRCC4 and XLF to exposedserved residues not
predicted to be involved in dimerization or Ligagdlinding (Figure 2.3A and
Supplemental Figure 2.3, section 2.7). In totdlXRCC4 mutants and 10 XLF mutants
were analyzed for their ability to bind XLF, XRCQ4gaselV and DNA. XLF mutants
were also tested for stimulation of mismatched legation. Figure 2.4 summarizes the
results. While most mutations did not alter fuoctiamino acid substitutions at K63,
K65 and K99 of XRCC4 disrupted interaction with XLFhese mutations nevertheless
preserved full LigaselV and DNA binding activityVithin the tertiary structure of
XRCC4, these residues cluster at the base of the #d@main (Figure 2.3D). Of the 10
XLF mutants, three (L174A, R178A, L179A locatedAatch Ill) were shown to be
essential for XLF activity, but not for binding RINA or XRCC4. This phenotype is
consistent with these residues mediating interactith Ku70/80 and/or LigaselV. Only

a single XLF mutant,
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XRCC4 Binding Stimulation of joining
XLF LIGIV DNA EcoRV-Kpnl
Wildtype + - - nd
K90E - - - nd
RI107E - - - nd
K115E - - - nd
K4E. K99E = - + nd
K26E, K99E - + + nd
K26E. K102E - - - nd
K63E, K99E = + + nd
K635E, K102E = + + nd
R71E. K99E - - + nd
R71E. K102E + + + nd
K72E. K99E - + - nd
K72E.K102E - - + nd
K99E. K102E +/- - - nd
R161Q. K164Q - - - nd
KH;?; ?QISOQ + - - nd
q
QKRG | -t ¢ nd
K63Q. K65Q
R71Q.K72Q +/- - - nd
K102E
XLF Binding Stimulation of joining
XRCC4 LIGIV DNA EcoRV-Kpnl
Wildtype - - + 115 ]
A224 - - - ] 3
1105S - nd - 70— ]
Ell11A + nd + T
L115A - nd - ] 6
E169A + nd + (37 ]
L174A - nd - 24 ]
R178A + nd - 7] 7
L179A - nd - s
E185A - nd - 89
I1195A - nd - 122 ]
S278A - nd - 165
0 50 100 150

Figure 2.4. Mutational analysis of XRCC4 and XLF lnding surfaces.
XRCC4 and XLF mutants either bound (+) or did noda(-) DNA, DNA
LigaselV, XLF or XRCC4. Stimulation of end joinindjustrated as a bar
graph, was measured from 0 to150-fold for the jairof anEcoRV-Kpnl
digested DNA substrate.
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L115A, disrupted XRCC4 binding. The L115A mutastained DNA binding activity
and showed no alteration in the circular dichroggactra, suggesting that the L115
residue is important for protein-protein interantibut not for the folding of XLF (data
not shown). L115 is located within the small chusif three exposed hydrophobic
residues found in th@6-p7 loop of Patch Il (Figure 2.1C and 2.3D). Mutasdhat
disrupted the interaction between XRCC4 and XLFenadl located in the head domains
of XRCC4 and XLF. This result suggests that thedh@omains are essential for
interaction, in agreement with the conclusions esBpande and Wilson (2007). As
shown in Figure 2.3D, thg6-f7 loop region of XLF is predicted to interact witie a3
helices of XRCC4 (residues 138-150). Converselsidues K63, K65 and K99 of
XRCC4 appear to make contacts with the conservethPand Il regions of XLF.
Further investigation is required to verify thesgeractions.

Our structural and biochemical data further detmeeXRCC4-XLF interacting
regions and suggest a working model for how thestejms assemble during NHEJ. The
most probable way of bringing XLF into contact WKRCC4, without introducing steric
clashes with the BRCT domains of LigaselV, is teemsble the proteins in a stacked head
to head fashion (Figure 2.3D). This model satssfiee current biochemical data
indicating that head regions of XRCC4 and XLF iat¢with each other, and conforms
to the structural restrictions imposed by shapeptementarity. The model also predicts
an interaction of XLF with the C-terminal BRCT domsof LigaselV (Figure 2.3D and
2.3E). Such an interaction would be weaker tharhighly stable binding mode between

XRCC4 and LigaselV, in agreement with a recent refildeshpande and Wilson, 2007).
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In this model, an XRCC4 dimer potentially bindotdimers of XLF (Figure
2.3D). Furthermore, a single dimer of XLF potelhidinds two dimers of XRCC4, thus
generating a continuous structure or filament tdrabting XRCC4 and XLF dimers
(Figure 2.3E). Formation of such a filament wobilexpected to cooperatively stabilize
binding of XRCC4 and XLF to DNA. In support of $hproposed arrangement of XLF
and XRCC4, these proteins have been shown to éxhdghly cooperative DNA binding
and are only able to interact stably with unusulaige DNA substrates (~100 bp)
(Modesti et al., 1999; Lu et al., 2007; Sulek et2007).

To explain how XLF stimulates ligation of bluntctamismatched ends, we
propose the following model. Ku stabilizes bindofghe first XRCC4/LigaselV
complex to the DNA ends (McElhinny et al., 2006pr cohesive ends, alignment by
base pairing would facilitate immediate ligationlbgaselV even in the absence of XLF.
For blunt or mismatched ends, an XLF/XRCC4 filameaould assemble on the DNA.
Both XLF and XRCC4 can bind to internal sites onM{Figure 2.2B), and assembly of
the XLF/XRCC4 filament would stabilize DNA binding-the DNA ends could slide with
respect to each other within the filament. SinmeheXLF and XRCC4 subunit of the
filament includes a DNA binding domain, juxtapasitiof the DNA ends would optimize
the energy of DNA binding. Mismatched or blunt erduld slide into a position that
would permit LigaselV to join one or both strandspending on the structure of the
DNA ends (Tsai et al., 2007). We are currentlydrarting additional experiments to

confirm this model.
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2.5 Experimental Procedures

2.5.1 Protein expression and purification

See supplemental section 2.7 for details of vembostruction. Purification was
achieved by Ni" affinity and gel filtration chromatography (see plgmental section 2.7
for further details). A description of XRCC4 andlIKmutagenesis and mutant

purification is given in Supplemental Data, secton.

2.5.2 Electrophoretic Mobility Shift Assays

DNA binding reactions were assembled with EMSAf&uf20 mM Tris, pH 8.0,
50 mM KCl, 0.1 mM dithiothreitol, 1@g/mL BSA, 5% glycerol), 100 ng ¢dindlll
(NEB) linearized pUC-18, and varying amounts ofteno (Figure 2.2B). Reactions were
resolved by electrophoresis on a 0.8% TBE agarekday 1 hour at 80 V.
2.5.3 2D Gel Analysis of Protein-Protein Interactias

Purified proteins were combined as indicated guFe 2.2B in buffer (20 mM
Tris, pH 8.0, 50 mM KCI, 0.1 mM DTT, 1f0g/mL BSA, 5% glycerol). Reactions were
resolved by 6% native PAGE in TBE. Shifted geldmwere excised and boiled in SDS-
PAGE gel loading dye for 5 minutes prior to 12% SBSGE gel electrophoresis.
2.5.4 Crystallization and Data collection of XLE?%2*

Crystals were grown using the hanging drop vapidusion method. Equal
volumes of protein (3.4 mg/mL XLF, 150 mM KCI, 1Qrlris pH 8.0, 5 mM DTT, 1
mM EDTA) and crystallization solution (0.1 M Hep@s] 7.5, 20% PEG 10000, 200 mM

NDSB-201) were dehydrated over 800 of 1.8M (NH,)>,SO,. Crystals (700 x 50 x 20
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um) grew after 1-2 days af@. Diffraction data was collected at NSLS, X8C
(Brookhaven, NY).
2.5.5 Structure Determination and Model Refinement

SAD data was processed ustigiREK (Pflugrath, 1999) to 2.5 A. All 18 SeMet
sites were located using HYSS (Adams et al., 2@asse-Kunstleve and Adams, 2003).
Phasing and density modification were carried atit @NS (Brunger et al., 1998).
Iterative rounds of manual model building and refirent were carried out using
WinCoot (Emsley and Cowtan, 2004) and REFMAC (Mudsbv, 2005), until R and
Rfree values converged (Jones et al., 1991). tonaldigures were generated using
PyMOL (DeLano, 2002).
2.5.6 In vitro end-joining reactions

End-joining reactions were performed as previodslgcribed usingcoRV-
EcoRV or EcoRV-Kpnl substrate (Tsai et al., 2007). See supplemeetilon 2.7 for

further details.
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2.7 Supplemental Data

XLF 1-224
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Supplemental Figure2.1. Schematic of XLF residues. Fully exposed hydrophobic or
charged/polar residues are colored yellow and btaspectively. Residues mediating
interactions of the XLF dimer interface are indezhtn green. Light green: residues forming
interface between opposingt helices of helical stalk/tail region. Dark greeasidues
mediating dimer interface formed h$ anda6 interacting withu4 of the opposing subunit.
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Supplemental Figure 2.2. Concentration-dependentligomeric
states of XLF. Gel filtration analysis of XLE?** at ~20 and 4
mg/mL. A shift in the elution volume with differenoncentrations
of XLF is indicated by green and red lines. Appamnolecular
weights for the two highest peaks are provided.
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rerio VA-- HL———QQLEAQMRKTLEQQHRS@ (322)
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Supplemental Figure 2.3. Structure and sequence cs@rvation of human XRCCA4.
Sequence alignment of XRCC4 homologs. Conservedlues are hi-lighted as
follows: hydrophobic, yellow; negative charge,;rpdsitive charge, blue; proline and
glycine, brown; threonine and serine, green; hiséid light blue; glutamine and
asparagine, purple. Mutations made for functiomalysis in XRCC4 are indicated by
black triangles.
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2.7.1 Supplemental Experimental Procedures
XLF expression vector construction

Human XLF cDNA was amplified by PCR using IMAGE e#©4026495 as
template and primers

CCCACGGCATATATACTATCTATGGAAGAACTGGAGCAAGGCCTG and

GGGCTCGAGTTAACTGAAGAGACCCCTTGGCTTCTTC. The PCR prect was
digested with BceAl and Xhol and ligated into pE'ED@4 (Novagen) using available
Ndel and Xhol restriction sites to generate theresgion vector encoding full length
XLF, pMJ4489. The Gateway System (Invitrogen) e used to create pMJ4441, a
pDEST expression vector encoding XLF( amino aci@24) with a C-terminal
hexahistidine tag immediately following residue 2MJ4441 was fully sequenced and
found to contain a silent mutation in the XLF seageeat codon 183 of CCA to CCG.
Mutants of XRCC4 and XLF were generated using thikGhange Kit from

Stragtagene. All mutations were verified by DNA seigce analysis.
Mutant XLF purification.

Mutant XRCC4 was purified as previously describé&ahpp et al., 2000).
Wildtype and mutant full length XLF were expresse@Rossetta(DE3)/pLysS cells
induced with 1 mM IPTG for 4 hours at%®7 Havested cells were resuspended in buffer
C (20 mM Hepes 8.0, 2 M NaCl, 10 mM imidzaole, 18 frmercaptoethanol), lysed,

clarified, and applied to a Richarged IMAC column (Amersham), equilibrated with
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buffer C. Bound XLRvas washed successively with 25 ml buffer C supplaed with
40 and 90 mM imidazole. XLF was step-eluted witiffér C containing 240 mM
imidazole and exchanged into buffer D (20 mM Hep@s 150 mM NaCl, 1 mM EDTA,

10 mM B-mercaptoethanol).
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Chapter 3: Crystallization and preliminary X-ray
diffraction analysis of the human XRCC4-XLF complex

Andres, S.N. and Junop, M.S. (2011). Crystallaaand preliminary x-ray diffraction
analysis of the human XRCC4-XLF complekcta Cryst F67, in press.

Reproduced with permission from the Internationaidd of Crystallography (IUCr).

3.1 Author’s Preface

The research presented in chapter 3 has been addephe peer-reviewed
journal Acta Crystallographica Section F: Sructural Biology and Crystallization
Communications, and appears in its published format. This ati®tails the
methodology involved in crystallizing the XRCC4-Xldemplex. S.N. Andres conducted
all of the described experimental work. S.N. Asdaed Dr. M.S. Junop were involved in
writing of the manuscript.
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3.2 Synopsis
A complex of human DNA repair proteins XRCC4 andRdlvere co-crystallized

under high salt and extreme dehydration condittonsoduce diffraction to 3.9A
resolution. Initial phasing information was obinfrom molecular replacement with

single-wavelength anomalous diffraction using tamabromide clusters.

3.3 Abstract

XRCC4 and XLF are key proteins in the repair of DNduble-strand breaks
through non-homologous end-joining. Together, toegn a complex that stimulates
ligation of double-strand breaks. Owing to thegrsied filamentous nature of this
complex, structural studies via X-ray crystallogrgave proven difficult. Multiple
truncations of XLF and XRCC4 proteins were co-aijsted, but yielded low-resolution
diffraction (~20A). However, a combination of mieseeding, dehydration and heavy
metals improved diffraction of XRCEHIXLF*?** crystals to 3.9A. Although molecular
replacement alone was unable to produce a solwiban combined with anomalous

signal from tantalum bromide clusters initial pmgswas successfully obtained.
3.4 Introduction

DNA double-strand breaks are a serious threattonebsomal stability, and when
left unrepaired cause genomic rearrangements bdeath. Mammals have two distinct
pathways for repair of DNA double-strand breakemblogous recombination and non-

homologous end-joining (NHEJ). Of these, NHE s primary repair method owing to
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its unrestricted use throughout the cell cycle. BNHequires a core set of 7 proteins for

binding, processing and ligating broken DNA en@wigwed in Liebeet al., 2010).

Two of these proteins, XRCC4 and XLF, have no knewmymatic function, yet
are essential for repair, as evidenced by Xlahd XRCC4 mammalian cells, which
display severe defects in double-strand break ré@aacciaet al., 1990; Zhaet al.,

2007). XLF and XRCC4 have been shown to directlgriact with one another and are
responsible for stimulating LigaselV to repair D¢Ads (Ahnesorgt al., 2006; Tsaket

al., 2007). However, the mechanism by which this ocaitmknown. XRCC4 and XLF
are structural homologs, with each existing asradwhmer. Both proteins contain an N-
terminal head and an extended C-terminal tail dam&ach head domain is comprised
of a seven-stranded anti-parafesheet, interrupted by a helix-turn-helix motifween
strands 4 and 5. The C-terminahelical tail extends away from the base of thedhea
domain and constitutes the primary dimerizatioeriiaice. In XRCC4 this tail region
remains fully extended while in XLF it wraps bagk and around towards the head

domain (Junopt al., 2000; Andrest al., 2007; Liet al., 2008).

