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ABSTRACT

Repair of damaged DNA is required to maintain the integrity of genetic 

information. DNA repair processes employ numerous proteins whose efficient function 

depends on interactions with each other. The major pathway that corrects endogenous 

DNA damage is base-excision repair (BER), which is mediated by sequential pair-wise 

protein interactions. In this study, I have used various techniques to investigate 

interactions mediating the DNA synthesis/ligation steps of BER, to better understand the 

way in which DNA repair processes are co-ordinated. The interaction of DNA ligase III 

with its protein partner, XRCCl, in BER was the first example of a functional interaction 

between BRCT modules, and the 3D structure of this XRCCl BRCT domain has been 

solved. The ‘BRCT’ domain, first noted in the C-terminus of the product of the BRCAl 

breast cancer suppressor gene (BRCAl Carboxy Terminal), has been identified in -50 

proteins involved in DNA repair/recombination/cell cycle control. I have used DNA 

ligase III-XRCCl as a model system to study BRCT domains. Amino acid changes in the 

BRCT domain of XRCCl have been introduced by site-specific in vitro mutagenesis of 

the cDNA sequence, and the interaction with DNA ligase III has been tested by co

affinity precipitation assays. The consequences of mutations on protein folding were also 

assessed. Reciprocal mutations in DNA ligase III were made to test the validity of using 

the XRCCl BRCT domain structure to model other BRCT modules. I have also 

investigated a possible role of a major 3’ exonuclease activity, DNase III, as a candidate 

DNA-editing activity for DNA polymerase p (which lacks an intrinsic 3’ exonuclease 

function) during BER. Far Western, co-affinity, co-immunoprecipitation and yeast two- 

hybrid analyses were employed to identify protein:protein interactions that might 

confirm this role. Novel interactions indicate that DNase III might have a specialised role 

in the immune system.



ABBREVIATIONS

3D three-dimensional
8-oxoG 8-oxo-7,8-dihydroguanine
AD activating domain
Ade adenine
APEl AP endonuclease 1
ATP adenosine 5'-triphosphate
Amp ampicillin
BER base excision repair
BCIP 5 -bromo-4-chloro-3 -indoly 1 phosphate
BLAST basic local alignment search tool
bp base pair
BRCT BRCAl C-terminal
BSA bovine serum albumin
CD circular dichroism
cDNA complementary DNA
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NCBI National Centre for Biotechnology Information
NET nitro blue tétrazolium
NER nucleotide excision repair
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nt nucleotide
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ORF open reading frame
PARPl poly(ADP-ribose)polymerase 1
PBS phosphate buffered saline
PCR polymerase chain reaction
PCNA proliferating cell nuclear antigen
PMSF phenylmethylsulfonyl fluoride
PNK polynucleotide kinase
RER recombinational repair
RNA ribonucleic acid
ROS reactive oxygen species
RPA replication protein A
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SD synthetic dropout
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SSA single strand annealing
SSB single-strand break
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INTRODUCTION

'We wish to suggest a structure for the salt of deoxyribose 

nucleic acid (D.N.A.). This structure has novel features which 

are of considerable biological interest.

It has not escaped our notice that the specific pairing we have 

postulated immediately suggests a possible copying mechanism 

for the genetic material.'

(Watson and Crick, 1953)

These words marked one of the most important scientific advances of modem 

times. Discovery of the DNA double helix by James Watson and Francis Crick in 1953 

has proved a remarkable breakthrough in understanding how genetic information is 

encoded, and how it can be faithfully transmitted and preserved by means of DNA 

replication, repair and recombination. Studies of prokaryotic and eukaryotic organisms 

that followed this important discovery have advanced our knowledge of how genetic 

information is translated from DNA through RNA to protein. 'Protein' is derived from the 

Greek proteios meaning 'of the first rank' and was introduced by Jons J. Berzelius in 

1838 to stress the significance of these molecules (Mathews and Van Holde, 1990). 

Proteins are fundamental to biological processes, co-ordinating reactions in the living 

cell. In addition, biochemistry has had a profound influence on medicine, since the 

discovery of biochemical deficiencies may identify proteins that can be targeted in the 

development of new drugs that provide a better quality of life.

It seems likely that the earliest origins of life were based on the RNA molecule, 

which served as the first self-replicating molecule that could carry genetic information.
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RNA is highly error prone as a genetic template - its structure is exposed to hydrolysis 

due to the presence of the 2 -OH group of ribose. The transition from the vulnerable 

RNA molecule to the more stable DNA occurred via reduction of the 2 -OH ribose, 

making DNA more adequately equipped to hold the genetic information in a more or less 

intact form. This feature of DNA is mainly due to the higher stability of the 

phosphodiester bonds in DNA compared to those in RNA. Furthermore, DNA's double

strand form is composed of a pair of complementary polynucleotide molecules that make 

DNA more robust and, as noted by Watson and Crick, allow for easier replication; also, 

the repair machinery can use the intact DNA strand as a template to correct the 

associated damaged strand. However, as a consequence of the reduction from ribose in 

nucleic acid to deoxyribose, base-sugar bonds became more susceptible to hydrolysis 

(Lindahl, 1996). Thus, DNA is a dynamic molecule that is constantly undergoing very 

slow alterations due to the action of a wide range of physical and chemical agents present 

both within the cell, and in the external environment. The fact that some of these changes 

go uncorrected is crucial for an organism to adapt to new conditions and so increase its 

chances of survival. Organisms that have this ability are not only fit to survive 

environmental changes but, by allowing variations to be introduced into their genomes, 

also provide new material for natural selection. There is a continuous interplay between 

the need to faithfully transmit the genetic information in its intact form and the need to 

accommodate change. The balance between these two processes depends on the 

functioning of DNA repair systems.

DNA DAMAGE

In all metabolically active cells, DNA is a fully hydrated molecule (8-10 water 

molecules per nucleotide residue) (Lindahl, 1996). The DNA molecule is not intrinsically 

stable and all its primary components - bases, sugars and phosphodiester bonds - are 

susceptible to various forms of attack that could lead to modifications of the genetic 

information, or changes in DNA structure that can potentially lead to damage. Types of
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damage that have been extensively studied in recent years can be arbitrarily divided into 

either so-called spontaneous or environmental damage. Spontaneous damage is 

considered to be of endogenous origin, usually chemical changes due to interaction with 

the by-products of normal metabolism, but in some cases it is difficult to distinguish 

what has brought about certain changes, that could also be due to environmental factors. 

Environmental damage to DNA involves exogenous physical and chemical agents; the 

former include ionizing and UV radiation, and the latter alkylating, cross-linking and 

other chemical agents causing base modifications and strand breaks, some of which are 

used as anti-cancer drugs. Here, endogenous damage and its consequences will be 

considered in greater detail. Endogenous DNA damage involves a wide range of factors 

and can take various forms: (i) base modification/loss due to the action of molecules 

resulting from normal cellular metabolism, such as reactive oxygen species (ROS), water 

and methyl donors; (ii) mismatched bases arising during DNA replication; (iii) 

programmed or incidental strand breakage (Friedberg et a l,  1995). The incidence, repair 

and consequences of the major forms of endogenous damage will be considered here.

Endogenous damage affects mainly the primary structure of DNA, and ROS have 

been proposed to be the main source of this type of damage (Friedberg et a l,  1995; 

Karanjawala et al, 2002), which occurs continuously (Lindahl, 2000). ROS arise as a by

product of normal cellular metabolism, since there are oxygen species generated through 

the reduction of oxygen to water during (eukaryotic) mitochondrial respiration. These 

include peroxide radicals ( O^), hydrogen peroxide (H2O2) and hydroxyl radicals ( OH). 

One of the most common and mutagenic lesions produced by oxidative damage is 8-0x0- 

7,8-dihydroguanine (8-oxoG) that can base pair with adenine instead of cytosine, causing 

G :C^T:A  transversion mutations during replication (Beckman and Ames, 1997). There 

have been different estimates of the number of these lesions that occur daily in cells, and 

the figures range between 1000 (Kunkel, 1999) to 7500 (Beckman and Ames, 1997). 

These figures remain a subject of debate because such mutagenic lesions as 8-oxoG are 

being rapidly repaired in cells, which makes it very difficult to estimate the exact number 

of lesions that occur (Lindahl, 1993). More accurate estimates come from experiments
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performed on mice defective in removal of oxidative base damage and indicate that the 

number of these lesions is closer to 100 - 1000 (Klungland et a l,  1999b). Other types of 

modified base formed due to oxidative damage are ring-saturated pyrimidines, thymine 

or cytosine glycols. These bases are cytotoxic and weakly mutagenic as they can block 

progression of the replication fork and also transcription. Again, it is difficult to estimate 

the frequency of their occurrence.