The head domains of XLF and XRCC4 are required$sociation with one
another. Initial mutational studies that identifiateracting surfaces between these
proteins suggested that the oligomeric state oKRREC4-XLF complex may consist of
an extended filament (Andresal., 2007; Malivertet al., 2010). This idea was further
supported by recent data from small-angle x-raytexdag (Hammekt al., 2010). Given

the flexible and filamentous nature of the XRCC4FEXtomplex, structural studies via X-
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ray crystallography have proven challenging. Heeeeport the successful

crystallization and initial diffraction of XRCC4-XE crystals to 3.9A resolution.
3.5. Materials and Methods

3.5.1 Molecular Cloning and Protein Expression

Full-length XRCC4, XRCC#%, XRCC4'**? XRCC4??*EBRCT, full-length
XLF, and XLF**** were cloned and expressed as previously descfitzle 3.1;
Modestiet al., 1999; Junojt al., 2000; Andret al., 2007; Wuet al., 2009).
XRCC4'"" was generated using the Gateway Cloning systevitrggen, Canada), and
expressed identically to full-length XRCC4. XRCE# was created by inserting a stop
codon after residue 136 in XRCE#' using QuikChange mutagenesis (Stratagene, USA)
and expressed using the M9 SeMet growth mediaviet{cilon Inc., People’s Republic

of China).
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Table 3.1 Details of constructs used in crystallizationltria

Protein Mutation Plasmid Backbone Affinity Tags  Expression Cell Line
XRCC4 Full-length pACYC184 C-term His6 BL21 (DE3)
XRCC4 A265 pET-28a C-term His6 BL21 (DE3)
XRCC4 A202 pACYC184 None BL21 (DE3)
XRCC4 A157 pDEST14 C-term His6 BL21 (DE3)
XRCC4 A136 pDEST14 None BL21 (DE3)
XRCC4 A202, A60E pACYC184 None BL21 (DE3)

XLF Full-length pET-Duetl C-term His6 Rosetta pLysS (DE3)
XLF A224 pDEST14 C-term His6 Rosetta (DE3)
tanlc‘ileg;f;gék 654-911 pPRO-EXb N-term His6 BL21 (DE3)

3.5.2 Purification

All constructs of XLF and XRCC4 were purified agyiously described. His-tag
fusions were not removed from any of the expregsetéins (Andrest al., 2007; Junop
et al., 2000). XRCCA*® purification differed from that of wild type XRCGCas follows:
after nickel affinity purification, XRCC%3® was loaded onto a 5mL HiTrap Q HP,
followed by a 5mL HiTrap SP HP (GE Healthcare, US#9th equilibrated with 20mM
Tris (pH 8), 10mM DTT, 10% glycerol, 1mM EDTA an8dmM KCI. XRCC4® did
not bind to either column and was collected iniuhbound fraction. Following cation
exchange, XRCC%>® was further purified via gel filtration (HiLoad 88 Superdex 200;

GE Healthcare, USA) using cation exchange buff@0@imM KCI.
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3.5.3 General Crystallization

XRCC4 and XLF were mixed in varying ratios: 25:50;100, or 50:5QM
XLF:XRCC4. Crystallization was performed using geng-drop vapour diffusion,
combining LL each of protein and crystallization solutionstystallization solutions
from commercially available kits were used (Classiand 1l, Ammonium Sulfate,
PEGS, pH Clear I, Nucleix and JCSG |, II, Il and3uites from Qiagen, Canada; Index
Screen from Hampton Research, USA; Extension, Qvimbrane, and Low lonic
Screens from Sigma-Aldrich, Canada; Original Scifeem Biogenova, USA).
Crystallization trials were initially performed witvell solutions of 2.5M ammonium
sulfate (80QL) and incubated at 277, 293 or 303 K. Other welutions tested included
2.5-4M ammonium sulfate, 1.5-4M sodium chloride 208 PEG3350. Crystals were
further optimized by systematically varying eacimponent of the primary
crystallization condition. Additives were includddring the optimization of initial
crystallization conditions (Opti-Salts screen fr@agen, USA; Silver Bullets and

Additive screen from Hampton Research, USA).

3.5.4 Crystallization and Diffraction Collection

Crystals of XRCCA™"-XLF*?** grew from a combination ofil. XRCC4**>’
(100uM) and XLF*#2* (50uM) in 20mM Tris pH 8, 200mM KCI, ImM EDTA, 10mM
DTT and 10% glycerol. The protein solution was bamad with 0.8.L of 1.8 M tri-
ammonium citrate (pH 8) containing varying dilutioof crushed XRCC4°"-XLF~%2*

crystals, and 0. each of 0.1M barium chloride dihydrate and 2.0dism
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thiocyanate. Hanging drops were initially dehyddabver 2.5M ammonium sulfate pH 7
at 303 K. After 24 hours, crystal trays were mot@@93 K, and after a further 24 hours,
to 277 K. Four days later, crystals were furtheimyirated over 4M ammonium sulfate.
Five days later, crystals were soaked in a comioinatf 1uL of 0.5mM tantalum

bromide and 045L of 60% PEG 8000 for 3 hours prior to flash-coglin liquid nitrogen.
Diffraction data were collected on NSLS beamlindXBrookhaven, New York, USA),

to a resolution of 3A, using a wavelength of 1.253#® a nitrogen stream at 100 K. Data
were collected in 30wedges, with 0 5oscillation and 2s exposure per image. Initial
scaling and space-group determination were perfonsengHKL-2000 (Otwinowski

and Minor, 2007).

3.6 Results and Discussion

XRCC4-XLF complexes comprised of varying proteindehs produced crystals
with similar hexagonal rod morphologies under marygtallization conditions (Table
3.2). Additives were essential for reproducingithigal crystals. Diffraction was highly
dependent on crystal size and only observed frgstaiis >0.4mm in length. Excess
XRCC4 promoted initial crystal growth, while micseeding of the crystallization
solution and incubation at 303 K controlled thesextof nucleation and increased growth
in all 3 dimensions. Extended incubation at 303>B4 hours) produced larger crystals
but with weaker diffraction (>20A). Therefore, tileubation temperature was slowly

decreased from 303 to 277 K, greatly improving ketsan to 6-8A.
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Table 3.2 Crystals of XRCC4-XLF complexes and associatedatffon

XRCC4 XLF Crystal of Complex Diffraction
r
Full-length Full-length >20 A
A265 Full-length ~8A
A265 A224 >20A
A265, AG6OE + BRCT  Full-length >20A
A202 Full-length >20A
A202 A224 >20A
A157 A224 ~3A
A136 A224 ~4A
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Initial diffraction of XRCC4>"-XLF*?** crystals was limited to 6-8A and was
further hampered by the presence of ice rings oworigsufficient cryoprotectant. As
observed with other protein crystals, dehydratibKRCC4*>"-XLF*?** crystals
improved cryoprotection (Herasal., 2003). The extent and duration of dehydration
were optimized. Extreme dehydration was achidswedhanging the well-solution to 4M
ammonium sulfate and by soaking crystals in 60% BE®. This not only improved
cryoprotection, but also increased the diffractiesolution to ~3A. Recently, Hammes|
al. (2011) published a similar XRCC4-XLF structure3t®A resolution, also using
dehydration by PEG 3350 to achieve crystals, wiblaent content identical to that of
the XRCCA™-XLF*??* crystals discussed here (~70%). Therefore, fléstemay be

more successful for crystals of high solvent conten

Data were collected on a microfocus beamline (X2NSLS) allowing multiple
data sets to be collected from different regiona single crystal. The crystals diffracted
to 3A resolution; however owing to anisotropic bébar data were only processed to
3.9A resolution (Figure 3.1). The crystals belahtspacegroup C2, with unit cell
parameters a = 745.4, b = 149.6, ¢ = 88894.7 (Table 3.3). Alternately, Hammel
al. (2011) produced crystals that belonged to spacgpgP®22, which may be the result
of using a shorter XRCC4 truncation (1-140). Howrevhese crystals also exhibited a
long unit cell axis of 764 A. The extremely longjtcell axis accounts for the anisotropy
and is the result of limited lateral crystal comsaa the extended repeating unit (the

structure will be discussed elsewhere; PDB entwr;38heriff and Hendrickson, 1987).
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Figure 3.1Diffraction image of XRCCA""-XLF*%** crystals illustrating
anisotropy.
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Table 3.2 Crystallographic data statistics

Data Collection

Spacegroup C2
Wavelength (A) 1.25
a=745.4,b=149.6, c = 8(

Cell parameters (A)
a=v =290, p=94.7

Molecules in A.U. 24
Solvent Content (%) 71
Resolution range (&) 50.0-3.9 (4.2-3.9)
Unique reflections 78630
Data redundanéy 6.7 (6.6)
Completeness (%) 97.6 (98.4)
0% 11.7 (2.1)
Rmerge (%0)° 15.2 (96.3)
Mosaicity 0.35
Wilson scaling B factor (A 168.55

®Statistics for the highest resolution data shalsirown in parentheses.

Even though individual structures of XRCC4 (Juebal., 2000; PDB entry 1ful)
and XLF (Andrest al., 2007, PDB entry 2r9a; lat al., 2008, PDB 2gm4) have been
solved, molecular replacement alone was unableawige sufficient phasing. This may
reflect the very large asymmetric unit and the fdggree of structural similarity between
XRCC4 and XLF. Tantalum bromide has been well-doented as a heavy-metal cluster
suitable for determining phase of low-resolutiomistures (Knableiet al., 1997; Baret

al., 1999; Banumathet al., 2002; Pomeranz Krummet al., 2009). Therefore, we
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attempted to obtain tantalum bromide derivativesdgking crystals at varying
concentrations and for different lengths of tim&hvand without ‘back-soaking'’.
Soaking for less than 30 minutes did not produgsedul derivative, while soaking for
>12 hours and/or back-soaking significantly decedadiffraction. Only direct soaking of

crystals for ~3 hours generated sufficient phasmtijjout a significant loss in resolution.

The combination of low-resolution data, high solveontent and large unit cell
required phasing using both molecular replacemettlae anomalous signal from
tantalum bromide. An initial search model of XRCEKHUF was generated based upon
mutational analysis and docking (Malivettal., 2010). Phases from molecular
replacement were greatly improved by the additigeasing information from the
tantalum bromide clusters (8 sites per asymmetrit).uPhasing from molecular
replacement with single-wavelength anomalous diffoa in Phenix produced a FOM of
0.452 and LLG of -334048 (Adanetsal., 2010), and a structural solution was obtained

(PDB entry 3rwr).
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Chapter 4. Crystal structure of human XRCC4-XLF
reveals an extended helical filament important for

bridging DNA ends

Andres, S.N., Ristic, D., Wyman, C., Modesti, Mhdalunop, M.S.

As prepared for submission kolecular Cell.

4.1 Author’s Preface

The research presented in chapter 4 has been pdejoarsubmission to the peer-
reviewed journaMolecular Cell, and appears in its submitted format. This articl
presents the structure of an XRCC4-XLF filament mishtifies a bridging function for
the filament. S.N. Andres conducted crystallizatomperiments and solved the structure
of XRCC4-XLF. S.N. Andres carried out initial DN#nding assays that identified all
XRCC4 and XLF mutants examined throughout this manpt. Dr. M. Modesti
performed DNA binding assays involving BRCT domags well as the DNA bridging
assays. Dr. D. Ristic and Dr. C. Wyman were resjimba for scanning force microscopy
experiments. S.N. Andres and Dr. M.S. Junop witeéemanuscript, while the remaining
authors were involved in editing the manuscripieaBe note that references to Roy et al.,
refers to a paper that was co-submitted for putiinawith this manuscript of which S.N.
Andres is also a co-author. It is from the labarias of Dr. Katheryn Meek and Dr.
Mauro Modesti, and is thus referenced as a persmmamunication.
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4.2 Summary
DNA double-strand breaks pose a significant thteaell survival and must be repaired.
In higher eukaryotes such damage is repaired netiatly by non-homologous end-
joining. Within this pathway, XLF and XRCC4 fulfikey roles required for efficient end
joining. Here we present the crystal structurarokextended protein filament of XRCC4-
XLF at 3.94A. DNA binding and bridging assays, ¢oned with direct visualization,
reveal how XRCC4-XLF filaments robustly bridge DM#olecules. This unanticipated,
Ligase IV-independent bridging activity by XRCC4-Klifilaments suggests an early role
for this complex during end-joining, in additionite well-established later functions.
Mutational analysis of the XRCC4-XLF C-terminalltaagions further identifies
specialized functions in filament formation ancenatction with DNA and LigaselV.
Based on this data, a model for XRCC4-XLF filamiemiction in non-homologous end-
joining is presented.
4.3 Introduction

DNA double-strand breaks pose a serious threagnomic stability. They result
from exposure to exogenous sources such as iomadagtion, but are also the outcome
of endogenous events including collapsed repliodtoks and intermediates of V(D)J
recombination (Kuzminov, 2001; Roth et al., 199R)ammalian cells have developed
multiple mechanisms for repair, but predominanthpéoy non-homologous end-joining
(NHEJ) (Jeggo et al., 1998). The core set of jsteequired for NHEJ include Ku70/80,
DNA-PKcs, XRCC4, XLF/Cernunnos, and LigaselV (revesl in Lieber et al., 2010).

Ku70/80 initially binds DNA breaks preventing deda#ion and recruits DNA-PKcs and
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XLF to the site of damage (Gottlieb and Jackso®318imori and Hardin, 1986; Yano
et al., 2008b). Synapsis of DNA ends is aided BWAEPK (Ku70/80 and DNA-PKcs),
which further promotes processing of damaged DNdsdyy Artemis and other
modifying enzymes (Ding et al., 2003; Ma, 2002; Mukhy et al., 2005).
XRCC4/LigaselV is then free to seal DNA breaks. Pdirectly interacts with XRCC4
and stimulates XRCC4/LigaselV joining of incomp&iDNA ends (Ahnesorg et al.,
2006; Grawunder et al., 1997; Tsai et al., 2007).

XLF and XRCC4 are required for efficient NHEJ. tBXLF" and XRCCZ4
mammalian cells exhibit increased sensitivity toizing radiation coupled with serious
defects in double-strand break repair (Giaccid.e1890; Zha et al., 2007). Furthermore,
XRCC4 knockout mice are embryonic lethal due toaased neuronal apoptosis; but can
be rescued by p53 deletion (Gao et al., 1998; Gab,&000). Humans with XLF
deficiencies display growth retardation, mentahr@ation, and immunodeficiency,
reflecting key roles that NHEJ, and more specilctilese two proteins, serve in cellular
and mammalian development (Buck et al., 2006).

The mechanism by which XLF and XRCC4 function IHED is not fully
understood. Although they interact with one ano#iehe protein-protein level, only
XRCC4 interacts directly with LigaselV (Ahnesorgagt 2006; Critchlow et al., 1997;
Deshpande and Wilson, 2007). XRCC4 binding stadsliLigaselV and augments
LigaselV adenylation (Grawunder et al., 1997). XioRurn, promotes re-adenylation
and ligation of non-cohesive ends (Riballo et2009; Tsai et al., 2007). Together these

findings have led to the idea that XRCC4 and XLktdbute to a later role during NHEJ,
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in particular helping to promote the final ligatietep. More recently, however, live-cell
imaging showed that recruitment of XLF and XRCC4lémaged sites is rapid and
dependent on the presence of Ku70/80 suggestiegréier and additional role for XLF
and XRCC4 in NHEJ (Yano and Chen, 2008; Yano ef@ll1). Furthermore Roy et
al.,(personal communication) in an accompanyingusarpt, report that perturbations of
the XRCC4-XLF interaction result in double-strarrddk repair deficits including
reduced frequency of coding-end joining during \d[Pg¢combination. Taken together,
these data suggest that XRCC4 and XLF may havepteufinctions during NHEJ,
including their well-characterized late step iralign and also an early step that we
propose to be independent of XRCC4/LigaselV.

How XLF and XRCC4 mediate their suggested rolesupphout NHEJ is unclear.
Individual crystal structures of XRCC4 and XLF ral/that they are related, with both
forming homodimers having nearly identical N-teralihead domains and long alpha-
helical tails. The tails differ in that XRCC4 mtams an extended conformation, while in
XLF, they wrap back up towards the N-terminus fargi&@ more compact structure
(Andres et al., 2007; Junop et al., 2000; Li, et2008). Mutational analysis within head
domains identified residues R64, L65, and L115 bFXand K65 and K99 of XRCC4 as
critical to XRCC4-XLF complex formation (Andresat, 2007; Malivert et al., 2010).
Given the location of these residues and the domeiure of the proteins, it has been
proposed that the proteins could form a filamemd#es et al., 2007; Malivert et al.,
2010). This idea has gained further support bgmesmall-angle x-ray scattering

(SAXS) analysis that suggested a linear arrangeofexitF and XRCC4 proteins in
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solution (Hammel et al., 2010).

Here we report the crystal structure of an extd{l@CC4-XLF helical filament
at 3.94A. We determine a role for the XRCC4-XLUarfient independent of LigaselV in
bridging double-strand breaks. XRCC4-XLF filameats also shown to exist in two
distinct states, one of which mediates DNA bridginge further identify regions of XLF
and XRCC4 important for DNA binding and demonstthgg these regions make
independent contributions to filament function iKBU. In particular, the C-terminal
tails of XLF are responsible for filament-DNA in&etions, while the corresponding
region of XRCC4 regulates formation of the filamesquired for DNA bridging.
Sequestration of XRCC4 C-terminal tails throughdimg of LigaselV tandem BRCT
domains disrupts this species, ablating DNA bridgiA model for the mechanism of

XRCCA4-XLF filaments within NHEJ is presented.

4.4 Results
4.4.1 Structure of the XRCC4 ™~ XLF ***'complex

Efforts to crystallize XRCC4-XLF involved varisiwcombinations of full-length
and truncated proteins. Although crystals weraioled with all constructs tested, only
XLF 1-224 (XLF?% and XRCC4 1-157 (XRCCZ) produced diffraction quality crystals
in our hands. XRCCA-XLF?* crystals diffracted to ~3A, however anisotropy tidi
the data to 3.9A. This anisotropy reflects theamxely high solvent content (~70%), and
limited crystal contacts observed in the structuPdase information was obtained using a

combination of molecular replacement and singleetength anomalous diffraction
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(MR-SAD). XRCC4>-XLF%*crystals grew in spacegroup C2 with one extreriely
axis (~750A) and contained 6 dimers of each prdtethe asymmetric unit. The overall
structure was refined to a final R angb&of 26.2 and 32.9 respectively (PDB 3RWR).

Table 4.1 lists a complete set of data collectiot Befinement statistics.

Table 4. 1 Crystallographic Data and Refinement Statistics

Data Collection

Wavelength (A) 1.2536

Space group c

Cell parameters (A) a=745.4,b=149.6, c = 805/ = 90, p=94.7
Molecules in A.U. 24

Resolution range (&) 50.0-3.9 (4.2-3.9)
Unique reflections 78630

Data redundanéy 6.7 (6.6)
Completeness (%) 97.6 (98.4)

I/o(1)® 11.7 (2.1)

Rmergc (%0)° 15.2 (96.3)
Mosaicity 0.35

Wilson scaling B factor (B 168.55

Model and Refinement

Resolution range (A) 50.0-3.94
Ruork (%) 26.2

Riree (%) 32.9
Reflections observed 73,366
Reflection test set 3,886
Number of protein atoms 3464
Rmsd bond lengths (A) 0.0028
Rmsd bond angles (A) 0.77
Average B factor (A 144.83

&Statistics for the highest data resolution shalsivown in parentheses.
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F224 observed within the

The basic repeating assembly of XRCTGKL
asymmetric unit contained a tetramer of XRE€4and XLE?* (Figure 4.1A). Both
proteins remain essentially unaltered from previpdstermined individual structures
(PDB 1FU1; PDB 2R9A). Average RMSD’s of Xt¥and XRCC4>” within the
complex, compared to proteins on their own, wenearkably small at 1.38 And1.47 A
respectively, indicating that complex formation slo®t require significant
conformational changes. However, it does resudt #3830 offset between dimers (Figure
4.1A, black arrow). The standard deviation of RMsSSIor each of the 12 monomers of
XLF?**and XRCCA®’ within the asymmetric was 0.3 A and 0.2A respetjivand
therefore further discussion of the XRCE4XLF***interface will not include all 24
observed interfaces.

Closer inspection of the XRCE4-XLF?* interface reveals extensive hydrogen-
bonding through a continuous anti-parafiedheet formed between strarfifs7 of
XRCC4"™" andp4' of XLF?** (Figure 4.1B). In the absence of XRCE&4B4' exists as a
loop betweem?2 anda3 of the helix-turn-helix motif in XLE*, indicating that small
conformational changes result from complex fornrafildndres et al., 2007; Li et al.,
2008). The XRCC#’-XLF?**interface is further strengthened through direcin® acid
interactions (Figure 4.1C). A complete list of amacids involved in this interface is
provided in Supplementary Table S4.1. L65 and LAfI8LF*** make key contributions
by sandwiching a highly conserved XRCE#he residue (106) (Supplementary Figure

S4.1, S4.2). In addition, K99 of XRCC4 makes hydhalipic interactions with L115 of
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XLF??* through its aliphatic chain. Lysine 99 also foranisydrogen bond with the
carbonyl oxygen of S113 in XI2E. The interface is further stabilized through
electrostatic interactions between R64 and E1L&T** with E55 and K65 of
XRCC4"’ (Figure 4.1C). These interactions are consistétht previously reported
mutational analysis (Andres et al., 2007; Maliwadral., 2010).
4.4.2XRCCA4"™-XLF ?**forms a protein filament

Each dimer of XRCC2” and XLF?* observed in the asymmetric unit contributes
to a single continuous filament 840A lofidhe filament is comprised of alternating
XLF?**and XRCCA*’ dimers, with a total of 6 tetramers forming onenptete
revolution of a left-handed helix (Figure 4.1D).iF filament confirms mutational data
and SAXS analysis, suggesting XLF and XRCC4 mightfa filament in solution
(Andres et al., 2007; Hammel et al., 2010). Thanfiént diameter is ~220A, with an
internal pore of ~70A, towards which both proteiNsterminal heads are directed. The
C-termini differ; in the case of XRCE, the tails continue outward in an extended
conformation, while in XLE?**, the tails wrap back, towards the inner pore.ouffh the
overall filament structure is large, surface areddd between XLF*and XRCC4*’
dimers is surprisingly small (750?Awhen compared to the dimer interface of XREC4
(1500 &) and XLP?* (3340 X). Stable complex formation typically requires legki
surface areas greater than 100@¥&nin and Chothia, 1990). Thus, in order for this
filament to remain stable, additional interactioig observed in our crystal structure may

be required. One obvious possibility for anothieding partner is DNA.
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Figure 4.1 Crystal structure of the XLF*??~ XRCC4***" Complex
(A) Interaction of XLE** homodimer (orange) with an adjacent
XRCC4*" homodimer (blue) as seen in the crystal struct@leck
arrow illustrates ~30offset between homodimer@®) XRCC4>"-
XLF%** head-to-head interfac&ontinued on page 76.
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220A ——

Figure 4.1 Crystal structure of the XLF*?%“ XRCC4"**’ Complex
(C) Key amino acids directly involved in XRC&4XLF?**interaction.
(D) XRCC4™"-XLF***filament. XRCC4>" homodimers are numbered.
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4.4 .3ldentification of DNA Binding regions in XLF and XRCC4

Both XRCC4 and XLF exhibit optimal DNA binding wh@®NA is greater than
100 bp, and this affinity increases as DNA lengitréases (Lu et al., 2007; Modesti et
al., 1999). Furthermore, binding is reported¢ow in a highly cooperative manner,
suggesting a protein filament may form along DNA.our structure, a single revolution
of the XRCC4-XLF filament is 840A long, covering 5®@bp of linear DNA. There are
at least two models for how DNA and protein magiatt with this filament; one
involving wrapping of DNA around protein and anatldere the reverse occurs. Since
the filament is already helical, the simplest, nastrgetically favourable way to model
DNA binding is with DNA (18A diameter) running thugh the internal pore (70A)
(Figure 4.2A).

To further investigate this nucleoprotein filamemtdel, the DNA binding
properties of XLF and XRCC4 were analyzed (FigugB4C). Both XRCC4 (lane 2,
Figure 4.2B) and XLF (lane 2, Figure 4.2C) werezablindependently bind a 1000 bp
DNA fragment, confirming earlier reports that the@seteins efficiently bind large DNA
fragments (Lu et al., 2007; Modesti et al., 1999)evious research has shown that the
first 200 residues of XRCCA4 retain full DNA bindiagtivity (Modesti et al., 1999). In
Figure 4.2B, we further localize this activity tmeo acids 157 — 200 (lane 3).
Mutational analysis within this region identified O and R192 as necessary for DNA
binding (Figure 4.2B, lanes 4-5). These aminostadl in a highly conserved segment
of XRCC4 also responsible for tetramerization artdriaction with the BRCT domains of

LigaselV (Supplementary Figure S4.1). A full ledtamino acids in this region tested for
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DNA binding is provided (Supplementary Table S4.Rike XRCC4, DNA binding of
XLF resides in its tail region (Andres et al., 2D0T Figure 4.2C, we confirmed this
requirement and localized binding activity to althjgconserved lysine cluster at the C-
terminus of XLF, similar to reports for XLF’'s yedstmolog (Sulek et al., 2007;
Supplementary Figure S4.2). An Ala substitutioK293 partially decreased the overall
binding capacity of XLF (Figure 4.2C, lanes 4). XK290A was also tested, but had no
effect on XLF-DNA binding compared to wildtype (datot shown).
4.4.4 DNA Binding and the XRCC4-XLF Filament

We tested DNA binding activity under conditions wh&XRCC4-XLF filaments
are formed and observed a 'super-shifted’ prot&id-Domplex (Figure 4.2B, lane 7;
4.2C, lane 6). However, when XRCC4 DNA binding anis were tested under these
conditions, only an intermediate gel-shift was obed (Figure 4.2B, lanes 8-10). This
‘intermediate’ shift is less than the supershitt; greater than XLF binding alone. Since
XRCC4 1-157 is the form present in the crystaltice, we tentatively suggest that this
intermediate complex represents a simple filamsrgegn in Figure 1D, while the high
molecular weight species (supershift) represemi®i@e complex oligomer. Unlike
XRCC4, XLF-DNA binding mutants in complex with wiigpe XRCC4 produced either
no shift, (XLF*), or an intermediate shift, (XLF K293A) (Figure&). The species
observed in lane 8 is likely due to an incompleidAbinding defect of the XLF K293A
mutant (lane 3 vs. 4). What is clear is that DNiding of XLF is more important for

filament-DNA interaction than that of XRCC4 (Fie&, lane 7 vs. Fig 4.2B, lane 8).
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Figure 4.2 XRCC4-XLF DNA binding (A) Model of proposed filament
interactions with DNA. Length of one filament réwiion is indicated in A and bp.
DNA, yellow; XLF, orange; XRCC4, blu@) XRCC4 wild-type (WT) and mutants
(8 uM) were incubated with 100 ng of DNA with ortwout 2 puM XLF (WT and
mutants), analyzed by EMSAC) WT XLF and its mutants (2 uM) were incubated
with 100 ng of DNA with or without 8 uM XRCC4 (WThd mutants)(D) Effect of
Ligase IV tandem BRCT domains on XRCC4-XLF-DNA cdexpformation.
XRCC4 (8 uM) and XLF (2 uM) were incubated with 1 DNA fragment in the
presence of increasing amount of Ligase IV tand&&Bs domain (0, 0.5, 1, 2, 4 to
8 uM). (E) Model of DNA binding through XLF C-terminus, usifpB 2KV2
(green).
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The absence of DNA binding in XLF fully disruptetXRCC4-XLF filament’s affinity
for DNA, while XRCC4-DNA binding within the filamens dispensable to some degree,
given that the intermediate species is still obseérvFurthermore, previously identified
mutations that prevent the XRCC4-XLF interactioe anable to bind DNA to levels
beyond individual wildtype proteins, indicating tleam XRCC4-XLF filament is
necessary to produce either the super-shiftedtemrmediate species observed in Figure
4.2 (Supplementary Figure S4.3).
4.4.5Ligase IV and DNA binding regions of XRCC4 modulateXRCC4-XLF
filament-DNA interactions

The tandem BRCT domains of Ligase IV interact wébkidues 155-195 of
XRCC4, including direct contact with R192 (Wu et 2009). XRCC4 R192 is also one
of the residues implicated in DNA binding (Figur2B). Similarly, other substitutions in
this region of XRCC4 prevent interaction with b&@NA and the BRCT domains of
LigaselV (Supplemental Table S4.2, section 4.8; &&bidet al., 2003). Not surprisingly,
binding of tandem BRCT domains precludes XRCC4&action with DNA (Figure
4.2D, lane 12), whereas XLF's affinity for DNA istraffected by the tandem BRCT
domains since XLF has little to no affinity for lagelV (Figure 4.2D lane 11) (Andres et
al., 2007; Deshpande and Wilson, 2007). Thus, XROGIA binding and BRCT binding
are mutually exclusive. As expected, the supdteshspecies is maintained upon
addition of sub-stoichiometric concentrations ofRdomains (Figure 4.2D, lanes 5-6).
Conversion to the intermediate species only ocatnen equimolar concentrations of

BRCT domains are added (Figure 4.2D, lanes 7-9¢ shhaller 'intermediate’ species is
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not disrupted, even at the highest concentratibBR&CT domains tested, and is
reminiscent of the complex observed in EMSASs intigdvildtype XLF and XRCC4
DNA binding mutants. The formation of two speceggests changes in the composition
of the XRCC4-XLF filament, including alterationsfitament length, shape, or number
of filaments and DNA simultaneously in complex.
4.4.6 Modeling DNA Binding in the XRCC4-XLF filament

XRCC4 binds both DNA and Ligasei¥ vitro, yet the data presented here
indicate that it cannot bind both simultaneouslyit@dlow et al., 1997; Grawunder et al.,
1997; Modesti et al., 1999). It was also notedierathat disruption to XRCC4-DNA
binding does not affect DNA-filament interactiorssseverely as when XLF-DNA
binding is compromised. The model presented infeig.2A directs the DNA binding
tails of XRCC4 away from the DNA helix. Therefotaken together, XRCC4’s DNA
binding appears to be dispensable for nucleoprdtament formation. XLF's DNA
binding domain, however, is required, and is deddbwards the center of the filament.
As illustrated in Figure 4.2E, we have modelledBidA binding domain of XLF
contacting DNA within the filament pore. As a sc@mparison, the missing 75 C-
terminal residues of XLF have been modelled usm§&amino acid DNA binding
domain (PDB 2KV2). Of significance in this modglthe fact that there is sufficient
room between the DNA helix and the C-terminus ef¢brrent XLF structure for the
remaining 75 residues, thus illustrating how XLF-®Mteractions may increase the
overall filament stability by increasing buried fage area. Further structural analysis

will be required to verify the validity of this med
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4.4.7 The XRCC4-XLF filament bridges DNA molecules

During DNA double-strand break repair, DNA endsraantained in close
proximity through assembly of a higher-order nupletein complex (reviewed in Dobbs
et al., 2010). The finding that XRCC4-XLF formsextended filament, which binds
DNA, suggests the filament may be involved in bindgDNA during repair. To test this
hypothesis, we followed the experimental desigtireed in Figure 4.3A. If XRCC4-
XLF bridges the 1000 bp and 500 bp DNA, then the 50 DNA will be recovered from
the streptavidin-coated beads. In the presen&dbBfor XRCC4 alone, DNA found in
the supernatant is bound to protein, but recovétli@500 bp DNA from beads is not
observed (Figure 4.3B, lanes 2-3). Therefore idial XLF or XRCC4 proteins are
unable to bridge DNA. The XRCC4-XLF filament, howee, produces a super-shifted
species in the supernatant as expected, but atsebavery of the 500bp DNA from the
bead, indicating the filament’s ability to bridg&B ends (Figure 4.3B, lane 4). As a
control, XLF and XRCC4 mutants that abolish XRCCUFXcomplex formation (mutants
studied by Roy et al., personal communicationnmecompanying manuscript) still bind
DNA, but do not recover the 500bp DNA fragmentngiiging that XRCC4-XLF must
form a filament in order to bridge DNA (Figure 4)30n summary, these data suggest
that the bridging activity of XRCC4-XLF filaments functionally important in DNA
repair.