Hydrolysis of DNA occurs due to the intrinsic instability of the base-sugar bond 

and recent estimates suggest that there are as many as 50 000-200 000 base losses per 

day in each cell (Nakamura and Swenberg, 1999); these losses probably account for the 

most frequent damage in human cells. Purines seem to be lost more easily than 

pyrimidines due to the distribution of negative charge over the ring structure that 

weakens the N-glycosidic bond in purines (Lindahl, 1993). Hydrolytic deamination of 

cytosine generates uracil, and occurs at a significant rate under physiological conditions; 

estimates are 100-500 deaminated cytosine residues per cell per day (Shen et a l,  1994; 

Lindahl and Barnes, 2000). Uracil pairs with adenine and creates C to T transitions 

during DNA replication. 5-methylcytosine deamination generates thymine, creating a 

T:G mismatch; the rate of this process is faster than that of cytosine deamination. 

Adenine and guanine deaminate to form hypoxanthine and xanthine, respectively; this 

process is less frequent than that of cytosine deamination (Lindahl, 1993). Hypoxanthine 

pairs with cytosine and thus can generate an A:T G:C transition; xanthine is a non

coding residue.

Méthylation of DNA is a common mechanism for the modification of gene 

expression in mammalian cells and 5-methylcytosine, which is not a candidate for repair, 

serves as a meaningful biological signal (i.e. silencing gene expression). However, 

méthylation of bases can occur as a result of endogenous damage due to the action of 

methyl donors, where the reactive nucleophilic centres in DNA accept the methyl groups. 

One of these methyl donors, and probably the most important in this respect, is S- 

adenosylmethionine (SAM), a weak alkylating agent. This molecule is present in the cell 

nucleus and acts as a co-factor during programmed DNA méthylation. The major DNA
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adducts generated by SAM are 7-methylguanine and 3-methyladenine. 7-methylguanine 

is non-cytotoxic and its removal largely depends on nonenzymatic cleavage of the labile 

sugar-base bond of this residue (Lindahl and Barnes, 2000). In contrast, 3-methyladenine 

is a very cytotoxic lesion that blocks replication and its occurrence is estimated to be 600 

per cell per day (Rydberg and Lindahl, 1982). Furthermore, a small number of the highly 

mutagenic lesion, O^-methylguanine, which forms base pairs with T rather than C 

residues, as well as 3-methyladenine, are formed due to the action of other, minor 

endogenous methylating agents (e.g. methylnitrosourea) (Tavema and Sedgwick, 1996).

Mismatches often arise, not through damage to DNA bases, but through 

misincorportion of a normal base during the process of DNA synthesis. In the absence of 

any cellular correction this would account for a possible error frequency of 10 ' - 10  ̂per 

nucleotide. This high potential error is due to the very low difference in free energy 

needed for a complementary vs. non-complementary base pairing, equivalent to a single 

hydrogen bond (Friedberg et a i,  1995). Fortunately, the magnitude of this error is greatly 

reduced, by the intrinsic 3' —> 5' proofreading action of the replicative DNA polymerases 

and post-replicative mismatch correction, to 10 per nucleotide. Base-pairing mistakes 

arise not only due to the misincorporation of bases during DNA replication, but also from 

formation of heteroduplexes and small insertion/deletion loops, and from deamination of 

5-methylcytosine to thymine, leading to a G:T mismatch. The latter mismatch is 

commonly present in a newly synthesised DNA, as it does not cause great distortions of 

the double helix and escapes the proofreading process (Jiricny, 1998b).

DNA strand breaks can occur in a number of ways. Single-strand DNA breaks 

(SSB) can arise as reaction intermediates during the excision repair of DNA and are also 

generated accidentally from attack by ROS. Cells are equipped to deal rapidly with such 

structures but if left unrepaired, SSBs can be converted into potentially lethal double

strand breaks (DSB) upon replication. DSBs can also be generated directly, either 

accidentally during DNA replication or, by the programmed action of endonucleases, as 

intermediates during processes such as V(D)J recombination and meiosis. If not dealt 

with promptly and correctly, DSBs can lead to chromosomal damage such as loss.
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deletion or rearrangement of fragments. If a cell with DSBs continues to divide, this 

leads to aneuploidy, as broken chromosome fragments can mis-segregate (Pastink et al,

2001). Thus, DSBs pose a serious threat to the cell's survival and alert the cell cycle 

machinery to either arrest the cell cycle to allow for repair or, in some cases, induce 

apoptosis (Figure 1.1).

DNA REPAIR PATHWAYS

The endogenous DNA lesions mentioned above, could cause mutagenic or 

cytotoxic damage in subsequent cycles of DNA replication, if left unrepaired. 

Endogenous damage to the intrinsically unstable DNA molecule has been present 

throughout evolution and a number of repair pathways and enzymes have evolved to 

rectify such damage. In contrast, with the important exception of UV light, exogenous 

damage that results from exposure to various chemical mutagens, has been too recent in 

evolution for organisms to have acquired a new, specific repair mechanism, rather repair 

systems dealing with endogenous damage are utilised in the repair of exogenous damage. 

Here, repair pathways have been divided into five types based on their substrates and/or 

mechanisms, although this division is not exclusive since there are overlaps between 

these systems. In mammalian organisms, the large size of the genome requires complex 

and varied ways for repair of both endogenous and exogenous damage. Furthermore, the 

presence of multiple repair pathways indicates the importance of dealing with any given 

lesion. Although this may lead to functional redundancy, it means that inactivation of one 

enzyme or system does not necessarily abolish the repair of the lesion. The repair 

pathways in mammalian cells will be considered here. Some forms of damage can be 

dealt with by direct reversal, certain bulky lesions (caused mainly by UV light) are 

removed by nucleotide excision repair, replication errors are corrected by mismatch 

repair, while recombinational repair acts on strand breaks. I will consider these four 

divisions of DNA repair briefly in turn. The major repair pathway employed in the
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Figure 1.1. Cellular responses to DNA damage.
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elimination of endogenous damage is base excision repair; I will then consider base 

excision repair in some detail.

Direct reversal
Direct damage reversal involves a single enzyme that acts to reverse the damage 

to its original sequence in a one-step reaction. Direct reversal does not involve an 

incision/excision step, as opposed to excision repair pathways, such as base excision 

repair, nucleotide excision repair or mismatch repair. In mammals, the most common 

damage repaired by direct reversal includes 0 ^-alkylguanine and D'^-alkylthymine 

residues that arise as a consequence of alkylation by agents such as //-m ethyl-#-nitro-Æ- 

nitrosoguanidine (MNNG), #-methyl-#-nitrosourea (MNU) or methylmethanesulfonate 

(MMS). 0^-methylguanine-DNA methyltransferase (MGMT, but more recently the term 

alkyltransferase, ATase, has been used) repairs these lesions by transferring alkyl groups 

from the and position in guanine and thymine, respectively, to a cysteine residue in 

the active site of the enzyme (Olsson and Lindahl, 1980; Hazra et ah, 1997). It is 

currently believed that the mechanism of this enzyme is based on the binding of DNA via 

a helix-tum-helix motif in the C-terminal domain; the enzyme flips the alkylated base 

into the active site, where hydrogen bonds that facilitate this transfer are formed 

(Margison and Santibanez-Koref, 2002). Upon completion of direct damage reversal, 

MGMT is degraded by ubiquinating proteolysis (Srivenugopal et al,  1996). Although 

this process is energy consuming, it does provide rapid repair of (9^-methylguanine and 

protects the cell from mutagenic and carcinogenic consequences of such damage. Mgmt 

gene targeted knockout mice are viable, but develop tumors in response to MNU 

(Sakumi et al,  1997). No human syndrome has been identified in relation to the loss of 

MGMT function. Recently, a novel reversal mechanism has been reported for AlkB, an 

enzyme that repairs DNA alkylation damage. Here, lesions such as 1-methyladenine and 

3-methylcytosine, are directly reverted to unmodified bases by oxidative déméthylation 

with release of formaldehyde (Falnes et al, 2002; Trewick et al,  2002). One mechanism
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of direct reversal that is not present in placental mammals is photoreactivation of UV- 

damaged DNA. In E. coli, plants and some lower eukaryotes, direct damage reversal 

removes pyrimidine dimers by the action of the enzyme, DNA photolyase (Friedberg et 

al., 1995). Human photolyase homologues have not been identified (Yasui and 

McCready, 1998; Wood et a l,  2001).

Nucleotide excision repair
Nucleotide excision repair (NER) can act on a wide variety of structurally

unrelated lesions that are mainly bulky and/or helix distorting, and caused by 

environmental agents. A DNA lesion will be repaired by NER if it causes both changes 

in the chemistry of DNA and modification of the DNA structure (Batty and Wood, 

2000); usually, most of the damage caused by solar UV light and compounds in cigarette 

smoke produce such lesions. NER and base excision repair overlap in their substrate 

specificity; NER can repair DNA damage caused by oxidising and alkylating agents, and 

can probably be considered as a back-up system to base excision repair (Satoh and 

Lindahl, 1994). Similarly to the proteins involved in base excision repair, the NER 

proteins participate in other aspects of DNA metabolism. For instance, some NER 

proteins are required in nuclear replication and form transient complexes within the 

repli some; upon completion of their role in replication, the proteins distribute throughout 

the nucleus as single components and perform other functions.