Not unlike the effect seen in DNA binding, DNA bgidg by XRCC4-XLF is also
interrupted by the presence of BRCT domains (Figus8, lane 5). No DNAis

recovered from the bead, and the supernatantdractintains only the DNA binding
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Figure 4.2 Bridging of DNA molecules by XRCC«XLF (A) Schematic of DNA
bridging assay. Proteins were incubated with magbeads linked to 1000 bp
DNA and free 500 bp DNA. Beads were separated Sopernatant and analyzed
for separately for presence of the 500 bp DKB.200 ng each of 1000 bp and
500 bp DNA fragments were incubated with XRCC4 k&) uXLF (2 uM) or
LigaselV tandem BRCT domains (BRCTs, 2 uM). Topglahows the analysis
of the protein-DNA complexes in the supernatantdtdn panel shows the
recovery of DNA species on the beads. L = 1 kb O&ldder (NEB).(C) Bridging
assays performed as in (B) with mutants preverXiRgC4-XLF filament
formation. (D) Bridging assays performed as in (B). XRCC4 1-a6d XLF 1-
224 are truncated proteins lacking C-terminal tard DNA binding activity.
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intermediate species. Since the intermediate élans observed when bridging is
abolished, it is formation of the super-shiftearient that must be required for DNA
bridging. Therefore, one would expect factors #itdr the C-terminal tail of XRCC4,
such as BRCT binding, to have negative effectsraigimg activity.

As expected, similar results are observed whedtyyk XLF and XRCC4 C-
terminal DNA binding mutants are assayed for bndgiapabilities. Figure 4.3D
illustrates that in the presence or absence oBRET domains, any truncation of either
XLF or XRCCA4 that fully ablates DNA binding alsoepents DNA bridging. In
particular, reactions carried out with XRC€4cannot bridge DNA, but are able to
support filament-DNA binding, even though XRC€4s unable to bind DNA alone
(Figure 4.3D, lanes 5 and 9). These results fuehghasize that XRCC4 tails are not
necessary to bind DNA within the context of tharfent, yet are still necessary for DNA
bridging, which in itself requires the super-stdfféament species. Thus, the tails of
XRCC4 are most likely involved in formation of teeper-shifted nucleoprotein filament.
4.4.8 Formation of a higher-order XRCC4-XLF filamert

Evidence so far suggests that the XRCC4-XLF filahodaserved within the
crystal structure is only partially representaifehe filament required for DNA
bridging. Formation of two distinct nucleoprot@omplexes further suggests that the
simple filament observed in the crystal structusgyraligomerize into higher-order
complexes in the presence of DNA when BRCT domaiasot present. To further
investigate these possibilities we directly viseadl complexes using scanning force

microscopy (SFM), under conditions identical to DNiAding and bridging experiments.
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Figure 4.4 SFM analysis of proteir-DNA networks. (A) Large protein-DNA
networks observed in XRCC4-XLF + DNA binding reaats. Protein
complexes attached to DNA appear as higher, widgrcts that vary in size
(yellow and white arrows). Protein-induced pardtietiging of DNA
molecules is evident (white arrows). Length of E¢A networks indicates
molecules are joined end-to-en@) Enlargement of (A) highlighting
distance between parallel DNA moleculééote that dimensions of
biomolecules are distorted in SFM images. Relaize and separation
between objects can, however, be used very acturat€) 1.8 kb linear
DNA, contour length 6000A, width 180A, and heigit D) Image of
XRCC4-XLF complexes. Protein complexes likely todmers, tetramers
and small multimers appear as uniform objectsidisiied over the surface
(blue objects).Protein filaments (blue arrow) measure LxHxXW =
3000x20x300A(E) Addition of BRCT domains disrupBNA-protein
networks Protein complexes similar to (D) are umifly distributed.

Individual 1.8 kb DNA fragments were apparent, imagnter and near right
edge. Some DNA molecules associated via proteimptexes were observed,
off center to right (green arrow). Image A is 2Xnicrons. Image B is 500 X
500 nm. Images C-E are 1 X 1 microns. In all insaipe white bar is 200 nm
long and height is indicated by color (0-3 nm reg¢llow/white, scale bar in
panel B).
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In full agreement with earlier results, upon adutitof both proteins to DNA, large
protein-DNA networks were observed (Figure 4.4A, Bhese networks included 1.8 kb
DNA molecules, connected by protein and alignedtereind, and in parallel (separated
by ~200A) (Figure 4.4A, B). Two different proteipesies are bound to DNA, a larger
complex (yellow arrow) than the filaments obserirethe absence of DNA (blue arrow,
Figure 4.4D), and a smaller species (white arréeynd interspersed along parallel DNA
molecules. Comparing dimensions of the largerganatomplexes in the DNA networks
(yellow arrow, Figure 4.4A, B) to those of objetentified as a filament in the protein
alone control (blue arrow, Figure 4.4D) indicatesttthese complexes are composed of
more than one filament. These striking observatamesconsistent with two XRCC4-XLF
filaments and/or filament bundles bridging parald®A molecules through XRCC4
tetramerization. Consistent with this interpretatiaddition of BRCT domains, which
are known to prevent XRCC4 tetramerization, abebsthhe networks and large filament
bundle structures, but permits XRCC4-XLF assocmatuith DNA, similar to the lone
DNA molecule coated with protein in Figure 4.4Ardgn arrows, Figure 4.4E).
4.5Discussion

DNA double-strand breaks require rapid and efficiepair to circumvent
apoptosis, and chromosomal rearrangements thatdedgtegulation of normal cell
function (Gao et al., 2000; Lieber et al., 199BIHEJ exists for this purpose and
choreographs several proteins in the repair of NAble-strand breaks. Two of these
proteins, XLF and XRCC4, are of great interest utheir central role in NHEJ, but

have remained elusive with respect to their medmafs) of action. The structure of
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XRCC4-XLF presented here identifies key featurethisf complex and sheds new light
on their role in NHEJ.

XLF and XRCC4 form an extended, alternatingiéat. This filament binds
DNA specifically within XLF's C-terminus, throughhéghly conserved, lysine-rich
region located at the last 10 amino acids of tloégmm (Supplementary Figure 4.2).
Formation of the XRCC4-XLF filament bundle is degent on the availability of
XRCC4’s conserved C-terminal tails (157-200). Tdosserved region is also essential
for DNA bridging activity (Figure 4.3B).
4.5.1XRCC4-XLF Filament Bundles

Precedence for nucleoprotein filaments is sedfH&J's counterpart,
homologous recombination (HR) (see Supplementasgu3ision).A simple model of the
XRCC4-XLF filament bound to DNA was presented igue 4.2A, yet results from
DNA binding studies displayed two modes of protBiNA interaction — an intermediate
and super-shifted form, suggesting that the nuctegem filament exists in more than one
structural state. Of these, only the super-sigfipecies was capable of stably bridging
DNA. Nucleoprotein complexes were further chanazgel via SFM, and demonstrated
to align DNA both end-to-end and in parallel. Ténedserved nucleoprotein networks
contained two distinctly sized complexes. If wéeexl the model presented in Figure
4.2Ato include multiple filaments, several podiileis can be considered to explain these
results.

One possibility to explain the large species olesgin Figure 4.4 (black arrows),

which greatly exceed the size of a single filamenplves packing multiple filaments

88



PhD Thesis — S.N. Andres; McMaster University,diemistry and Biomedical Sciences

Tetramerization
Tetramerization
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Tetramer 220 A 2 3 A XRCC4
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Figure 45 Model of XRCC4-XLF filaments bound to DNA (A) Multiple adjacent
filaments bound to DNA (yellow). Each color iseparate filamen{B) DNA runs through
the pore of the XRCC4-XLF filamen{C) Tails of an XRCC#” homodimer (bluepoint
towards the N-terminus of XI%*(orange), in an adjacent filamerD) XRCC4 dimers
associate into a tetramer through C-terminal (&3B 1FU1). (E) Model of DNA
bridging with single and complex filaments. Two DN#lecules coated in a simple or
multi-filament bundle are bridged through XRCC4egntinal tails.
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adjacent to one another. In this way, DNA canuly toated by at least 7 successive
single filaments (Figure 4.5A, B). We know theleg-order filament binds DNA
through XLF, not XRCC4, yet the C-terminal tailsXiRCC4 are absolutely required for
bridging. Comparing the structure of XRCC4 to Xk#w differences are observed other
than in the tail regions. XLF tails fold into amspact, globular form, while XRCC4 tails
remain extended and flexible (Andres et al., 2QRirop et al., 2000; Li et al., 2008).
Secondary structure alignment of both proteinsaksvinat XLF's conserved hinge region
(residues ~160-190), corresponds to a segment ofC&R4here the dimerization domain
ends (G160), suggesting that XRCC4 tails may albback, allowing interaction of its
C-terminus with XLF from an adjacent filament witta bundle (Supplementary Figure
S4.1, S4.2). Evidence for this cross-linking agement is present in the crystal
structure. When modelled within the context ofl@arient bundle, the C-terminal tails of
some XRCC4 dimers are directed towards the heagihsnof XLF in an adjacent
filament (Figure 4.5C). This arrangement could expivhy XRCC4 tails are required for
XRCC4-XLF filament bundles to bridge DNA. Interesfly, this same region also
corresponds to XRCC4's homo-tetramerization refftogure 4.5D; Junop et al., 2000;
Modesti et al., 2003). Results from SFM seem fipsut alignment of more than one
bundle, situating DNA molecules both end-to-end paidllel to one another, separated
by 200 A. XRCC4 is able to homo-tetramerize, dwdugh this interaction, filament
bundles could be bridged (Figure 4.5E; Junop e2800; Modesti et al., 2003). The
spacing observed between adjacent DNA molecul&&M (200 A) correlates well with

those predicted in this model (Figure 4.5E). Sieteamerization and BRCT binding are
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mutually exclusive, addition of equimolar amount88CT domains would disrupt all
interactions dependent on XRCC4 tails, as was @bden Figure 4.4E.

In addition to the large species observed in Sgilkller nucleoprotein complexes
were also found juxtaposed on adjacent DNA molec@dite arrows, Figure 4.4B).
The simplest explanation for these species is dagiarrangement to that suggested in
Figure 4.5E, but with fewer or even a single filaneoating each DNA. Both
arrangements are consistent with the observatiéingure 4.4E, showing disruption of
these complexes in the presence of BRCT domainis mibdel provides a mechanism to
explain the observed correlation between filaméates DNA bridging, and availability
of XRCC4 tails when either mutated or sequesteyelddpase 1V binding.

Formation of filament bundles would greatly ingeduried surface area within
the overall filament structure (Figure 4.2A vs. g 4.5). This is particularly important
as a single filament observed in the crystal stmeconly contains weak head-to-head
interactions (750 A, hardly suitable for bridging large DNA molecukesis observed in
our study. Thus, while XRCC4-XLF head interactiang sufficient to form a single
filament, the corresponding tails of each proteayrbe involved in cross-linking
adjacent protein filaments and filament bundles atarger, more stable complex
capable of bridging DNA.

4.5.2 Function of the XRCC4-XLF filament in NHEJ

The analysis presented here and elsewhere for XRQE4suggests a functional

role in maintaining DNA ends in close proximity fappropriate repair (Akopiants et al.,

2009). Recently, several factors have been imjgiicas co-factors in NHEJ that
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facilitate appropriate end-bridging including ATBBBP1, Mrel1/Rad50/Nbs1 (MRN),
and H2AX (Shibata et al., 2010; Zha et al., 201@pnsistent with our conclusion that
the XRCC4-XLF filament has a LigaselV independei in bridging DNA ends, data
presented in the accompanying manuscript (Roy. gb@lsonal communication) show
that XRCC4 mutants, which cannot interact with XlaRd therefore cannot form
filaments) have NHEJ deficits reminiscent of celdgicient in ATM (Zha et al., 2011).
Even more, these data provide further insight ietent reports showing marked
accentuation of NHEJ deficits in animals defectiveoth ATM and XLF (Zha et al.,
2011). These data suggest that ATM's role in ptorgdoridging, perhaps by functioning
upstream of MRN and 53BP1, are redundant with XR&CE filaments' function in

bridging (Zha et al., 2011).

In the current model of NHEJ, XLF and XRCC4 areutht to function primarily
at the ligation step, where XRCC4 stimulates Lig}sand XLF stimulates ligation of
mismatched DNA ends (Grawunder et al., 1997; Tsal.g2007). However, our
findings, in conjunction with those from an accomyiag manuscript (Roy et al.,
personal communication), suggest that XRCC4 and Ka¥e an additional role, where
XRCC4-XLF filaments bridge DNA double-strand breaks event likely to be important
early on in NHEJ. The idea of an early role in NH& further supported by rapid, DNA-
PK-independent recruitment of XLF to damaged $te&u70/80 (Yano et al., 2008;
Yano et al., 2008b; Yano et al., 2009). RecentkvinyrYano et al., (2011) identified the
last 10 amino acids of XLF as necessary for intargavith Ku70/80. This is

particularly interesting in light of the work preded here, which demonstrates that this
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region is also required for DNA binding (XLF K293AYogether these results imply that
Ku70/80 would initially recruit XLF to the damageie and nucleate filament formation
along DNA. This is in line with results showing théLF recruited by Ku70/80 remains
stably bound only when XRCC4 is also present assf DNA damage, presumably due
to formation of the filament (Yano et al., 2008b).
As mentioned previously, XLF and XRCC4 arealved in ligation during

NHEJ, but through a mechanism not fully understoN¢HEJ is dependent on interactions
between XRCC4 and the tandem BRCT domains of Liyas&/hen these BRCT
domains were included in DNA binding and DNA bridgiassays, the XRCC4-XLF
filament formed an intermediate species incapabstably bridging DNA. Therefore, it
is possible that during NHEJ, XLF and XRCC4 inlgdbrm a filament bundle
precipitated by Ku70/80, which is subsequently rdatled to a smaller bundle involved
in ligation (perhaps by DNA-PK, as suggested ingdbeompanying manuscript of Roy et
al., (personal communication). BRCT binding doetdisrupt simple filament formation
(Figure 4.2D), suggesting that these filamentsazmommodate Ligase IV. It should be
pointed out that depending on the amount of Ligesaresent, larger complexes might
persist throughout NHEJ, with only small alteraiavhere Ligase IV is bound to permit
repair of DNA double-strand breaks. Further expentation will be necessary to
confirm this mechanism.
4.5.3Conclusion

Here we have described the XRCC4-XLF crystal stmactcomposed of an

extended filament of alternating XRCC4 and XLF hamters. The XRCC4-XLF
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filament forms two distinct species — a simplerfient, as seen in the crystal structure,
and a higher-order filament bundle, as observe8MHM. Filaments engage DNA through
interaction with the C-terminus of XLF. Bridgind DNA ends, however, requires
formation of filament bundles that are expectedrtavide stability to damaged DNA
early and perhaps throughout NHEJ, while simplanignts that accommodate Ligase 1V,
would be expected to function later during ligatidformation of filament bundles is
regulated through availability of the C-terminusXdCC4 by interaction with Ligase IV
or itself, further implying multiple roles for XRCEXLF in NHEJ (Figure 4.6).
Interestingly, in an accompanying paper (Roy etparsonal communication), DNA-PK
hyper-phosphorylation within this region of XRCQ4pggests that post-translational

modifications may also serve to further regulaenfient formation.
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XRCC4 XRCC4 XRCC4 XRCC4
1-157A ‘folded’ ‘extended’ BRCT-bound

DNA Binding - + +
Tetramerization - + -
Simple filament + + +
Complex filament - + -
End-joining - - +

Figure 4.€ Summary of structural states of XRCC4 Structural states of XRCC4 are
indicated with their associated function (PDB 1Rt PDB 3116; Hammel et al.,
2010; Junop et al., 2000; Modesti et al., 2003;atval., 2009).
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4.6 Experimental Procedures
4.6.1 XLF and XRCC4 expression vector construction

All XLF and XRCC4 expression plasmids, with the epiion of XRCC4™**”,
were from previously described work (Modesti et 8299; Junop et al., 2000; Andres et
al., 2007). See Supplemental Data, section 4.8ifther details.

4.6.2 Protein Expression and Purification

XLF, XRCC4 and BRCT domains, wildtype and all migas, were expressed and
purified as previously described (Andres et alQZ2Qunop et al., 2000). XRCE#’
was expressed in M9 SeMET growth media kit (Meditilnc.).

4.6.3 Crystallization and Data Collection of XLE*-XRCC4"*’

Crystals were grown using the hanging drop vapdtusion method. A L
protein solution (5@M XLF?*4100uM XRCC4"’in 20 mM Tris, pH 8, 200 mM KClI, 1
mM EDTA, 10 mM DTT and 10% glycerol) was combinedhamicroseeded
crystallization solution (0.8L of 1.8 M tri-ammonium citrate, pH 8) and addisv.2
uL each 0.1 M barium chloride dihydrate and 2.0 Mism thiocyanate). Crystals were
dehydrated over 4 M ammonium sulfate, pH 7, pas B-hour soak in phasing solution
before freezing (LL, 0.5 mM tantalum bromide and Quk of 60% PEG 8000).
Diffraction data were collected at NSLS, X25 (Brbaken, NY).

4.6.4 Structure Determination and Model Refinement

Data was processed wittKL2000 (Otwinowski and Minor, 1997). Phases were

determined using MR-SAD, followed by density mochfiion withPhenix (Adams et al.,

2010). An XRCC4-XLF docking model was used asaademodel (Malivert et al.,
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2010). 8 tantalum bromide sites were found. theeaounds of model building and
refinement were carried out usiRgenix, Wincoot, andCNSv1.3 with DEN refinement
(Adams et al., 2010; Brunger et al., 1998; Brungéf7; Emsley and Cowtan, 2004;
Schroeder et al., 2010). Interacting regions ve@a@yzed usingMM (Zhorov 1981).
All structural figures were generated usiPygMol (DeLano, 2002). Buried surface area
calculations were carried out through B1&A server, v.1.18 (Krissinel and Henrick,
2007).
4.6.5 Electrophoretic Mobility Shift Assays for DNABinding

DNA preparation is described in Supplemental Imfation, section 4.8. Binding
reactions (20 pL) contained 100 ng of DNA, 20mM HESPpH 8, 0.5 mM EDTA, 1 mM
DTT, 5% glycerol, and 120 mM KCI after additionmbteins at the indicated
concentrations. Reactions were incubated at roompeeature for 30 min and resolved by
electrophoresis in a 0.8 % agarose gel in Tristedvaffer (89 mM Tris-base, 89 mM
boric acid, 2mM EDTApH 8.3) at 80 Volts/15 cm for 60 or 90 min. Gelg&vstained in
Tris-borate buffer supplemented with 0.5 pg/mlditimn bromide (30 min.) and
destained in deionized water (2 hrs).
4.6.6 DNA Bridging

DNA bridging was carried out as illustrated in FigBA. Full details are in
Supplementary Information.
4.6.7 Scanning Force Microscopy

DNA substrates and XRCC4-XLF complexes were pegpas described in

Supplementary Information. Images were obtained dilanoScope IV SFM (Digital
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Instruments; Santa Barbara, CA) operating in tagppiode in air with a type E scanner.
Silicon Nanotips were from Digital Instruments (M@nobes). The length and height
measurements were done with NanoScope softwarB2(Bigital Instruments; Santa
Barbara, CA). Although absolute dimensions in SEMreot accurate, relative size and
separation between objects can be used very aeburat
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4.8 Supplemental Information
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Figure S4.1 XRCC4 sequence alignmen Highly conserved residues are colored as follows:
hydrophobic (yellow), positive (blue), negativedyesmall polar (green), large polar (purple),
cysteine (cyan), glycine and proline (brown). Tgkes indicate: end of protein in crystal
structure D157 (yellow), DNA binding mutants E178Ad R192A (green), residues at
XRCC4-XLF interface burying 0-20, 20-50, 50-176 (ght blue, red and black respectively).
Regions of XRCC4 mediating DNA binding, Ligase Naraction and homo-tetramerization
are indicated in green, light blue and red linespectively
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purpuratus  KYKEDDGMREHLKIGN (FKWTLSLSKATDEMAAS] I--LVSELMRRE (210)
adhaerens LEFQDNQEGDQMVMFSFTL! FNWTEICE LAH LOELD LjLI QZLWM - -MT SELLRROERLKKI TVNSaR (209)
AAA AAAAA
a6
[0 =]

. sapiens CSIGHGEEPFVMNLEDLYMAVT TQEVOVG (299)
familiaris CSVGNGIIPFVTNI P (346)
Taurus CSVG! GlaPl'I (299)
norvegicus CAVGEGI (304)
musculus CAVG! GHPF’W L (295)
domestica CNVK) GgPFPW' (300)
guttata CSAGI#GQAFASAL (421)
gallus CSAERGEAFTSALI (298)
carolinensis CQLGEGQOLFTSNLI R (309)
tropicalis  SKSGRTGFSEQLERLYHALTAPAPVNPKGEDVGDSDNLPPVAESNRENTNIPFGKTEPTQEGAG- -~~~ PETSQVPQR------ SLECLTHIGPTARS - P A FT (305)
furcatus LP--BISLEFESEL NVVSICAART—ARK%"HS————ASVGSFVPDQDQTNCVPTGMRTASLGSNENYTGQQVB- QYAGT/ /AAAAVIIZA-VTTANRS' nHHKKKK*“G‘ FO (316)
punctatus LP--BSLEFESEL®ELCVSICAART -ARKIUGISEY S SASVGSFVPDQDQTSCVPTGMRTASPGSNENY TRQQOVESTQYADT/ / PAAAVIZA-VTT-NRSVMIHBISRSAAELFO (319)
rerio NVTLESLGFDSEL AL!MAVNSGKT—GR;&S—P!BSSPAAQENHITDH—QHISESTDVG—PSLASQEHNNAKESGRSQVANSQQTLPLSST SEDRSTS ELFR (309)
purpuratus NESSGEEAF GQG 'VKEVMVTR}\WLKRPSDTDEVSDNDDMPHDADPSIGDAGPTRTTRLPGSLVGDVFSDTLSPVKESS//LNRREALE R EKAKLQ' -LF- (336)
adhaerens IRTGTS|FVATKVSELYKQLMIKKTWLOVIIDS YNFIJOAFENSLYDMSGTQRESAAVTGGAGSWLNKLPPSLMPNBS I SPEK/ / LKRRLELE) AEKV ~LKE- (342)

HabHHXMONRROIDAOR

Figure S4.2 XLF sequence alignment.Highly conserved residues are colored as
follows: hydrophobic (yellow), positive (blue), reggve (red), small polar (green), large
polar (purple), cysteine (cyan), glycine and prel{brown). Triangles indicate: end of
protein in crystal structure Q224 (yellow), DNA Hing mutant K293A (green),
residues at XRCC4-XLF interface burying 0-20, 2050-170 X (light blue, red and
black respectively). Hinge region, at which pdime tails reverse direction, is
underlined in black.
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1,000 bp - -

1 2 3456 7 8

Figure S4.3DNA Binding Analysis of XLF and XRCC4 filament
mutants. Previously reported XLF and XRCC4 mutations thatvent
filament formation were analyzed for DNA bindingiaity (Andres et
al., 2007).
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Table S4.1XLF and XRCC4 interface residues with correspondinged surface
areas (BSA).

XLF BSA(A?) XRCC4 BSA(A?)

Asn — 62 3.0 Glu 455 19.4

Lys — 63 29.5 Asp458 712

Arg — 64 167.5 Met 459 19.8

Leu — 65 50.8 Ala 460 56.4

Thr — 66 54.9 Met 461 33.1

Ala — 67 17.2 Lys —65 44.2

Pro — 68 22.4 Glu {469 3.2

Ala-71 37.7 Lys {72 2.0

Phe — 72 1.7 Glu 98 14.4

Cys-74 21.09 Lys 499 34.9

His — 75 70.6 Leu 4101 43.8

Asn —78 2.3 Lys 4102 92.7

Glu-111 16.3 Asp4103 32.0

Leu—-112 14.9 Val 4104 63.3

Ser - 113 51.0 Ser4105 31.1

Gly - 114 12.2 Phe 1106 86.4

Leu—-115 123.5 Arg 4107 56.1

Pro-116 76.2 Leu4108 0.8

Phe — 117 2.5 Ser4110 1.34

Tyr—-118 24.9
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Table S4.2DNA binding activity of XRCC4 mutants with mutatie between amino
acids 157-200.

XRCC4 Mutant Binds DNA

C93A/C165A +
R161Q/K1640 +
C165F +
C165A/K169V/L172E -

K169A +/-
K169E -
E170A -

F180D/I181D +/-

L184Q/K187D/11918 -
K187D/K188D -
1191D/L194E/L198E -
R192A -
H195D -

® This XRCC4 mutant was previously
identified as able to bind DNA
(Andres et al., 2007).

®This XRCC4 mutant was previously
identified as unable to bind BRCT
domains (Modesti et al., 2003)
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4.8.1 Supplemental Experimental Procedures

XRCC4** expression vector construction

XRCC4"** construction was constructed as follows: Forwad @verse primers
(5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAGGAGATAGAACCATGG
AGAGAAAAATAAGCAG-3' and 5'-GGGGACCACTTTGTACAAGAAAGAO GGGT
CTTAGTGATGGTGATGGTGATGATCATTCCAATCTCTCAG-3') weresed in
conjunction with pWwY-1088, an XRCC4 expression plak(Junop et al., 2000) to create
XRCC4"*" This vector contained a C-terminal ktag and was cloned into pDEST-14
using Gateway cloning technology (Invitrogen). &ssful cloning was confirmed by
DNA sequencing.
Electrophoretic Mobility Shift Assays for DNA Binding: DNA Substrate
Preparation

The 1000 bp DNA substrate was prepared by PCR t&nigion DNA
polymerase (NEB), primers 5-GAGTTTTATCGCTTCCATGA«d 5'-
AATTTATCCTCAAGTAAGGGGC and PhiX174 DNA as templafehe PCR product
was purified by gel electrophoresis and QIAquick Bdraction Kit (QIAGEN) and

stored in 10 mM Tris pH 8, 1 mM EDTA.

DNA Bridging Assay

The one-end biotinylated 1000 bp DNA substrate prapared by PCR using
Phusion DNA polymerase, primers 5’-Biotin-GAGTTTTEAGCTTCCATGAC and 5'-
AATTTATCCTCAAGTAAGGGGC and PhiX174 DNA as templaféhe 500 bp DNA

substrate was similarly prepared using primers ABETTTATCGCTTCCATGAC and
104



PhD Thesis — S.N. Andres; McMaster University,d@iemistry and Biomedical Sciences

5-CAGAAAATCGAAATCATCTTC. PCR products were purifteand stored as

described above.

Magnetic streptavidin-coated beads (Dynabeads M&8ptavidin, Invitrogen)
were first passivated by washing the bead suspemisiee times with one volume of
binding buffer (20 mM HEPES pH 8, 75 mM KCI, 0.5 nBDTA, 1 mM DTT, 5 %
glycerol, 400 pg/ml acetylated BSA) and finallyusgended in the same volume of
binding buffer. For each reaction, 200 ng of eratibylated 1,000 bp DNA were added
to 10 pL of passivated bead suspension and inatiffat® min at room temperature (>
90% attachment). Next, 200 ng of 500 bp DNA fraghveere added before final addition
of the XRCC4, XLF or BRCTs proteins (each at 2 piivia total volume of 40 uL in
binding buffer. Reaction mixtures were incubated3® min at room temperature after
which beads were collected with the magnet witlamyt centrifugation step. The 40 pL
supernatant fractions were analyzed by electrontpisihift assay and reducing
polyacrylamide gel electrophoresis in the preseric@DS. The beads were washed 2
times with one volume of binding buffer and finatgsuspended in 40 pL of binding
buffer without BSA. A 10 pL fraction of the beadspension was analyzed by reducing
polyacrylamide gel electrophoresis in the presexi@DS. Proteinase K (40 pug) and
Sarkosyl (0.5 % final) were added to the remair3fep L bead suspensions, incubated
for 30 min at 50 °C and resolved by electrophorgs&8 % or 1 % agarose gels in Tris-

borate buffer as described above.

105



PhD Thesis — S.N. Andres; McMaster University,d@iemistry and Biomedical Sciences

Scanning Force Microscopy: DNA and Protein Compbe Preparation

The double-stranded DNA used in the SFM experimeas made by
linearization of pDERI1 (Ristic et al., 2001). Dgg®n of this plasmid with Pvul
produced 1821 bp linear double-stranded DNA. Thaltimg linear DNA was purified by

GFX™ column (Amersham) and checked for purity by get&bphoresis.

XRCC4-XLF complexes were formed in g0 reactions containingidM XRCC4,
2uM XLF, 20mM HEPES-KOH (pH8), 50mM KCI, 1mM DTT, QriM EDTA, 5%
glycerol. Complexes of XRCC4-XLF-DNA were produdegdaddition of 7.aM DNA
(concentration in bp) in reaction described ab&Vhere present, DNA Ligase IV BRCT
domains were added to binding reaction with firmiaentration of @M. Reactions were
incubated at 1% for 10 min and then placed on ice. Reactions w#uéed 40-fold in
reaction buffer just before deposition. Mica wasshly cleaved and treated with 90mM
spermidine. After 20 s spermidine was removed bghivey with reaction buffer. The
excess buffer was removed and diluted reactionurexivas transferred to mica. After

15 s the mica was washed with water and driedsimeam of filtered air.