The mechanism of this repair pathway can be divided into two general steps: (i) 

recognition and removal of the lesion and (ii) DNA synthesis and ligation. This 'bipartite' 

strategy and complexity of the factors involved (e.g. the excision complex consists of at 

least 16 polypeptides) are hallmarks of NER. The NER pathway involves about 20-30 

polypeptides, 15-18 of which are organised into 6 protein complexes that excise 24-32 nt 

flanking the lesion on the damaged DNA strand (Figure 1.2). Although there are two 

models for the NER mechanism - the sequential assembly of repair factors or preformed 

repairosome - it seems likely that NER may work as a 'protein machine' in mammalian 

cell nuclei (Araujo and Wood, 1999). The higher order protein complexes that have been
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reported for NER are in contrast to the base excision repair pathway, where pair-wise 

protein iprotein interactions occur at the site of damage.

The first step in NER is the recognition of the damage that is initiated by the 

binding of the XPC/HR23B complex and the recruitment of the XPA/RPA complex to 

the damaged site. The local unwinding of the DNA helix occurs by the action of 

XPC/HR23B, followed by helicase activities of XPB and XPD subunits of TFIIH, that is 

dependent on XPA, RPA and ATP hydrolysis. The release of 24-32 nt containing the 

lesion occurs by the incision at the 3' side by XPG endonuclease and by the ERCCl/XPF 

complex at the 5' side. Both these endonucleases are capable of excising an undamaged 

strand of DNA, but the specificity of the ERCCl/XPF complex is rendered by RPA 

binding to the damaged strand in a particular orientation (de Boer and Hoeijmakers, 

2000). The second/last step in NER involves the gap-filling by DNA polymerase ô/e and 

proliferating cell nuclear antigen (PCNA), and ligation is completed most probably by 

DNA ligase I. This mechanism can act at any site in the whole genome and is nominated 

global genome NER. In the case of actively transcribed DNA, the initial recognition of 

DNA damage occurs by the stalling of the RNA polymerase II complex and the 

recruitment of XPA/RPA. This type of NER represents transcription-coupled NER and, 

apart from the requirement of CS-A and CS-B proteins, proceeds in the same way as 

global genome NER, but progresses 5-10 times more efficiently (Lindahl and Wood,

1999).

Knockout mice deficient in various NER genes have been generated and are 

generally viable and UV sensitive. However, loss of the Xpd  gene results in pre

implantation lethality, while the xpg gene knockout mice die soon after birth. Disruption 

of ERCCl causes death before weaning (Friedberg and Meira, 2000). Human syndromes 

associated with defects in NER proteins include xeroderma pigmentosum (XP) - patients 

are cancer prone, while Cockayne syndrome (CS), the photosensitive form of Cockayne 

syndrome - trichothiodystrophy (TTD), and combined XP and CS are generally not 

cancer prone.
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Mismatch repair
Mismatch repair (MMR) is an excision repair pathway that corrects mispaired, 

unmodified bases and loops in DNA (Figure 1.3). Direct reversal, NER or base excision 

repair can not deal with mispaired bases as these have no means of distinguishing 

between the parental strand and the newly synthesised strand containing the mispair. 

However, the mechanism of MMR is similar to that of NER or base excision repair - a 

patch of nucleotides is removed from one strand, while repair synthesis and ligation 

complete the process, and MMR also involves the action of heterodimeric protein 

complexes. Although the roles of many proteins in MMR have been elucidated, the 

individual steps of this process are still poorly understood, including the mechanism that 

directs the MMR machinery to discriminate between the parental and newly synthesised 

strand. At present, it seems most likely that nicks present close to the mismatch can 

direct the process of MMR (Balganesh and Lacks, 1985). Clearly, the Okazaki fragments 

in the lagging strand provide initiation for the repair process, but the problem arises in 

the leading strand. Recently, two groups have shown that proliferating cell nuclear 

antigen (PCNA) is involved in MMR at a step preceding DNA resynthesis and suggested 

that this protein may function as a signal for the strand discrimination (Umar et a l,  1996; 

Flores-Rozas et a l,  2000).

There are two sub-pathways in mammalian MMR: sequence non-specific long 

patch repair that can remove between 90-170 nucleotides and short patch repair that is 

sequence specific and removes one or a few nucleotides. In long patch MMR, three 

proteins are involved in the primary damage recognition: MSH2, MSH6 and MSH3. 

MSH2 and MSH6 tightly associate in a MutSa complex (Hughes and Jiricny, 1992; 

Drummond et al,  1995), while MSH2 can also associate with MSH3 forming the MutSp 

complex (Palombo et al,  1996). MutSa seems to be a more preferable complex for 

mispair recognition, being present in cells in higher amounts than MutSP (Drummond et 

a l ,  1997). However, it has been suggested that MutSp acts as a back-up system for 

MutSot since both complexes can recognise insertion/deletion loops (Jiricny, 1998b). The 

following step includes recruitment of the MutLa heterodimer consisting of MLHl and
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PMS2 proteins, and PCNA. The removal of the strand, resynthesis and ligation are 

completed by steps similar to those in excision repair pathways, so some overlap 

between MMR and NER and/or base excision repair systems can be anticipated. Short 

patch MMR is initiated by three mismatch nicking enzymes: T/G specific, A/G specific 

and all-type mismatch nicking enzymes. Following the action of these enzymes, the 

repair process is comparable to that of base excision repair (Yu et a l,  1998).

Mutations in several MMR genes have been identified in hereditary nonpolyposis 

colorectal cancer (HNPCC), which accounts for ~ 5-8 % of all colorectal cancers. The 

majority of mutations are found in the MSH2 and M L H l  genes (Lynch and de la 

Chapelle, 1999). A hallmark of these mutations are microsatellite instabilities and 

HNPCC patients have usually inherited one mutated allele for the relevant MMR gene, 

while the wild type is inactivated later in the process of tumorigenesis (Lengauer et al,  

1998). Knockout mice deficient in MMR genes generally are viable, but some develop 

lymphomas {Msh2 and Mlhl), while others develop a spectrum of tumors (Msh6) 

(Friedberg and Meira, 2000). Fertility is severely affected in Mlhl and Pms2 knockout 

mice, indicating involvement of MMR sub-complexes in other metabolic pathways, such 

as meiotic recombination (Jiricny, 1998a).

Double-strand break repair
DSBs in DNA are intermediates of endogenous recombinational processes such

as V(D)J rearrangement of immunoglobulin genes or meiosis, but can also be produced 

by ionizing radiation or certain anti-cancer drugs. If they are not repaired, DSBs block 

replication and transcription, and can cause substantial damage that may lead to cell 

death. Non-homologous end joining (NHFJ) and homologous recombination (HR) are 

two major types of recombination that can be utilised in the recombinational repair 

(RFR) of DNA breaks. Defining features of RFR involve the recognition of DSBs, 

recruitment of repair enzymes to the site of damage, processing of DNA to achieve ends 

appropriate for the ligation, and ligation itself. The number of proteins involved in the 

repair of DSBs suggests that RFR involves temporal and spatial co-ordination of these
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proteins at the site of DNA damage via proteiniprotein interactions. NHEJ, compared to 

other types of DNA repair, represents probably the most complex repair process: the two 

free DNA ends must be exposed to the action of nucleases and polymerases, but at the 

same time these ends must be prevented from drifting away from each other.

HR is primarily involved in resolving a stalled replication fork but also represents 

a way in which mammalian cells can deal with double-strand breaks (Figure 1.4). HR can 

restore the original DNA sequence, but it requires the presence of the sister chromatid, 

hence it repairs breaks during or after DNA replication, in late S and G2 phase (Karran,

2000). HR requires Rad52 protein that has the ability to bind and protect double-strand 

DNA ends and promotes ligation. Rad52 probably associates with and stimulates Rad51 

and RPA, which in turn facilitates strand exchange (Pastink et a l,  2001). Interestingly, 

Rad51 responds to UV irradiation by forming foci in cell nuclei and co-localises with 

BRCAl and BRCA2 in mitotic cells. BRCAl in turn associates with the 

Rad50/Mrell/NBS complex that also takes part in HR (Deng and Brodie, 2000). Single 

strand annealing (SSA) is a form of HR that requires regions of homologous sequences 

flanking the break (Figure 1.4). It is most efficient with sequences of 200-400 bp 

homology, but still occurs with 30 bp homology (Haber, 2000). Other forms of HR 

include gene conversion and break-induced repair; these have been suggested to be 

closely related and which one repair the lesion depends on the available homology at the 

double-strand break ends. Gene conversion uses the genetic information from a sister 

chromatid or homologous part of the chromosome to repair the lesion. Break-induced 

repair is utilised in cases where only one end of the double-strand break can initiate 

homologous recombination and establish the replication fork (Haber, 1999).