4.8.2 Supplemental Discussion
Precedence for XRCC4-XLF filaments in other repairpathways

HR is another important DNA double-strand brealanepathway which differs
from NHEJ in its requirement for a homologous testglduring repair. HR makes use of
a nucleoprotein filament conserved from humans fRatb bacteria (RecA) and even
archaea (RadA) (Di Capua et al., 1982; Galkin e2806; Sandler et al., 1996). Rad51

(RadA) forms protein filaments througtgastrand polymerization motif, where the
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strand of one Rad51 (RadA) protein binds tofthsheet of an adjacent Rad51 (RadA)
monomer (Chen et al., 2007; Conway et al., 200k a similar manner, RecA forms a
continuoug3-sheet across monomers within its growing filamekd.an isolated protein,
however, the interactin@rstrand exists as a flexible loop (Datta et alQ®0 This is
identical to what occurs in the loop region of XkFen in contact with XRCC4 (Figure
1B, p4"). Furthermore, RadA, like XRCC4-XLF, formsedtihanded protein helix to
bind DNA (Chen et al., 2007). Interestingly, thR&C4-XLF filament and
RecA/Rad51/RadA filament appear to be examplesmftfonally convergent evolution

in two related DNA repair pathways.
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Chapter 5: The Effects of XRCC4-XLF Filaments on
LigaselV Activity

5.1 Author’s Preface: The work described in this chapter consists @ulnished
results, but is included as it pertains to the al¢nesis objectives. An introduction for
this chapter is omitted and replaced with a shiostract to avoid repetition with Chapter

1. All research was carried out by S.N. Andres.
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5.2 Abstract

Final ligation of double-strand breaks in NHEJ lieggi XRCC4 and LigaselV.
Together, they form an extremely stable compleistast to 1M NaCl (Critchlow et al.,
1997; Grawunder et al., 1997). LigaselV activiytimulated by binding of XRCC4, but
the mechanism by which this occurs is unknown (Grader et al., 1998a; Grawunder et
al., 1998b). XLF is also known to stimulate ligetiand interacts with XRCC4 (Tsai et
al., 2007; Ahnesorg et al., 2006). Therefore fifeces of XLF and XRCC4 on ligation,
either alone or as part of an XRCC4-XLF filamengravinvestigated. To further
understand the role of XRCC4 in ligation, structstadies have solved the crystal
structure of XRCC4 in complex with Ligase 1¥g§54-911) (Figure 1.8). This structure
illustrates how XRCC4-LigaselV interact, with tand®RCT domains of LigaselV
wrapping around the C-terminal helical region of &4 (Wu et al., 2009). The
catalytic domain of LigaselV, however, was not ut#d in this structure, and therefore
current structural information cannot fully expldiaw XRCC4 stimulates LigaselV.
Thus, to further understand XRCC4's role in ligatistructural studies of the full-length

XRCC4-LigaselV complex were also attempted.

5.3 Experimental Procedures

5.3.1 Expression of Human XRCC4-LigaselV

Plasmid MJ-4052 is a pET-28a(+) co-expressionorepireviously constructed by
Dr. M.S. Junop. It contains a kanamycin resistarassette and genes encoding the
human proteins XRCC4 (amino acids 1-336) and &rgth LigaselV (amino acids 1-
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911), with a C-terminal hexa-histidine fusion prgsen LigaselV, all under the control of

a T7 promoter.

pMJ-4052 was transformed into Rosetta (DE3joli cells using a standard heat
shock method (Cohen et al., 1972). Single colowe® isolated from agar plates
containing 0.05 mg/mL kanamycin and 0.25 mg/mL draphenicol. These antibiotics
were added to all media used in the growth andesgion of pMJ-4052 discussed
hereafter, at the same concentrations used ingéuepdates. Bacterial colonies
containing pMJ-4052, as identified by antibiotisistance, were used to inoculate 40 mL
of LB media and incubated with shaking afG7or 16 hours. This culture was used for
sub-culture by placing 10mL of cultured media ititoof LB (4L total). 1L cultures
were incubated at 8C, with shaking, until the optical density at 608 measured
between 0.4 - 0.5. Cultures were then placed iice@bath for 20 minutes, prior to
induction with 1 mM IPTG for 16 hours, with shakjrag 16C. Cultures were then
centrifuged for 10 minutes at 3,3f5the supernatant removed, and the resulting pellet

flash-frozen in M(I) prior to storage at -8C.

5.3.2 Purification of XRCC4-LigaselV

Cell pellets from growth of 2L cultures Bf coli cells expressing XRCC4-
LigaselV were resuspended in NiA buffer (20mM Tpabi8, 500mM KCI, 1 mM beta-
mercaptoethanol, 0.03% LDAO and 10% glycerol), DN4%0u, Fermentas) and
protease inhibitors (M Pepstatin-A, 1ImM PMSF, 1mM Benzamidine HCIulM

Leupeptin). Lysis occurred via sequential passhgrigh a French Press cell four times
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at 1,000 psi. Further protease inhibitors and ENeasre then added prior to and after
lysate clarification by centrifugation at 48,384 Following centrifugation, the
supernatant was removed and filtered before impumification by nickel-affinity
chromatography. A 5mL His-Trap HP column (GE Heedire) connected to an
AKTAFPLC (GE Healthcare) was equilibrated with NbAffer containing 10mM
imidazole and loaded with the filtered supernata@blumn washes with 25mL of
NiA+10mM imidazole and 25mL of NiA+16mM imidazoleas carried out prior to
elution of XRCC4-LigaselV with NiA+ 64mM imidazaleThe eluted protein was
diluted with 20mM Tris, pH8, 10mM dithiothreitoldiM EDTA, and 10% glycerol (QA
buffer) to obtain a final concentration of 150mM K@rior to injection onto a MonoQ
10/100 GL column (GE Healthcare) equilibrated vitA+150mM KCI. After 32mL of
washing with QA+150mM KCI, XRCC4-LigaselV was eldtever a gradient of 150mM
— 325mM KCI for 95mL and collected in 1.5mL fractg Fractions containing the
protein of interest were identified by SDS-PAGEIgsia and exchanged into QA+25mM
KCl via a HiPrep 26/10 Desalting column (GE Headtt®). The recovered protein was
then loaded onto a MonoS 10/100 GL column (GE Heale) equilibrated with
QA+25mM KCI. Following a 32 mL wash with the edbriating buffer, XRCC4-
LigaselV was eluted over a gradient of 25mM — 200M®1 for 100mL. Fractions
containing pure protein were identified by SDS-PA@&pled, and simultaneously
concentrated and buffer-exchanged into 10mM THS,150mM KCI, 1mM EDTA, and
5mM DTT using a Vivaspin 20 centrifugal concentrg@0 kDa MWCO, GE

Healthcare).
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5.3.3 Activity of XRCC4-LigaselV

XRCC4-LigaselV activity was tested by monitoring BMNgation efficiency.
210 ng of a modified pUC-19 plasmid (pMJ-4293)eblinzed with FastDige$tdel
(Fermentas) was combined with 100 pmol each ofxgwessed full-length XRCC4-
LigaselV, full-length XLF and/or full-length XLF LI5A, in addition to 5 U of T4 DNA
Ligase (Fermentas) an@d2 of 10X T4 DNA Ligase Buffer (Fermentas). Wateas
added to create a final reaction volume ofi2Qrior to incubation for 1 hour at room
temperature. Following incubation, 1u of ProteeEs(Fermentas) was added, and
incubation continued at 80 for 1 hour. 0.2 pL of 10%SDS was then addedhéo t
reaction and incubated for 20 minutes at room teaipee before being resolved by a
0.8% TBE agarose gel at a constant voltage of ®0\M6 hours. The resulting gel was
stained in GelStar® Nucleic Acid Gel Stain (Lonf&)3 hours and visualized using a

UV transilluminator for qualitative analysis.

5.3.4 Crystallization of XRCC4-LigaselV

XRCC4-LigaselV was crystallized using the hangingp vapour diffusion
method (McPherson, 1976). Specific crystallizattonditions will be reported in the
results. However in generalul of purified XRCC4-LigaselV (2mg/mL) was combined
with 1yl of crystallization precipitant and incubated 08@0uL of 1.5M ammonium
sulfate at 28C. Crystallization precipitants were used from tiplé commercially
available kits, including Hampton Index (HamptorsBarch), Wizard | and Il (Emerald

Biosystems) and The Cryos Suite (Qiagen). Cryptalith parameters of conditions
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yielding potential protein crystals were furthetiopzed by repeating crystallization
under conditions identical to that which produdeel initial crystal, but with the addition

of 0.2uL of additive from the Hampton Additive Screen (Ha&ton Research).

5.4 Results

5.4.1 Purification of XRCC4-LigaselV

Full-length XRCC4-LigaselV eluted at low concetitras of imidazole (16mM)
from the His-Trap HP column and remained highlyumg Two additional purification
steps, involving ion exchange chromatography, weeesfore added. XRCC4-LigaselV
eluted from the MonoQ 10/100 GL column (GE Healtb@olumn between 262mM and
288mM KCI, and from the MonoS 10/100 GL column (B&althcare) column between
150mM and 170mM KCI. A total of 3.7 mg of XRCC4ghise IV complex was purified

from 4L of Rosetta (DE3E. coli cells(Figure 5.1).
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kDa
116 _
LigaselV
66.2
XRCC4

45

35

Figure 5.1 Purified Human XRCC4 (~53kDa) and Human LigaselV
(~104kDa)after nickel-affinity, anion and cation exchanggification from
Rosetta (DE3E. coli cells. 40 pg of total protein was analysed by SIX&E.
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5.4.2 Activity of XRCC4-LigaselV

XRCC4-LigaselV was able to carry out both intrad antermolecular ligation on
a linearized plasmid with cohesive 3'-overhangsgl4, Figure 5.2A), but not to the same
extent as commercial T4 DNA Ligase under the saonelitions (Fermentas; lane 4,
Figure 5.2B). However upon addition of XLF, intralecular ligation was decreased, yet
intermolecular ligation was highly stimulated foREC4-LigaselV, when compared to
XRCC4-LigaselV alone. This effect was not obserferdXLF with T4 DNA Ligase.
Addition of extra XRCC4 to either T4 DNA LigaseldgaselV caused a decrease in
intermolecular ligation (lane 7, Figure 5.2). Howg addition of excess XRCC4 to XLF
and XRCC4-LigaselV did not change the overall imelecular ligation of the DNA

substrate.

It has been reported that XLF alone stimulatesiédV's intermolecular ligation,
yet it has also now been observed that XLF can @protein filament with XLF
(Chapter 4; Hammel et al., 2011; Ropars et al.120%ai et al., 2007). To determine if
the XRCC4-XLF filament is required to stimulateanmholecular ligation, XLF L115A
replaced wildtype XLF in the activity assay. Apoeed earlier, XLF L115A prevents
the interaction of XLF with XRCC4, thus preventifoggmation of the protein filament
(Andres et al., 2007; Chapter 2). Therefore, wKeR L115A is combined with
XRCC4, both LigaselV and T4 DNA Ligase exhibit redd levels of intra- and

intermolecular ligation when compared to wildtypeFRX(lane 4, Figure 5.3).
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1 2 3 4 5 6 7 8

A XLF - + - - + + - +
XRCC4 - - + - + - 4+ +
XRCC4/LigaselV - - - + - + + +

—Intermolecular

Intramolecular

B 1 2 3 4 5 6 7 8
XLF - + - - + + - +

XRCC4 - - + - + - + +

T4 DNA Ligase + + + +

10,000

8,000 — Intermolecular

6,000
5,000

4,000
3,500

3,000

Figure 5.z Effects of XLF and XRCC4 on Ligation (A) LigaselV activity is
stimulated by the addition of XLF, but decreasethimpresence of excess
XRCC4.(B) T4 DNA Ligase activity remains unaffected by ditohi of XLF,
but is decreased in the presence of XRCC4. latst-intramolecular ligation
are indicated by brackets. Molecular weight of Bi¢A ladder is in basepairs.
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A 1 2 3 4 B 1 2 3 4
XLF - . + - XLF . . -
XLFL115A . . -4 XLFL115A . . -+
XRCC4 . . + o+ XRCC4 . . + o+
XRCC4/LigaselV . + + + T4 Ligase - + + +

10.00(

Inter
10.00( 8.00(
8.00(
6.00(
6.00(
5.00(
5.00(
4.00(
4.,00( 3,50
3.50(
3.00¢ Intra

Figure 5.z Effects of XLF L115A on Ligation (A) Effects of XLF L115A on
ligation activity of LigaselV. Ligase IV represenXRCC4 in complex with
LigaselV, as LigaselV requires co-expression witRCC4 for stability in
bacterial cells(B) Effects of XLF L115A on T4 DNA Ligase. Internc
intramolecular ligation are indicated by brackeolecular weight of DNA
ladder is in basepairs. XLF L115A abolishes XRCQ4- interactions (Andres
et al., 2007).
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5.4.3 Crystallization of XRCC4-LigaselV

Four potential crystals of the XRCC4-LigaselV comyplvere obtained using the

hanging drop vapour diffusion method and are oedim Table 5.1.

Table 5.1 Putative protein crystals of XRCC4-Ligask/

Protein:Precipitant

ratio (pL) Precipitant Crystals
11 1.1M di-ammonium tartrate,
' pH 7 (Hampton Index #26)
11 60% v/v Tacsimate, pH 7
' (Hampton Index #29)
0.17M MgCb, 0.085M Tris,
11 pH 8.5, 2.89M 1,6-

hexanediol, 15% glycerol
(The Cryos #3)

0.04M Potassium phospha
1:05 16% PEG 8000, 20%
Glycerol (The Cryos #69)
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5.5 Discussion

5.5.1 Crystallization of XRCC4-LigaselV

While crystals were obtained of the full-length &R4-LigaselV complex, they
remained small and needle-like with no x-ray diffran observed. Further optimization
of these crystals is currently in progress but tichallenging. To obtain diffraction
data suitable for determining a crystal structthiere is one primary objective for these
crystals: decrease protein flexibility. Proteigstallography requires that every repeating
unit that makes up the crystal is identical witbpect to one another. This ensures that
when exposed to x-rays, all resulting diffractisrconstructive, so that a significant
signal is produced. If any part of the proteingsjare) flexible, then destructive
interference of the diffracting x-rays will occuesulting in poor or even no diffraction
signal. XRCC4-LigaselV is a large complex of ~3MkkLee et al., 2000). Large
complexes typically pose difficulty in crystallizan as the larger the complex, the greater
potential for flexibility and a loss in diffractiosignal; XRCC4-LigaselV is no exception.
Only the N-terminal 203 residues of XRCC4 have bagstallized, owing in large part
to residues beyond 203 displaying flexibility. $tnas been confirmed by patrtial
proteolysis experiments and more recently by SAK&8l\sis (Hammel et al., 2010).
Furthermore, interaction with LigaselV is unlikeétydecrease this flexibility as the
minimal interacting unit of LigaselV (654-911) halseady been crystallized with
XRCC4, suggesting that the remaining 653 residfiéggaselV are not in direct contact
with XRCC4 (Wu et al., 2009). The only known featof XRCC4's C-terminal tail is

that it is required for bridging DNA ends in an XR&-XLF filament (Chapter 4).
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Therefore, to decrease flexibility of XRCC4, it wdloe beneficial to either add XLF and
DNA to XRCC4-LigaselV, or truncate the C-termindsXxétRCC4. Since adding more
proteins will likely increase flexibility, truncatn of XRCC4’s C-terminus is the best
option. As for LigaselV, electron microscopy imagd XRCC4-LigaselV suggest some
mobility of the N-terminus of LigaselV; however thatalytic core appears to be limited
in its overall flexibility (Recuero-Checa, 2009urthermore, the catalytic domain of
Ligasel bound to DNA and portions of DNA ligaséndlve been solved, indicating that
while crystallization of this complex will be diffult, it is not impossible (Cotner-Gohara,

2010; Pascal, 2004).

5.5.2 Stimulation of Ligation Activity

XRCC4-LigaselV ligated a linearized plasmid to as&d circular form
(intramolecular ligation) (Figure 5.3). Multiplebds were observed, representing
various topoisomers, a feature characteristicgafting DNA into a closed, circular state
(Bjornsti et al., 1999). However, in the preseatXLF, these bands were no longer
observed For molecular biology purposes, this would be adfieial tool for cloning
purposes. However, within a cell, the site of afDduble-strand break presents
ligations of an intramolecular nature. The primdifference between this vitro assay
compared ton vivo activity is likely the availability and local coestration of DNA
ends. In vitro, intramolecular ligation is likely preferred dwettigher local
concentrations of DNA ends, as they are on the sdasenid. This results in circular
closed forms of DNA ligation products. Howevertle presence of XLF, intermolecular

ligation is increased, suggesting that a local eatration of DNA ends between different
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plasmids is greater than the concentration of DINdseon the same plasmid. This
implies that in the presence of XLF, DNA ends frdiffierent plasmids are being
sequestered in a conformation that prevents intlecatar ligation, perhaps due to steric
constrictions imposed by circular plasmid DNA, #fere intermolecular ligation is
favoured. Invivo the only available DNA ends would be the doublessirbreak, and
accessibility would be determined by remodellingha chromatin. Nevertheless, XLF
should still be able to stimulate ligation in bsttuations likely by limiting DNA end

diffusion and keeping the DNA ends at the sitearhdge.

XLF binds to XRCC4, and as a complex, both pnstare able to bridge DNA
ends, but not in the presence of LigaselV. Howebay still form a nucleoprotein
complex consisting of one or a few filaments (Ckeag). Therefore, in the case of the
assay presented here, what is the effect when R@C4-XLF interaction is abolished?
As seen in Figure 5.3A, lane 4, abrogation of tRCXC4-XLF interaction via a point
mutation in XLF (L115A) reduced ligation, suggestimat an XRCC4-XLF filament is
required for stimulating ligation. One potentiap&anation for this observation relates to
the XRCC4-XLF protein filaments’ ability to bind DN(Chapter 4). XRCC4-XLF DNA
binding activity would limit DNA end diffusion byofming a potentially rigid
nucleoprotein filament, thus vitro, more intermolecular ligation is observed. Howeve
if XLF is removed, a filament no longer forms ahe DNA ends are more mobile and
diffuse. Therefore, an XRCC4-XLF filameimvivo could maintain DNA ends of a
double-strand break in close contact so that Liyasan efficiently access them for

ligation.
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A second possibility for increased ligation in firesence of XLF also relates to
adenylation of LigaselV and XRCC4-XLF filamentss Aentioned previously, ligation
requires generation of a LigaselV-adenylate compl@rce a single ligation event occurs
however, ATP is removed from Ligase IV (Wei et &B95). Recent work by Riballo et
al., (2008) found that in the presence of XLF affdPAXRCC4-LigaselV re-adenylation
was highly stimulated compared to addition of ATéhain vitro (Riballo et al., 2008).

In terms of the ligation assay presented hereythér suggests that addition of XLF
facilitates re-adenylation of LigaselV using theRApresent within the buffer, allowing
for more ligation events to occur, and therefonmslated ligation is observed. Given
that XLF and XRCC4 form protein filaments, it isgsible that an XRCC4-XLF filament,
and not XLF alone, is required for re-adenylatidinis possible that an XRCC4-XLF
filament could add increased stability to XRCC44dsglV on DNA such that once repair
is finished, rather than being removed from the DXRCC4-LigaselV is bound longer,
allowing time for re-adenylation. These resul®atuggest that the XRCC4-XLF
filament may position LigaselV in such a way tha tatalytic lysine is more accessible
for ATP to bind. Further experimentation wouldrieded to confirm this hypothesis,
and could include experiments similar to Yano et(@011). Yano et al., (2011)
examined recruitment of XLF and XRCC4 to a doulttarsl break and the length of time
it remained at the damagevivo. Applying this same experiment, but tracking Ligasel
and determining the length of time it remains atgle of a dsDNA break in normal,
XLF", and XLF transfected with XLF L115A cell lines could be arsing point to

understanding the mechanism behind XLF’s abilitgtimulate ligation and re-adenylate
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LigaselV. These results would be highly informatiand complementary to what is

currently known about XRCC4-XLF's ability to stinaié LigaselV efficiencyn vitro.

Two other interesting observations were also nveitteregards to the ligation
assay. The first observation was that additioKldf did not stimulate T4 DNA Ligase
activity, indicating that the XRCC4-XLF stimulati@ifect is specific to LigaselV and
NHEJ. The second observation was the inhibitiolgation by adding excess XRCC4
(lane 7, Figure 5.2). Since this was observedh@bh LigaselV and T4 DNA Ligase, it
suggests that XRCC4 is not binding to the protéinsrather sequestering the DNA ends
from the ligases. Also, XRCC4's DNA binding domaiwerlaps with XRCC4-LigaselV
binding (Chapter 5). These data suggest thatdt#ian of excess XRCC4, which is not
bound to LigaselV or T4 DNA Ligase, is then freebtod DNA, blocking ligation
activity. Therefore, it is possible that XRCC4 n&ygo act as a ligation regulator to

prevent LigaselV from indiscriminately joining DNeénds in NHEJ.
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Chapter 6: Summary and Conclusions
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6.1 Summary

Work conducted during completion of this thesisued on the structural and
biochemical characteristics of human DNA repairt@ires XRCC4 and XLF in order to
better understand the mechanism by which theseipsotunction in NHEJ. The
structure of XLE?**was determined, and in conjunction with mutagemid functional
studies, the key residues involved in its intemctvith XRCC4 were also elucidated.
Similarly, amino acids in XRCC4 required for assticin with XLF were identified. A
specific mutation to XLF (L115A) was unable to gtilate ligation of mismatched DNA
ends and was also unable to interact with XRCCderdfore, the XRCC4-XLF
interaction, and not XLF alone, appears to be rsaggdor stimulating DNA ligation of
mismatched DNA ends during NHEJ. Structural amtfional analysis of XLF and its
interaction with XRCC4 suggested the potential fation of an extended XRCC4-XLF
structure. To further examine the XRCC4-XLF intdi@n, and the ability to form
extended oligomers, the XRCC4-XLF complex was pdaieough structural
determination via x-ray crystallography. From threlysis, it was determined that the
XRCC4-XLF complex could not readily pack into welidered crystals and that
dehydration is key to improving data from crystafislarge unit cells and high solvent
content. Most significantly, though, the crystadlion provided sufficient data to solve
the structure of XRCCZ"'in complex with XLE??% The resulting structure revealed
an XRCC4-XLF filament, confirming the model puttfofrom the initial XLF structure
and mutagenic studies. Further studies suggdsaedhte role of this filament in NHEJ
appears to be essential for bridging a DNA doubiansl break. Although the filament
can exist in multiple states, both observed thrdnigbhemical assays and scanning force
microscopy, only the larger multifilament complexcompetent for bridging function.
The multimeric state of the filament depends onaveglability of a free XRCC4 tall
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(157-200). Since LigaselV interacts with this mgof XRCC4, binding of LigaselV
appears to regulate the oligomeric state of the RR&LF filament. Additionally, DNA
binding sites on both XLF and more notably, XRCGraevestablished to expand the
model of an XRCC4-XLF filament bridging DNA endbnportantly, this work
uncovered an essential XRCC4 regulatory regionomesiple for binding LigaselV, DNA,
or forming homotetramers. The bridging functiolXX&@CC4-XLF multifilament bundles
suggests an earlier role and mechanism for XRCCE-KINHEJ, where the filament
bridges DNA ends to stabilize them and maintaimtlre close proximity for efficient

repair of the DNA double-strand break.
6.1.1 Challenges and Solutions in Crystallizing MaitProtein Complexes

The use of structural biology to understand agintd function has become
common practice. In particular, x-ray crystallqgmg can provide high-resolution models
of protein structure that capture different statiegrotein activity, guiding biochemical
work to allow more advanced understanding of agintd mechanisms of action. This
concept was applied to the research presentedthdrapt without some difficulty in
crystallizing XRCC4-XLF and attempts at crystaligiXRCC4-LigaselV. The purpose
of crystallizing a protein is to increase the signam x-ray diffraction. If a single
protein was exposed to x-ray irradiation, the rsgldiffraction pattern would be too
weak to detect (low signal-to-noise ratio), andghmple would be destroyed long before
sufficient data could be collected. In a crystalwever, there are multiple copies of the
same repeating unit that are identical to one anahd aligned in precisely the same
orientation. Therefore diffraction, which behaassa wave, is amplified when produced
from multiple repeating units (constructive inteeiece), and sample decay is spread out

over a larger area. However, if there are diffeemnbetween the individual repeating

126



PhD Thesis — S.N. Andres; McMaster University,d@iemistry and Biomedical Sciences

units in the crystal or their alignment, the rasigjtdiffraction pattern is significantly
curtailed by destructive interference, and hencakering of the signal (Glusker and
Trueblood, 1985; McPherson, 2003). Challengesystallizing a single protein are
compounded when crystallizing a multi-protein coexplas the probability of increasing
flexibility and disorder in crystal lattice packimges. This was the primary cause of
difficulties when crystallizing XRCC4-XLF, espediabiven that the XRCC4 C-terminus
is predicted to be mobile. Any region of a proteat is flexible has a tendency to reduce
crystal contacts, thereby making stable crystakipgcdifficult. This effect was seen in
the structure of XLE?*%, where amino acids 80-92 in the head domains auaide
modelled, due to a lack of electron density. Thgion was most likely a loop, as it fell
between am-helix andp-strand (Andres et al., 2007; Chapter 2). Loogsflaxible
secondary structure elements, and therefore waatldenuniform in the crystal, resulting

in destructive interference, and creating a lac&le€tron density for structure modelling.

Prior knowledge or predictions of the protein stane are useful tools when
attempting to decrease protein mobility in a crlyskor XRCC4 and XLF, structures of
each protein had been determined prior to cryztaflithe complex (Junop et al., 2000;
Chapter 2, Andres et al., 2007). From these strastit was observed that each had
truncated C-terminal tails, due to predicted fldkipin these regions. Since the structure
of XRCC4 and XLF’'s C-termini was not a priority $olve, these regions were deleted
from the proteins, a technique commonly used fgstatlizing flexible proteins in order
to decrease the potential for poor crystal pack®eiger et al., 2008; Huxford et al.,
2000). Mutagenic and functional studies were alarmative for crystallization,
indicating that XRCC4 and XLF formed a complex tigh their individual head
domains, and given that both proteins are homodinparmitted generation of a model
that XRCC4 and XLF would create a protein filam@tapter 2, Andres et al., 2007).
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The length of this filament in a protein crystaliwbextend infinitely and would only be
limited by the amount of protein present. This \Wdotreate a potentially elongated
structure that could also put negative restrictiomprotein packing within crystals. The
best option for this case, then, was decreasingribiein complex to the minimal
interacting region (XRCC2"’, XLF#?%, thus decreasing possible disorder in the protein
crystal, yet still retaining enough of the protéstsuctures to gain information on the

XRCC4-XLF complex.

Initial structural information was obtained frohetsize of the crystal’s unit cell.
The dimensions of this unit cell contained oneanxily long axis of 745 A, suggesting
the XRCC4-XLF structure existed as an extendedhiiat. However, the initial crystals
produced weak diffraction (>20 A) again suggespogr crystal packing. Nonetheless,
one other important piece of information determifredn initial data was the solvent
content of the crystal. Typical macromolecularstajs have ~50% solvent content, while
the predicted solvent content for XRCC4-XLF was ~708tich a large solvent content
indicates there is a significant amount of volumeacupied by protein, leaving room for
mobility, which is damaging to crystal quality. Temove this impediment, the solvent
content needed to be decreased, and to do thigdidgion proved very useful. Crystal
dehydration was beneficial for several reasonsentoved solvent from the crystal,
forcing the protein to pack more tightly, reducmgbility (Salunke et al., 1985; Frey,
1994). Also, less water in the crystal decreakedatnount of radiation damage, as free
radicals are formed in the water when ionized witay radiation (Garman, 2010).
Finally, a lack of water removed the danger ofdoestal formation, which can physically
damage a crystal, thus, dehydration also servedhance cryoprotection (Heras, B., and
Martin, J.L., 2005). Overall, if a crystal can astand dehydration, it is extremely
beneficial to improving the diffraction quality afcrystal, as evidenced by the change
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from 20A to 3.94A resolution data with the XRCC4+&ktomplex, and ultimately the

ability to obtain a structural solution (Chapter 3)
6.1.2 Protein Filaments are Not Unique to XRCC4-XLF

As discussed in the supplementary discussion gitehd, protein filaments are
not unique to XRCC4-XLF and NHEJ. Filaments of Rhdre formed during repair of
DNA double-strand breaks via homologous recombamafChen et al., 2007; Conway et
al., 2004). Thus protein filaments, per se, ateanew theme in DNA repair. Work
here, however, suggested that the similar strudu¥RCC4 and XLF head domains and
their dimeric relationships might make them unigulitable for generating a repeating,
‘filament’-like structure. This idea has gainedest validation through structural
characterization of the protein spindle-assemb{$&S-6). SAS-6 is involved in
forming centrioles, which are the major microtubatganizing center for DNA
replication in mammals (Leidel et al., 2005). T3%S-6 structure, recently discovered
by Kitagawa et al., and van Breugel et al., (2dd€grs an uncanny resemblance to
XRCC4. Like XRCC4 and XLF, it has an N-terminabdedomain containing (&
sandwich, as well as a long C-terminghelical tail extending away from the head,
through which it dimerizes (Figure 6.1) (Kitigawaaé, 2011; van Breugel et al., 2011).
SAS-6 also self-associates through its N-termiealdhdomain, much like XRCC4
interacts with XLF. While XRCC4 and XLF are difént proteins, they are structural
homologs, and therefore the XRCC4-XLF filamentlsa form of self-association, such

as observed with SAS-6. One main difference, thpiggthat XRCC4-XLF forms an
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Figure 6.1 Comparison of XRCC4 and SA-6 homodimers. (A The crystal
structure of SAS-6 fror€hlamydomonas reinhardtii was determined by Kitigawa et
al., and van Breugel et al., (2011). One monoroasists of a head domain
encompassing grsandwich (green) and helix-loop-helix motif (orapgollowed by
ana-helical tail (red). The dimerizing monomer ishilue. N- and C-termini are in
black (PDB 3QOX)(B) The crystal structure of human XRCC4, with one nmapin
blue, and the other monomer illustrating fasandwich (green), helix-loop-helix motif

(orange), and-helical tail (red). N- and C-termini are in bla@glunop et al., 2000;
PDB 1FU1).
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extended filament, whereas SAS-6 forms a 9-foldragtnic ring, with the C-terminal

tails pointing out. The SAS-6 ring is still a pgot filament, but based on the angle
between each head domain interaction, has a finddaent (Kitigawa et al., 2011; van
Breugel et al., 2011). Again, this is comparablXRCC4-XLF, which takes on a
circular twist, but instead of closing, forms artiemded left-handed helix, also with the
C-terminal tails of XRCC4 and XLF pointing awayndhe centre (Chapter 4). Finally,
the three examples of protein filaments examined tar (XRCC4-XLF, Rad51, SAS-6)
are all involved in activities required for the mi@nance of DNA (double-strand break
repair, replication), suggesting that protein fieamts may be a specialized form of protein

structure more widely involved in protecting genonmtegrity than previously realized.