NHEJ (Figure 1.4) is the predominant type of double-strand break repair in 

mammalian cells and does not require extensive sequence homology; consequently it acts 

before DNA replication, in G, and early S phase (Karran, 2000; Barnes, 2001; Pastink et 

a l ,  2001). NHEJ requires the DNA dependent protein kinase (DNA-PK) complex 

consisting of the Ku70 and KuSO protein heterodimer and the catalytic subunit (DNA- 

PKcs) (Doherty and Jackson, 2001). Similarly to the relationship of DNA ligase III and
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XRCCl in base excision repair (see later), the activity of DNA ligase IV is stimulated by 

its association with XRCC4 (Critchlow et al,  1997). The Ku70/80 heterodimer binds to 

DNA ends, hairpins and gaps, protecting them from further degradation (Ramsden and 

Gellert, 1998), and activates DNA-PKcs order to stabilise DNA-PK interaction with 

DNA ends. Ku then recruits the XRCC4/DNA ligase IV complex which reseals the gap 

(Nick McElhinny et a l , 2000). These components alone do not re-constitute NHEJ and 

other factors have been identified. For instance, it has been shown recently that inositol 

phosphate stimulates in vitro end joining (Hanakahi et al, 2000), flap endonuclease 1 

(FENl) has been suggested to take part in removal of 5' flaps. MREl 1 has been shown to 

have a 3' —> 5' exonuclease activity and could be employed in NHEJ (Pauli and Gellert,

1998), as well as single-strand annealing (Figure 1.4), while the novel Artemis protein 

(Moshous et al, 2001) is not required for NHEJ in vitro, but rather for cleavage of DNA 

hairpins in V(D)J recombination (ODriscoll and Jeggo, 2002).

The majority of mutations identified in genes for double-strand break repair are 

hypomorphic, but have a different degree of effect. Mutations in M REll are found in 

patients with ataxia-telangiectasia like disorder, while patients with mutations in the NBS 

gene have a pronounced developmental delay. However, cell lines from NBS patients 

apparently do not show any deficiency in V(D)J recombination (ODriscoll and Jeggo,

2002). Mutations in BRCAl and BRCA2 cause predisposition to breast and ovarian 

cancers. Knockout mice deficient in Rad50, Rad51, Mrell, Nbs, Brcal and Brca2 genes 

are all embryonic lethal; the exception is the rad52 null, where mice are viable with no 

apparent abnormalities in the immune system or in response to DNA damaging agents 

(Friedberg and Meira, 2000). Mutations of Ku, DNA-PK^s, DNA ligase IV and Artemis 

are found in patients with immunodeficiency, while gene disruptions in mice of XRCC4 

(Gao et a l,  1998) or DNA ligase IV (Barnes et al,  1998) are embryonic lethal, indicating 

the importance of these proteins in developmental processes.
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BASE EXCISION REPAIR

Base excision repair (BER) first became known in 1974 with the discovery of 

uracil DNA glycosylase, while searching for an enzyme that could remove deaminated 

cytosines (Lindahl, 1974). BER is employed by eukaryotic organisms to counterbalance 

the mutagenic and cytotoxic effects of agents that do not severely alter the secondary 

structure of DNA, such as deaminated, oxidised, alkylated and absent bases (Lindahl and 

Wood, 1999). The first stage of BER is damage-specific and is initiated by one of a 

number of distinct DNA glycosylases, followed by damage-general steps that complete 

repair of the lesion restoring the DNA sequence to its original form. It has been 

suggested that enzymes in BER recognise a DNA product-enzyme complex rather than a 

free intermediate in solution (Mol et aL, 2000). Therefore, these enzymes co-ordinate 

subsequent steps of BER, so that the damaged DNA substrate is efficiently passed from 

one enzyme to the next in the pathway (Figure 1.5). In the basic pathway, replacing a 

single nucleotide, a DNA glycosylase recognises and removes the damaged base to 

produce an apurinic/apyrimidinic (AP) site (such sites can also arise due to spontaneous 

depurination). AP sites are the substrates for APEl - the next player in the BER pathway. 

APEl allows displacement of the DNA-bound DNA glycosylase and binds to the DNA 

intermediate. This enzyme-DNA intermediate is recognised by the next protein in the 

pathway, DNA polymerase P (poiP) that synthesises the required nucleotide and removes 

the dRP moiety. The action of poip produces a nicked duplex DNA intermediate that is 

recognised by the DNA ligase III-XRCCl complex for subsequent ligation. This co

ordination of proteiniprotein and protein-DNA interactions is a defining feature of BER 

and, as will be seen later, provides a strategy for identifying molecules that are involved 

in BER. Proteiniprotein interactions in BER will be discussed in a later section. The key, 

catalytic steps will be considered in greater detail here.

A DNA glycosylase recognises a damaged or altered base and BER begins by 

hydrolytic cleavage of the bond between the damaged base and the deoxyribose sugar. 

DNA glycosylases are small, monomeric proteins that can be classified in two groupsi
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monofunctional and bifunctional. The former group of enzymes possess only N- 

glycosylase activity using water as a nucleophile. In addition, the latter group also have 

an AP lyase activity, using an amino group of the enzyme as a nucleophile, so causing an 

incision at the phosphodiester backbone 3' of the AP site and a single-strand break 

(Seeberg, 2000). At present, eleven human DNA glycosylases have been identified. The 

available structural data suggest that DNA glycosylases exhibit similar folds and 

common active site motifs (Pearl, 2000), although there is a little amino acid sequence 

similarity between them. Some of them can act on the same substrates but there is 

generally only limited overlap in substrate specificity. The following classification is 

based on substrate specificities. Monofunctional glycosylases that recognise uracil in 

different contexts comprise uracil-DNA glycosylase (UNG), thymine mismatch DNA 

glycosylase (TDG), single-strand-selective monofunctional uracil DNA glycosylase 

(SMUG) and the thymine DNA glycosylase, methylated DNA-binding domain protein 4 

(MBD4). Monofunctional methyIpurine-DNA glycosylase (MPG) recognises a number 

of damaged purines. 8-OxoG DNA glycosylase (OGGI), endonuclease III homolog 

(NTH) and MutY homolog (MYH) are bifunctional glycosylases that recognise and 

remove oxidised purines, oxidised pyrimidines and adenine opposite 8-oxoG, 

respectively (Lindahl and Wood, 1999; Nilsen and Krokan, 2001). NTHl seems to be 

stimulated by an additional factor, NER protein XPG, in order to be loaded onto 

damaged DNA (Klungland et al, 1999a), indicating a further overlap between BER and 

NER. NEILl, NEIL2 and NEIL3 are recently identified DNA glycosylases. These 

enzymes all recognise oxidation products of pyrimidines, but NEILl appears to prefer 

thymine glycol, NEIL2 cytosine and uracil derivatives, whereas NEIL3 shows a 

preference for fragmented/oxydised pyrimidines (Hazra et a l,  2002; Takao et al,  2002). 

The strategy employed by all glycosylases appears to be 'scanning' the minor groove of 

DNA until encountering a damaged base they can recognise. The mechanism by which 

glycosylases remove bases consists of flipping the base into the active pocket of the 

enzyme (e.g. uracil into uracil-DNA glycosylase, where uracil must be located 

extrahelically) (Parikh et al,  1999). As a result, DNA kinks by about 45° and the enzyme
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undergoes a conformational change from an open to a closed state. Glycosylases stay 

bound to the damaged site in order to protect the cell from the cytotoxic effect that such 

sites may cause. This probably provides a signal to other BER proteins that repair needs 

to be completed, and the next component of the repair machinery causes displacement of 

the glycosylase. The available DNA glycosylase knockout mice are viable and develop 

normally (Friedberg and Meira, 2000). This may be explained by the fact that different 

types of DNA damage can be handled by different repair pathways or that some 

glycosylases can have overlapping substrate specificity and act as a back-up for one 

another.

The following, damage-general stage of BER is essential for viability due to its 

function in repairing the vast number of spontaneously generated AP sites and toxic dRP 

moieties. The main human apurinic/apyrimidinic endonuclease, APEl (also referred to as 

HAPl) is the first player in this stage of BER and is needed at the onset of all BER 

pathways. Between 350 000 and 7 million molecules of APEl per cell are employed to 

recognise and deal with abundant AP sites (Bennett et a l,  1997), which are potentially 

cytotoxic (Lindahl, 1993). APEl makes an incision at the sugar-phosphate backbone 5' 

of the AP site, and processes unusual 3' ends creating 3 '-0H  ends that are the 

intermediate products for the next step of BER (Parikh et a l,  1999). The co-ordination 

between the damage-specific and damage-general steps of BER has been explained by 

the recent solution of the APEl structure (Mol et a i,  2000). APEl has a DNA binding 

surface that consists of protruding loops that can bind to both the minor and major 

grooves of DNA. This surface is pre-formed, rigid and mainly consists of positively 

charged residues that recognise abasic sites, and bind to it covering a few flanking 

nucleotides. Upon binding of APEl to the DNA-DNA glycosylase intermediate, the 

DNA helix is severely distorted, allowing displacement of the bound DNA glycosylase. 

The abasic sugar is then flipped out into an extrahelical position into the hydrophobic 

pocket, which can not accommodate normal nucleotides (Mol et a l,  2000; Wilson,

2000). Mice deficient for the APEl enzyme are embryonic lethal, indicating a role in 

early embryonic development as well as the repair of AP sites (Xanthoudakis et al.
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1996). In fact, available gene knockout mice for the damage-general stages of BER are 

all embryonic lethal (Friedberg and Meira, 2000) and no diseases or mutant phenotypes 

have been associated with complete gene disruptions in these steps of BER, indicating 

the importance of this repair pathway for viability and maintenance of the genome.

While bound to DNA, APEl interacts directly with and recruits poip to the site of 

damage (Bennett et al, 1997). Poip is a monomer consisting of two distinct domains - 

the N-terminal dRPase and C-terminal polymerase domain - that can be separated by 

mild proteolysis (Kumar et al, 1990). The small, 8 kDa AP lyase domain is basic and 

binds strongly to 5'-phosphates at DNA gaps, efficiently removing dRP moieties at 

cleaved AP sites (Sobol et al,  2000). The larger, 31 kDa C-terminal domain performs 

DNA synthesis. Both domains interact with the backbone of DNA, causing it to bend by 

about 90°. This progressive kinking of DNA has been suggested to provide directionality 

for protein partners during BER (Parikh et al, 1999). Although polp is involved in DNA 

synthesis, it does not have an intrinsic proofreading function and as a result it is error 

prone, generating as many as 1 in 4500 misincorporation events (Osheroff et a l,  1999). 

Despite the high level of endogenous base lesions occurring at a rate of about 20 000 per 

cell per day (Lindahl, 1993), the spontaneous mutation frequency is still quite low and 

accounts for less than one fixed mutation per cell per day due to all forms of replication 

and repair errors. Replicative DNA polymerases exhibit a high fidelity in copying DNA 

templates, about 1 error in 10̂  nucleotides, due to their intrinsic 3' exonuclease editing 

function (Friedberg et al, 1995). However, during BER by polp a different strategy must 

be employed in order to avoid a high spontaneous mutation frequency. An accessory 

editing factor, such as an autonomous exonuclease activity, is needed to remove the 

mismatched residue and improve the accuracy of polp by allowing a further chance for 

correct gap-filling. Associated 3' exonuclease activities have been reported for a number 

of enzymes, such as Werner syndrome protein (Shen et a l,  1998) and M REll protein 

(Pauli and Gellert, 1998), but DNase III has been shown previously to account for the 

major 3' —> 5' exonuclease activity in mammalian cell nuclei. DNase III is ubiquitously
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expressed in proliferating and non-proliferating tissues, and improves fidelity of 

rejoining of mismatched 3' ends during BER in vitro (Hoss et a l,  1999).

The initiating DNA glycosylase influences the following steps of BER: replacing 

a single nucleotide (short patch, main pathway) or several nucleotides (long patch, minor 

pathway) (Figure 1.6) (Frosina et al, 1996). Monofunctional glycosylases allow BER to 

proceed in both short and long patch pathways. APEl provides a substrate with 3 -OH 

and 5 -dRP ends (Kubota et al, 1996; Klungland and Lindahl, 1997; Fortini et a l,  1998). 

The dRP end can be eliminated by the dRPase activity of polp. In the short patch 

pathway, poip replaces a single nucleotide. When bifunctional glycosylases initiate BER, 

the substrate created provides undamaged 5' termini that are refractory to displacement 

synthesis, and the repair proceeds mainly by the short patch pathway (Klungland and 

Lindahl, 1997; Fortini et a l,  1998; Nilsen and Krokan, 2001). In some cases modified 

AP sites, such as oxidised or reduced sugar groups, cannot be removed by the AP lyase 

activity of poip. In such instances, long patch BER ensues and strand displacement 

occurs utilising either poip or polÔ and/or e and DNA synthesis occurs prior to the 

removal of 5'-dRP residue (Srivastava et a l,  1998). The long patch pathway uses 

replicative proteins such as PCNA (Gary et a l,  1999; Matsumoto et a l ,  1999), 

replication factor C (RFC), FENl (Fortini et a l,  1998) and probably RPA (Dianov et al, 

1999), to replace patches of DNA ranging between 2-8 nucleotides (Figure 1.6). It has 

been concluded that the main polymerase activity involved in long patch is pol6/e, since 

cells lacking poip activity were deficient in short patch, but proficient in PCNA- 

dependent long patch repair (Fortini et a l,  1998). However, it seems that BER is always 

initiated by poip, but may switch to polô if repair by poip is not able to progress to 

ligation (Podlutsky et al,  2001). FENl is a structure-specific exo- and endonuclease that 

can cleave 5' single-strand flaps at the junction between single and double strand DNA. 

FENl is also involved in processing Okazaki fragments during replication (Parikh et al,

1999). The replicative ligase, DNA ligase I is also likely to be recruited via interaction
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with PCNA (Levin et a l,  1997), although DNA ligase I has also been reported to interact 

with poip (Prasad et al, 1996).

XRCCl interacts with poiPvia its N-terminus, possibly recruiting poip to the 

site of BER (Figure 1.7) (Kubota et al, 1996; Parikh et a l,  1999). XRCCl can recognise 

nicked DNA independently via its N-terminal domain and bind to the concave side of the 

bent DNA, while allowing polp to bind to the convex side, thus protecting the damaged 

DNA (Marintchev et al,  1999). XRCCl also binds APEl (Vidal et al, 2001) which may 

be necessary to co-ordinate the activity of APEl and poip. Finally, XRCCl binds DNA 

ligase III and brings poip and DNA ligase III together, enabling these enzymes to 

complete the repair of a single nucleotide patch. Two alternatively spliced forms of DNA 

ligase III have been detected in mammalian tissues -  a shorter (P) form that occurs only 

in testis and may play a role in meiotic recombination (Tomkinson and Mackey, 1998) 

and a longer (a) form that is present in all tissues (Wei et al, 1995; Mackey et al, 1997). 

The two isoforms differ at their C-termini; it is only the longer form of DNA ligase III 

that binds to XRCCl, via their respective C-terminal regions, forming a heterodimer 

(Caldecott et a l,  1995; Nash et al, 1997). These regions correspond to BRCT protein 

interaction domains (BRCAl C-terminal; see later).

XRCCl has several roles, but no enzymatic activity has yet been assigned to it, 

and little is known about its regulation. XRCCl was originally identified due to its ability 

to complement a mutant cell line hypersensitive to alkylating agents and ionizing 

radiation, and unable to rejoin single-strand breaks resulting from such damage. XRCCl 

was shown to be required for stability and normal levels of DNA ligase III in vivo 

(Caldecott et a l ,  1994), and xrccl  cells are defective in the ligation step of BER 

(Cappelli et a l,  1997). Recent work by Caldecott and co-workers indicates a role of 

XRCCl, independent of DNA ligase III, but dependent on the BRCT I domain, which is 

critical for cell survival and efficient single-strand break repair during Gj and S phase of 

the cell cycle (Taylor et al, 2002). The BRCT I motif is also the site of a polymorphism 

in the human XRCCl gene. This Arg399Gln polymorphism has been reported to
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Figure 1.7. Schematic representation of protein:protein interactions that co-ordinate the synthesis/ligation steps 
of base excision repair (APEl also interacts with XRCCl but the interaction domain has not yet been defined).
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influence the incidence of cancers (lung, breast, oesophagus, and bladder) (Sturgis et al,  

1999; Shen et al,  2000; Duell et al, 2001; Lee et al, 2001; Matullo et al, 2001; Stem et 

al,  2001). Furthermore, a knockout of this gene in mice results in early embryonic death, 

and therefore it is also essential for viability (Tebbs et a l,  1999; Thompson and West, 

2000).

In addition to interactions with the core BER enzymes APEl, polp (via its N- 

terminal region) and DNA ligase III (via its C-terminal BRCT domain), XRCCl also 

interacts with poly(ADP-ribose) polymerase (PARPl) (M asson et a l ,  1998), and 

possibly with polynucleotide kinase (PNK) through its BRCT I motif (Figure 1.7). 

Interaction with XRCCl stimulates the 5'-kinase and 3'-phosphatase activities of PNK, to 

re-establish 3 -OH and 5'-phosphate ends required for rejoining (Whitehouse et a l,

2001). PARPl is a sensor of single-strand DNA breaks to which it binds with a high 

affinity, protecting the breaks and probably accelerating recruitment of XRCCl 

complexes and other BER components to the site of damage (Lindahl and Wood, 1999; 

Pleschke et al, 2000). PARPl is activated upon binding to DNA single-strand breaks, to 

catalyse its auto-modification by synthesising polymers of ADP-ribose. This auto

modification induces PARPl to dissociate from the DNA ends and allows the BER 

machinery to access the damage and proceed with the repair. The process of association 

with single-strand breaks and dissociation from them probably prevents single-strand 

breaks entering illegitimate recombination while alerting the cell to the presence of such 

damage (Lindahl and Wood, 1999). PARP2, another member of the PARP family, has 

been recently reported to interact with PARPl, XRCCl, poip and DNA ligase III 

(Schreiber et al,  2002).