6.1.3 The Importance of the C-terminal Tails of XR@4 and XLF

Even though the C-terminal tails of XRCC4 and Xké&re not included in the
XRCC4-XLF filament structure, their importance itHRJ is significant. The first
indication of the XRCC4 C-terminal tails’ importanwas revealed by their involvement
in the formation of multi-filament bundles of thd(RKC4-XLF filament (discussed in
Chapter 4). Briefly, the crystal structure disgdyevidence of XRCC4 tails folding over
and ‘cross-linking’ neighbouring filaments. Conerst with this interpretation,
sequestration of the C-terminal tails of XRCC4 tlglo LigaselV binding abolished
formation of the XRCC4-XLF multi-filament in bridgg assays and SFM studies. This
further suggested that XRCCA4 tails are neededofondition of multi-filament bundles
associated with DNA bridging activity. Other euvide outside this body of work also
suggests that the XRCC4 C-terminus is importamhtieJ. Research by Dr. Kathy Meek
and Dr. Mauro Modesti (personal communication),nexed the role of XLF and

XRCC4 in V(D)J recombination. Thein vivo plasmid-based repair assay showed high
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levels of recombination of coding ends in the pneseof XLF, XRCC4, Ku70/80, and
LigaselV. Disruption of the XRCC4-XLF interactioma XRCC4 mutation caused a
significant decrease in recombination efficientiyterestingly, disrupting the XRCC4-
XLF interaction interface by mutating XLF (L115A)ddnot have a noticeable effect on
recombination efficiency. It is known that XLF L3 #lisrupts the head-to-head
interaction between XRCC4 and XLF; therefore, ilarfent must be held together by
another region of XRCC4, with the most likely catate being the C-terminus.
Similarly, the XLF C-terminus is also of interedthe research presented in Chapter 2
and 4 defined the XLF C-terminus as a DNA bindiegion, but the XLF C-terminal tail
may also be of importance for stabilizing interact with XRCC4. Yano et al., (2011)
removed XLF's C-terminus, and vivo, observed a decreased interaction, even though
the head domains of each protein remained infaetthermore, studies of the yeast XLF
homolog have shown that the N-terminus of XRCCéeaisses with the C-terminus &f
cerevisiae XLF, suggesting that similar interaction may ocfarrthe human homologs
(Deshpande et al., 2007). A more extensive intenamterface between XRCC4 and
XLF involving their C-terminal tails is realistisjnce the buried surface area between the
XRCC4 and XLF head domains is only 758 A stable protein-protein interaction
typically buries at least 1000°A (Janin et al., 1990). The XRCC4 and XLF dineash
bury ~2300 & and ~6500 Arespectively (Andres et al., 2007; Junop et 800.
Therefore, an increase in buried surface area tiiadal C-terminal tail interactions
would make the XRCC4-XLF filament more stable thiaa current known state. Finally,
the XRCC4 and XLF C-termini are the sites of phasplation by DNA-PKcs and ATM,
and while these sites are not required for DNA dexsitrand break repair, it has been

proposed that they are regulatory sites for digsabgeof the repair complex (Yu et al.,
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2003; Yu et al., 2008). Therefore, the C-termtads of both XRCC4 and XLF are likely

significant for stable filament assembly and dieassly in NHEJ.

6.2 Future Directions

As more information becomes available about XR@@d XLF in NHEJ, more
guestions arise surrounding their role in DNA deustirand break repair. Many
individual pieces of information are known aboutlearotein, yet the details of how the
data fits together into a cohesive NHEJ mechaniesil unclear. For example,
XRCC4 and XLF bind and bridge DNA (Chapter 4) yewtthese activities function in
relation to the other DNA repair proteins, in peutar LigaselV, is unknown. Future
work on XRCC4 and XLF should aim to examine two mairgets — structures of larger
protein-DNA complexes, and how these proteins irhjigation both biochemically and

invivo.

6.2.1 Structural Studies

Further structural information of two key complexgould be extremely useful in
understanding how XLF and XRCC4 function in NHHhe first complex of interest
would be the XRCC4-XLF filament with the C-terminalls of each protein and in the
presence of DNA. Based on the results in Chapttrigtwould determine the XLF-
XRCC4-DNA interaction and whether or not the C-tenus of XRCC4 is involved in
DNA binding when an XRCC4-XLF filament is formed; apposed to solely aiding in
formation of a multi-filament bundle. It would alendicate whether or not the XRCC4-
XLF-DNA model in Chapter 4 is correct, with DNA mimg through the centre of the
protein helix. Crystallizing XRCC4 or XLF separgtevith DNA would not be

beneficial, since XLF and XRCC4 require long DNAstrates in order to bind
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efficiently, and much research now points to an XREXLF filament binding DNA
(Chapter 4).The second complex to solve would be that of XRCQ4;, and LigaselV
in the presence of DNA. Such a structure wouldsshow an XRCC4-XLF filament is
modified in the presence of LigaselV, and wouldallsistrate how the catalytic domain
of LigaselV is positioned and regulated via XRCCHUFX Unlike the first complex,
‘breaking-down’ this large multi-protein structurgo smaller parts would be of use.
Determining only full-length XRCC4 and LigaselVtime presence and/or absence of
DNA, or solving the structure of an XRCC4-LigaseX\.+ complex would also be
informative, albeit not as complete an answer aptbposed XRCC4-XLF-LigaselV-

DNA structure.

Crystallography would be the ideal method to achi@ detailed answer to these
mechanistic questions, as structures are typicéllygh enough resolution to determine
individual amino acid interactions. However, tiwesof the suggested complexes is
large, especially if XRCC4-XLF retains a filametrusture. Therefore it is likely that
the ability to generate a high quality crystal wbbk extremely challenging. On the
other hand, it is also possible that by introduddi¢A or LigaselV, the proteins may
adopt a ‘locked’ conformation, reducing proteirxftality. However, crystallography is
not the only way to examine these structures. tElaanicroscopy has already proven
informative for full-length XRCC4 bound to Ligasel®nd would also be useful for
gaining insight of these larger structures (Recw&heca et al., 2009). Using results from
electron microscopy and modelling in the known talystructures of each protein could
provide informative results, providing frozen ‘ssapts’ of the proteins when associated
into larger protein-DNA complexes. To avoid aistahage, though, and to obtain a
structure of more biological significance, SAXS ltbalso be used to complement
structural analysis of these complexes. SAXS hasady provided initial data on
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XRCC4-XLF, and established that XRCC4-XLF is capatifl forming a filament in
solution (Hammel et al., 2010). The primary benaffiSAXS analysis is that data is
acquired in an agueous environment, which is adguzflmore biological significance,
and may in turn provide more biologically relevatdtes of protein interactiorlso,

like electron microscopy, known crystal structucesld be modelled into envelopes of
protein complexes generated via SAXS analysis.piDegheir obvious strengths,
analysis by SAXS and electron microscopy only yleld resolution data. If any major
changes occur between the individual protein conédions in the crystal structure
compared to the SAXS or electron microscopy datajetling atomic resolution
structures into lower resolution data may becong dficult. Therefore, while
crystallography will likely be challenging, a comhtion of a high-resolution structure
(crystallography), with a lower-resolution stru@ySAXS or electron microscopy), is the
best approach for determining further mechanissgght of these important NHEJ

complexes.
6.2.2 Effect of XRCC4-XLF on Ligation Activity of LigaselV

Initial studies suggested that XLF stimulatestimaof mismatched DNA ends
(Tsai et al., 2007). Research presented in Chaptaggests that it is not XLF alone that
causes this, but the XRCC4-XLF filament. Chaptats® indicated that XRCC4-XLF
filament bundles are able to bridge a DNA doubtarst break, which would also be
expected to impact ligation efficiency. The preamsechanism behind XRCC4-XLF
stimulation of ligation is still unclear. Futureovk on how XRCC4-XLF affects ligation
should address this question. Simple experimentegin examining this topic could
include taking the ligation assay outlined in Cleafit and expanding it to include not just

the XLF L115A mutant, but also XRCC4 mutants tHadlsh the XLF interaction, as
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well as DNA binding mutants in both XLF and XRCCH#his would first confirm that the
XRCCA4-XLF interaction is required to stimulate liga, as shown by the initial data in
Chapter 5, and it would also discriminate whethkeFXr XRCC4’s DNA binding
activities are required for efficient ligation. ¢onjunction with biochemical studies,
similar experiments need to be transferred taivo ligation assay, such as that carried
out by Smith et al., (2003), using cell lines diefit in XLF, XRCC4, or LigaselV and
complementing with each protein and its mutantsligk DNA- or protein-binding.

These results would help determine the biologiekwance ofn vitro observations.

One additional key player in NHEJ that should b®bverlooked in these assays
is Ku70/80. Ku70/80 recruits XLF and XRCC4 to DMAuble-strand breaks, and
interacts with LigaselVIn vitro, Ku70/80 stimulates ligation 20-fold, compared to
XRCC4 alone (McElhinny et al., 2000; Yano et a08a, b). Extending tha vitro
assays described above to include Ku70/80 wouldfoemative with regards to how
XLF, and the XLF-XRCC4 filament affects ligatiortean the presence of Ku70/80.
Also, defining binding interfaces between Ku70/8@d ather DNA repair proteins would
add more information that could help to probe vasioteractions and their importance at
all stages of NHEJ. Currently, it is already knatlvat Ku70/80 interacts with XLF
through a DNA/XLF-C-terminal reaction, and with aigelV BRCT domains through its
N-terminus (Yano et al., 2011; Costantini et 8002). Therefore, extending the above
assays to include Ku70/80 would establish a makstee NHEJ reaction, and inform on

XRCC4-XLF filaments’ overall function in NHEJ.
6.3 Significance and Conclusions

The research presented within this dissertatiomiges new insight into NHEJ,

with particular regard to the roles of XRCC4 andBEXLWithin the field it is currently
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thought that XRCC4 and XLF function solely at tivaf stage of ligation, yet no
evidence exists to explain the mechanism by whadh@rotein stimulates LigaselV
activity. The structure of XLF provided the fitebk at this protein, confirming its
predicted structural homology to XRCC4, with a waglivergence in the C-terminal tail,
yet it did not explain LigaselV stimulation by XL(Ehapter 2; Andres et al., 2007). The
identification of amino acids necessary for XRC@d XLF interaction, and further
determining that this interaction was requiredtbimslate ligation, indicated a role for
XLF and supported the idea that XLF and XRCC4 alg active towards the end of
NHEJ. More recently, however, an earlier roleX®CC4 has been suggested through
various reports in the literature. Budman et(@0D07) carried out am vitro end joining
assay, illustrating that processing of DNA endsinesgl XRCC4, placing XRCC4 at an
earlier step in ligation. Similarly, the presemd¢eXLF is required to stimulate gap filling
by Pol pu and., again indicating a role in processing, rathentsianply ligation
(Akopiants et al., 2009).he results, then, of Chapter 4 would suggest bgnsion that it
is an XRCC4-XLF filament that is involved in DNA @processing, and not XLF or
XRCC4 alone. The observed effects for Pol pjaace likely a result of XRCC4-XLF
filaments bridging DNA ends, as polymerization fen more efficient when DNA ends
are aligned, although this requires experimentafiomation (Zhang et al., 2001). More
recently, studies have also suggested that XRC@4&Kaf are involved in initial binding
of a DNA double-strand break. Ku70/80 has beenvsho recruit and interact with XLF
in a DNA-mediated interaction after formation al@uble-strand break. Furthermore,
addition of XRCC4 to double-strand breaks stabsliXéF at the break site (Yano et al.,
2008b). This suggests that XRCC4 and XLF areqfadHEJ right from the start, and
most likely, throughout all of NHEJ presumably asxdRCC4-XLF filament.
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XRCC4-XLF filaments were observed bridging DNA Ibart parallel and end-to-
end according to SFM images (Chapter 4). This esigghat bridging may occur in
multiple ways during NHEJ, and would likely be sedijto the conformation of DNA
ends. DNA double-strand breaks are generallytithtisd in a linear fashion, or end-to-
end. However, within a cell, these breaks may hésparallel, with the break at the ‘tip’
of the nucleoprotein complex (Figure 6.2). Whedoable-strand break occurs,
chromatin is remodelled to make room for DNA regmoteins, creating perturbations up
to several megabasepair lengths away from thetsdamage in eukaryotic cells, and 40
basepairs away iBaccharomyces cerevisiae (Rogakou et al., 1999; Tsukuda et al., 2005).

This leaves the DNA ends exposed and mobile, altigke on either conformation

Double-strand break

N
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<

Bridging
End-to-End Alignment

Parallel Alignment
Double-strand break
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EEEEENERERRNN
Q/
ﬂﬁ/

[TITTTTITITT]

Bridging

Figure 6.2 lllustration of the potential conformation of DNA ends
at a double-strand break. DNA ends may align end-to-end , with
XRCC4-XLF filaments bridging across the break. DBAds may also
align in parallel, with the double-strand brealthet ‘tip’, and XRCC4-
XLF filaments bridging between the parallel DNAastds.
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observed via SFM. If DNA bridging occurs by fotma of multiple filaments wrapping
around DNA, stabilized by XRCC4 C-terminal tailsthing adjacent filaments (Chapter
4, Figure 4.5A-C), then this would allow for thedeto-end alignment observed in SFM.
However, if DNA bridging occurs by forming XRCC4rnotetramers between XRCC4-
XLF filaments on adjacent DNA strands (ChapteriguFe 4.5D, E), then this would
allow for the parallel bridging observed. These twodes of bridging can also account
for the disruption observed when BRCT domains gikelV are added to the bridging
assay. BRCT domains bind to the same region of @Rat is responsible for homo-
tetramerization, and also encompasses the C-tertaitgaof XRCC4, thus blocking
XRCC4 C-terminal tails from other interactions regd for bridging. Therefore, the
different modes of DNA bridging observed in SFM kkely biologically relevant, as
XRCC4-XLF filaments are adaptable for different rasaf bridging DNA double-strand

breaks.

SFM also illustrated that XRCC4-XLF filaments @gi$ both as single and multi-
filament bundles, and that binding of LigaselV BR@Imains, or removing XRCC4 C-
terminal tails only allowed formation of a simplement (Chapter 4). Combined with
the theory presented above that XRCC4-XLF filameetsist throughout NHEJ as either
a single or multi-filament bundle, the current midde NHEJ can be adapted as seen in
Figure 6.3. Upon double-strand break formation7®80 still binds the initial break,
recruiting XLF and XRCC4 (Mimori et al., 1986; Yarbal., 2008a, b)Once recruited,
XRCC4 and XLF would form multi-filament bundles (misting of 2 or more filaments)
that bridge the DNA double-strand break. At thegnp, Ku70/80 would then recruit
DNA-PKcs, which would potentially disrupt the medilament bundle to a smaller
species of fewer or even a single filament(s)hatdite of the double-strand break. The
presence of this smaller XRCC4-XLF filament(s) nmaylonger bridge the DNA break,
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Figure 6.3 Proposed model for no-homologous en-joining. The initial
model in Chapter 1 (Figure 1.2) is now modifiedrtdude the multi-filament
bundle of XRCC4-XLF bridging the intial DNA doubtgrand break, and its
subsequent remodelling to a smaller filament ugmnuitment of the remaining
non-homologous end-joining repair proteins. TheCXF-XLF filament is
depicted as a straight line for clarity. For thdemensional representation of
the filament encircling the DNA, please refer toa@ter 4.

but still aid in the alignment and stability of tB&lA ends. This would explain the
increased activity of the PolX family of polymerase the presence of XRCC4 and XLF,
since alignment of the break by XRCC4-XLF wouldvaet the Pol X polymerases from
having to align the DNA ends (Akopiants et al., 200During ligation, the XRCC4-XLF
filament will be a smaller species than the larggtifilament bundle, as SFM illustrated
that the addition of multiple BRCT domains of Lig#¢ resulted in smaller filament
species, however the presence of the filamentstilladd stability and alignment of the
DNA break, accounting for the increased ligatioiicefncy observed when XLF is
present (Tsai et al., 2007; Chapter 5). Additibnavhile a smaller filament bundle or
single filament is present at the site of actiyeare the multi-filament bundle may persist
outside this area, as chromatin remodelling wharbbestrand breaks occur leaves DNA
free of histones over a large area (Rogakou, 1999kuda, 2005). An XRCC4-XLF
multi-filament bundle outside the active repair e@mould protect the DNA from
nucleases, but also add an overall stability ta¢pair complex, which would also
contribute to the increased polymerization andtiageeffects observed. Parts of this
adapted NHEJ model are still highly speculative aatplire further research, but the
addition of an XRCC4-XLF filament that persistsahghout NHEJ fits in with recent
data and challenges the current understandingeaiah-homologous end-joining

pathway.
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