Thus, it can be seen that BER is co-ordinated by proteiniprotein interactions. The 

sequential pair-wise interactions in BER probably occur in the presence of damaged 

DNA, as the only pre-assembled BER protein complex that exists in vivo is XRCCl- 

DNA ligase III (Figure 1.5) (Lindahl and Wood, 1999). XRCCl plays a pivotal role as a 

scaffold protein, and is involved in BRCT as well as non-BRCT interactions. BER and
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the XRCCl-BRCT domain will be considered as novel systems to study proteiniprotein 

interactions (see later).

PROTEINIPROTEIN INTERACTIONS IN DNA REPAIR

Over the past five years, a notable feature in the field of DNA repair has been the 

emerging understanding of the complexity and overlap of different repair pathways, and 

the significance of diseases caused by deficiencies in DNA repair genes. It has become 

clear that many repair enzymes have multiple functions, and operate in more than one 

pathway. The multiple DNA repair pathways of an organism represent complex 

interactions of a number of different enzymes and accessory factors. Proteins interact 

with one another and thus are targeted to various pathways, co-ordinating and facilitating 

repair reactions. For instance, there are multiple DNA ligases in mammalian cells, each 

involved in a different aspect of repair, replication or recombination. DNA ligase I is the 

main replicative ligase involved in joining of Okazaki fragments during lagging-strand 

replication where it interacts with PCNA in the replisome (Montecucco et a l ,  1998). 

During NER and long patch BER, DNA ligase I is involved in sealing the nick in the 

final stage of the repair pathway; again this is likely to be via interaction with PCNA, 

although DNA ligase I also interacts with poip in BER (Prasad et a l,  1996). DNA ligase 

III has been implicated as the main ligase involved in short patch BER where it interacts 

with XRCCl, while DNA ligase IV participates in NHEJ via its association with 

XRCC4. Thus, interactions with different proteins direct these enzymes to different 

repair pathways.

The fundamental importance of proteiniprotein interactions is further emphasised 

by their involvement in sensing DNA damage in the cell and alerting the cell cycle 

machinery to activate the appropriate pathway - either to repair the damage or to execute 

apoptosis in the case of extensively damaged cells (Figure 1.1). When a lesion is 

encountered within a cell, proteins specifically bind to the damaged DNA and protect the
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cell from further damage, while at the same time their presence initiates various cellular 

signalling mechanisms. A replicating cell passes through four stages of the cell cycle (Gj, 

S, G2 and M) and at every stage there are a number of checkpoints which ensure that 

each stage has been correctly completed before the next one is entered. Some types of 

DNA damage cause the arrest of this progression until DNA is repaired. Alternatively, 

apoptosis may be triggered, depending on the cell type and the extent of damage. Some 

of the main players in activating signals in response to DNA damage are the p53, ATM 

and ATR proteins. p53 has recently been implicated directly in BER, as BER is 

apparently deficient in p53-null cells (Offer et a l,  1999), while ATM is proposed to be 

an upstream activator of BRCAl, which is also associated with the Rad50/Mrel 1/NBS 

complex in NHEJ. The interplay between DNA repair, replication and recombination is 

beginning to be revealed as a complex network in the context of the overall cellular 

response to DNA damage and the involvement of other DNA processes, and it is of 

essential importance to understand proteiniprotein interactions co-ordinating these 

processes.

Components of any DNA repair machinery must be delivered to the site of 

damage, so they can act in a concerted manner to repair the lesion. Some repair proteins 

bind to DNA directly, while others depend on the formation of macromolecular 

complexes via proten:protein interactions. Generally, proteins rarely function in isolation, 

and the majority associate with partner molecules. The environment of a particular 

protein changes constantly - a cell is undergoing modification during division and 

metabolism and this affects the protein composition of the cell and how proteins 

associate with one another (Golemis, 2001). To understand proteiniprotein interactions 

and their importance within the cell, it is necessary first to understand a range of 

elements, includingi (i) the sequence and structural properties of a protein, including any 

known motifs; (ii) its conservation and evolutionary history; (iii) the expression profile 

of the protein and its behaviour during different processes in the cell; (iv) its intracellular 

localisation; (v) its post-translational modification; (vi) other proteins with which the 

particular protein associates (Golemis, 2001). Furthermore, the regulation and control of



43

assembly and disassembly of protein complexes by post-translational modifications such 

as phosphorylation must also be considered. Further investigation into the field of DNA 

repair requires not only cloning of particular genes and elucidating their biochemical and 

cellular characteristics, it also needs animal models and large scale patient surveys to 

deduce the complex effects of DNA repair pathways, their components and other DNA 

processes. Developments such as proteomics and other new technologies will be 

fundamental to our understanding.

The level of complexity of repair proteins and their interplay in different 

pathways is still being intensively researched, and characterising proteins at the 

biochemical level would provide further insights into the extent to which various protein 

interactions are contributing to the protection of the genome. The genetic integrity of 

DNA is maintained at a homeostatic equilibrium, but if there is an increase in DNA 

damage or decrease in the efficiency of DNA repair mechanisms, the mutation frequency 

may increase. Deficiency in a process involved in the repair of DNA damage may cause 

mutagenesis and predisposition to cancer (Friedberg et a l,  1995). Cancer is one of the 

main public health concerns; one in four people in the UK will develop cancer at some 

stage in their lives, while one in three will die of it (Cancer Research UK). Deaths related 

to cancer account for about 24.5 % of the total number of deaths each year in the UK. For 

instance, in 1997 the total number of deaths amounted to 629 746, while cancer deaths 

amounted to 154 122, which translates into about 422 deaths per day in the UK alone 

(WHO Cancer Mortality Database, www3.who.int). WHO statistics for 1999 show that 

the most common cancers in women are lung (17.8 %), breast (17.7 %) and intestine 

(11.2 %), while among men the most common are lung (26.8 %), prostate (12 %) and 

intestine (11 %). According to data collated by the WHO for the UK, for all cancers 

ranging from birth to over the age of 85, it appears that the total number of deaths is 

decreasing, from the peak of 162 840 in 1992 down to 152 476 in 1999; 28 less deaths 

per day. The reason for this decline could be due to better screening techniques and, 

consequently, earlier diagnosis of cancers. When cancers are diagnosed early in their 

development it is easier to treat them, so there is a continuous need for further
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development of screening techniques, as well as enhanced understanding of the nature of 

cancer. To understand this, it is essential to acquire knowledge about the genes and 

proteins involved, as well as how these proteins contribute to the development of cancer.

Many genes involved in DNA repair pathways have been identified and, with the 

advent of gene targeting techniques, such as the generation of mice lacking a precise 

DNA repair activity, it has been possible to determine the involvement of these genes in 

the development of cancer. It is very difficult to predict the total number of proteins 

involved in the development of cancer; it could be in the range of hundreds or even 

thousands (Golemis, 2001). Identifying proteiniprotein interactions, and determining 

their consequences, represents one of the crucial ways of tackling this complexity and 

thus contributing to the understanding of the ways in which (cancerous) cells function.

Approaches to studying proteiniprotein interactions
The detection of proteiniprotein interactions can be approached by different

methods depending on the questions to be addressed. For instance, the goal might be to 

identify every protein that interacts with the protein of interest, or to further define 

previously established interactions where physiological significance is important and 

conditions need to be as close to physiological as possible. In vitro vs. in vivo systems, 

use of antibodies vs. proteins, or biophysical based techniques offer different advantages 

and disadvantages, some of which will be considered here.

Protein affinity chromatography is a classical in vitro approach based on direct 

measurement of proteiniprotein interactions where one of the proteins is tagged. The 

protein or a part of the protein of interest is expressed as a fusion to an unrelated 

polypeptide tag that can be utilised during its purification. Tags are encoded by 

expression vectors that allow production of the protein in bacteria. Some of the widely 

used tags arei glutathione-S-transferase (GST), which can be purified using glutathione 

agarose resin (Smith and Johnson, 1988); polyhistidine peptides utilising columns 

containing Ni^  ̂(Hochuli et a l, 1987); maltose binding protein, which can be purified on 

amylose resins (di Guan et al, 1988). Other commonly used tags include peptides
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derived from the influenza virus protein hemagglutinin (HA) (Pati, 1992) and c-myc 

(Cravchik and Matus, 1993). Generally, a fusion protein is mixed with another protein or 

a cell-free extract, followed by a covalent coupling of the tagged protein, and any 

interacting partner(s), to the appropriate resin. One problem that can be encountered in 

this technique is that bacterially expressed proteins will not be post-translationally 

modified as many proteins are in vivo (e.g. phosphorylated, glycosylated, ADP- 

ribosylated) and will not be detected if interactions are normally with the modified form 

(Phizicky and Fields, 1995). Furthermore, the native structure of the tagged protein may 

not be retained, or the protein may not be able to interact at the same time with the resin 

and other proteins. On the other hand, this method is very sensitive and can detect 

interactions that are extremely weak and may in fact have no biological significance. 

This could be due to the presence of proteins in a cell-free extract that would not usually 

be encountered in vivo either spatially or temporally, or because the interaction is not 

direct but occurs via another protein.

Far Western analysis is a direct detection method for identifying proteiniprotein 

interactions after transfer of one protein from SDS-PAGE to a membrane. In Far Western 

analysis, a protein is radioactively labelled in vitro and then used as a probe to detect 

direct binding to a membrane-bound protein (Sambrook and Russell, 2001). Proteins 

used as probes do not need to be tagged, as opposed to other techniques, such as co

affinity precipitation. Membrane-bound proteins are usually denatured then renatured to 

allow misfolded proteins to regain their native fold. Far Western analysis has the 

advantage of using only small amounts of the protein that is being investigated as signal 

amplification is achieved by radio-labelling, so that relatively weak interactions can be 

detected. This is also a rapid means of detecting proteiniprotein binding and locating the 

region of interaction. It can direct mapping approaches, e.g. generating truncated 

fragments or making multiple site-directed mutations. Another advantage of Far Western 

analysis is that the final wash after incubation of the blot with the probe can take as little 

as 5-10 minutes. In contrast, the detection of bound probe by immunological methods 

requires incubation with primary and secondary antibodies that can take several hours;
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the extended incubation and wash time might allow the probe to dissociate from the 

target protein. On the other hand, an interaction might not be detected if the interaction 

domain is difficult to refold or if there is a strong membrane-binding site in the middle of 

the interaction domain that prevents refolding on the membrane.

In contrast to the above approaches where a protein of interest is detected by 

means of direct interaction with another protein, co-immunoprecipitation is one of the 

classical methods for detecting a physiologically relevant proteiniprotein interaction, 

which may be indirect, by means of antibodies against one protein, under non-denaturing 

conditions where interactions of components in a protein complex will be retained. When 

a protein partner is known or suspected, co-immunoprecipitation, as with co-affinity 

precipitation, can be confirmed by Western blotting of immunocomplexes with an 

antibody against the protein. An additional option here is to label cells with before 

lysis and detect the co-immunoprecipitated proteins by autoradiography following 

denaturing gel electrophoresis (Sambrook and Russell, 2001). In crude cell lysates the 

concentrations and post-translational modifications of the interacting proteins are in the 

same form and proportion as found in the cell, and the interaction of interest occurs in 

competition with other on-going interactions in the cell lysate. Furthermore, protein 

complexes are already formed in vivo and can be easily co-immunoprecipitated. 

However, the proteins might be at low intracellular levels or difficult to access as part of 

a large complex and so co-immunoprecipitation is not as sensitive as other techniques 

(Phizicky and Fields, 1995). Monoclonal antibodies are the best choice when 

precipitating the protein of interest, since they usually do not contain any contaminating 

antibodies, are specific to the particular protein and so do not non-specifically co

precipitate other proteins unrelated to the complex. Further analysis would be required to 

show whether interaction occured directly between two proteins or whether a third 

component facilitated the interaction in a complex.

A commonly used in vivo method for identifying proteiniprotein interactions is 

the yeast two-hybrid system (Fields and Song, 1989; Fields and Stemglanz, 1994). This 

method utilises the transcriptional activity of the Saccharomyces cerevisiae GAL4
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protein or Escherichia coli LexA protein to detect proteiniprotein interactions (Fields and 

Stemglanz, 1994). Transcriptional activators can be divided into two separate, but 

functional domains: the DNA binding domain (BD) and the transcriptional activation 

domain (AD) (Brent and Ptashne, 1985; Keegan et al,  1986). The AD cannot activate 

transcription of the gene unless it interacts with the DNA-BD first. If two proteins 

physically interact, the domains are brought together and activate transcription of 

downstream reporter genes. This used to be achieved by co-transformation of a yeast 

strain with both plasmids, containing the hybrid DNA-BD and AD proteins, and 

generating a large number of yeast transformants (Chien, 1991). A variation of this 

approach has been devised in which the two plasmids are brought together in one cell by 

mating, and the resulting diploids then selected at a nutritional and phenotypic level 

(Bendixen et a l,  1994). Reporter genes may be heterologous, such as the E.coli lacZ 

gene which produces blue yeast colonies on plates containing X-gal (Fields and Song, 

1989), or yeast genes such as H1S3 and LEU2 which produce colonies that can grow on 

media lacking the particular amino acid (Fields and Stemglanz, 1994). The yeast two- 

hybrid system can be used to test for protein interactions between known candidate 

proteins, or libraries containing a wide range of proteins (total cDNA derived from a 

particular tissue) can be screened. Further tests can be conducted by utilising deletion 

constructs in the system, thus defining interaction domains, and the effects of point 

mutations can be similarly assessed. False positives may arise if the AD plasmid contains 

a protein that is involved in transcription, or has an affinity to bind the UAS, and 

activation of transcription occurs without DNA-BD being present. However, as with 

other techniques, interactions may require post-translational modification.

Due to the differing conditions and limitations of each technique, putative protein 

interactions should be confirmed by more than one method. Furthermore, additional 

biophysical techniques may be required to provide knowledge about the strength and 

kinetics of observed proteiniprotein interactions. In this respect, surface plasmon 

resonance using the Biacore technology (www.biacore.com) represents a major recent 

advance in studying protein interactions.

http://www.biacore.com
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PROTEINIPROTEIN INTERACTIONS AND THE BRCT DOMAIN IN BER

BRCT domains are found in proteins involved in either DNA repair, 

recombination and/or cell cycle control (Koonin et a l ,  1996), thus indicating their 

importance in mediating proteiniprotein interactions between components of the DNA 

repair machinery and other cellular processes (Table 1). The BRCT domain was first 

identified in the C-terminus of the product of the BRCAl breast cancer suppressor gene, 

hence ‘BRCT’ (BRCAl Carboxy Terminal). This motif is a small hydrophobic domain 

(~ 95 residues) and can be present in a single copy, e.g. in DNA ligase III and PARPl, or 

in multiple copies, e.g. DNA ligase IV (two) and XRCCl (two). All members of the 

BRCT family are large, multidomain proteins. Some of them contain other common 

DNA and/or protein binding motifs in addition to the BRCT domain (such as the RING 

finger in BRCAl), or highly conserved domains whose functions are not known but are 

suggested to be involved in DNA repair (Bork et al,  1997). BRCT motifs are also found 

in some bacterial proteins but only in single copies, and the expansion to multiple copies 

in eukaryotes probably occurred due to the elaborate checkpoint and repair mechanisms 

present in complex organisms, allowing more proteins to interact with multiple partners 

simultaneously (Aravind et al,  1999). Freemont and colleagues have used the minimal 

C-terminal fragment of XRCCl that interacts with DNA ligase III to obtain the first 3D 

structure of a BRCT domain (Figure 1.8) (Zhang et a l,  1998). The structure was solved 

for an XRCCl BRCT homodimer, and although this is not a biologically relevant unit in 

itself, it is valuable for modelling the structure of other BRCT domains and investigating 

the significance of conserved residues. Using the XRCCl model, it was possible to 

predict the structure of the C-terminal BRCT domain of BRCAl and interpret various 

mutations that had been reported to cause predisposition to breast cancer.

BER represents a good model system in which proteiniprotein interactions can be 

studied, as sequential pair-wise interactions at the site of damage mediate this process 

(Figure 1.5). The only pre-formed complex is that of the XRCCl-DNA ligase III



Table 1. Selected BRCT domain family members in mammalian cells.

Protein Number of 
BRCT motifs

Role in cells

BRCAl 2 Tumor suppression, DNA 
repair (HR), checkpoint 
regulation

XRCCl 2 DNA repair (BER)
PARPl I DNA repair (BER), 

DNA recombination
DNA ligase III I DNA repair (BER)
DNA ligase IV 2 DNA repair (NHEJ), V(D)J 

recombination
TdT I V(D)J recombination
BARD I Tumor suppression (in 

association with BRCAI)
53BPI 2 DNA damage signalling
TopBPI 8 DNA repair, cell cycle 

regulation



Figure 1.8. XRCCl BRCT structure.
The XRCCl BRCT domain fold consists of a core four-stranded parallel p- 
sheet, with a p2pip3p4 strand order (indicated in purple), and three a-helices 
(indicated in blue) surrounding the p-sheet. Reprinted with permission from 
Huy ton et a i ,  2000.
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heterodimer, which is also a model of a functional interaction between BRCT domains. 

Studying proteiniprotein interactions between HER factors can help understand how 

repair events are co-ordinated and how such interactions increase the efficiency and 

fidelity of DNA repair.
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AIMS
At the outset of this project, the crystal structure of the C-terminal BRCT domain 

of the XRCCl repair protein had been defined (Zhang et a l,  1998), but had not been 

tested experimentally. Initially, my aim was to analyse the role of proteiniprotein 

interactions in co-ordinating the DNA synthesis/ligation steps of BER. I first set out to 

investigate the key predictions of the solved XRCCl BRCT structure and identify which 

amino acid residues were essential for the fold of the domain, and in mediating contacts 

across the interacting surfaces of the BRCT domains in the XRCCl-DNA ligase III 

heterodimer, as the first proof that BRCT domains modulate proteiniprotein interactions 

(Chapter 3). During the course of this work, the 3'-^5' exonuclease, DNase III, was 

proposed as an editing enzyme in the BER pathway. I sought to establish possible 

proteiniprotein interactions with other BER components that might confirm this 

hypothesis (Chapter 4). I also made a de novo search for protein partners of DNase III 

that might identify a biological role for this DNA exonuclease (Chapter 5).
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CHAPTER 2 

MATERIALS AND METHODS
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2.1 REAGENTS

Chemical laboratory reagents were from Sigma, Biorad or Clontech unless stated 

otherwise. Radiolabeled reagents were from Amersham Pharmacia Biotech. X-ray film 

was from Fuji (RX).

2.2 CELL LINES

Human HeLa cell line was provided by Research Cell Services (Cancer Research UK).

2.3 PLASMID CONSTRUCTS AND BACTERIAL STRAINS

Plasmid constructs used previously in the laboratory and from which purified 

recombinant protein was available are as follows. Minimal constructs of BRCT domains 

of XRCCl and DNA ligase III were in plasmid pET16b and have been described (Figure 

2.1) (Nash et a l,  1997). Briefly, the XRCCl construct was comprised of the C-terminal 

96 amino acids (residues 538-633) fused to a C-terminal FLAG marker octapeptide (N- 

AspTyrLysAspAspAspAspLys-C; Eastman Kodak Co.). The BRCT domain of DNA 

ligase 111 was comprised of the C-terminal 149 amino acids (residues 774-922) of the a  

isoform fused to an N-terminal 10 x histidine tag. Similarly, the DNA ligase llip  Ô1-772 

construct encoded a C-terminal fragment (residues 773-862) of the non-BRCT 

alternatively spliced isoform. The full length XRCCl and DNA ligase 111 fused to an N- 

terminal 10 x histidine tag have been described (Nash et a l,  1997). Recombinant C- 

terminally GST-tagged full-length DNase 111 protein was provided by P. Robins, 

Mutagenesis Laboratory. The full-length recombinant mammalian polp and its N- 

terminal fragment (Kumar et al, 1990) were provided by Dr S.Wilson.



XRCCl

r

538 633 DNA ligase III

I
774 922

r - Î5

Celir \ / /  Xhol
T7 promoter

pET16b

Figure 2.1. Schematic representation of XRCCl and DNA ligase III BRCT domain constructs used in mutagenesis experiments.
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Other constructs were obtained for this specific project and protein expressed and 

purified. The pMAL-TREX2 construct consisting of the full-length TREX2 sequence 

fused to the maltose binding protein (MBP) was provided by Dr F. Perrino (Figures 2.2 

and 2.3) (Mazur and Perrino, 2001b). An N-terminal DNA ligase I lia  1-242 construct 

including the putative Zn-finger domain and 6 x histidine tag was provided by Dr K. 

Caldecott (Figure 2.4) (Caldecott et a l,  1996). The DNA ligase IIip 58-862 construct 

lacking the N-terminal Zn-finger domain and with a 6 x histidine tag (Figure 2.5) was 

provided by Dr A. Tomkinson (Mackey et ah, 1999). These constructs were induced to 

over-express recombinant protein and the protein was purified according to the published 

method.

Bacterial strain E. coli BL21 (DE3) and induction with 1 mM IPTG was used for 

over-expression of proteins unless stated otherwise (Studier and Moffatt, 1986).

Plasmids and host strains used in yeast two-hybrid analyses are described in 

Section 2.15.

2.4 ISOLATION OF PLASMID DNA

Small-scale preparation of double stranded plasmid DNA from bacterial cultures 

was performed using QIAprep Spin Miniprep Kit according to the manufacturer’s 

instructions (Qiagen).

Isolation of plasmid DNA from yeast cells is described in Section 2.15 according 

to the Matchmaker System User Manual (Clontech).

2.5 DNA SEQUENCING

For DNA sequencing, 20 |Lil PGR reactions were set up as follows: 50 ng of 

template DNA and 3.2 pmol of a sense primer were used for each PGR amplification
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Figure 2.2. Purification of recombinant MBP-TREX2 protein by amylose affinity 
chromatography.
The construct was transformed into E. coli XLl-Blue and over-expression of the MBP-tagged 
TREX2 protein induced with IPTG. The extract (in 50 mM Tris-HCl, pH8, 1 mM EDTA, 1 mM 
DTT and 1 mM PMSF) was applied to an amylose affinity column, the column washed with the 
same buffer and eluted with 10 mM maltose. The Coomassie stained gel shows aliquots of 
column load (lane 1), flow through (lane 2), washes (lanes 3-7) and elutions (lanes 8-16). The 
purified MBP-tagged TREX2 protein is indicated by an arrow.
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Figure 2.3. Cleavage of MBP-TREX2 and further purification of recombinant TREX2 protein by MonoQ chromatography.
Cleavage of TREX2 from MBP was achieved by proteolytic cleavage with Genenase I, and cleaved TREX2 was subjected to MonoQ 
chromatography and concentrated to obtain the pure protein.
(A) Coomassie stained gel of aliquots of the MBP-TREX2 digest (lane 1), column load (lane 2), flow through (lane 3), and the elutions 
from the MonoQ column by a 0-500 mM NaCl gradient (lanes 4-20). Released MBP and TREX2 are indicated by arrows.
(B) Coomassie stained gel of aliquots of pooled fractions (lanes 12-17 from panel A) of TREX2 protein (lane 1) and flow through from 
Centricon 10 microconcentrator (lane 2). Concentrated TREX2 protein (1 pi of 30 pi total; lane 3) is indicated by an arrow.
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Figure 2.4. Purification of recombinant his DNA ligase III 1-242 
by Ni-NTA-agarose chromatography.
The construct was transformed into E. coli BL21 (DE3) and over
expression of the his-tagged DNA ligase III domain induced with 
IPTG. The extract was applied to a Ni-NTA-agarose column under 
denaturing conditions (6 M guanidine-HCl), and protein eluted by a 
reduction in pH. The purified protein fractions were subjected to 
renaturation by step-wise dialysis with decreasing concentrations of 
guanidine-HCl.
(A) Coomassie stained gel with aliquots of column load (lane 1), 
flow through (lane 2), washes (lanes 3-8) and elutions (lanes 9-14). 
The purified protein is indicated by an arrow.
(B) Coomassie stained gel of the purified protein after dialysis, 
indicated by an arrow (1 pi of 60 pi total; lane 2). Protein molecular 
mass marker (lane 1 ).
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Figure 2.5. Purification of recombinant his DNA ligase III ̂  58-862 
by Ni-NTA-agarose chromatography.
The construct was transformed into E. coli M15 and over-expression of 
the his-tagged DNA ligase III domain induced with IPTG. The extract 
was applied to a Ni-NTA-agarose column and the protein eluted with 
80 mM imidazole.
(A) Coomassie stained gel with aliquots of column load (lane 1), flow 
through (lane 2), 1 mM imidazole wash (lane 3), 40 mM imidazole 
elution (lane 4) and 80 mM imidazole elution (lane 5). The purified 
protein is indicated by an arrow.
(B) Coomassie stained gel of the concentrated purified protein 
indicated by an arrow (1 pi of 25 pi total; lane 2). Protein molecular 
mass marker (lane 1 ).
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together with 8 )li1 of BigDye™ Terminator Sequencing Ready Reaction (PE 

Biosystems). The primers were 20-30 nucleotides long and completely homologous to 

the target sequence. Reactions were overlaid with -30 pi of mineral oil and placed in a 

DNA thermal cycler 480 (Perkin Elmer) for 25 PCR cycles of 96 °C for 30 sec, 50 °C for 

15 sec and 60 °C for 4 min. All reactions were recovered by ethanol precipitation. Gel 

electrophoresis and analysis of the sequencing gels were done by the Sequencing 

Services (Cancer Research UK).

2.6 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Protein samples were routinely mixed with an equal volume of SDS sample 

buffer (4 % SDS, 125 mM Tris-HCl, pH 6 .8, 10 % P-mercaptoethanol, 20 % glycerol and 

0.05 % bromophenol blue), heated to 90-100 °C for 10 min and loaded onto SDS- 

polyacrylamide gels (Laemmli, 1970). Pre-stained broad range SDS-standard markers 

(NEB) were used in each instance and gels run at 150-200 V using the Mini-Protean II 

gel apparatus (BioRad). Gels were stained either by using Coomassie blue or the Silver 

Stain Plus Kit (BioRad), or were transferred onto nitrocellulose filters for further 

Western blotting analysis.

2.7 WESTERN BLOT ANALYSIS

Proteins were separated by SDS-PAGE and transferred onto nitrocellulose filters 

(Schleicher and Schuell) at 40 V, in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 

20 % methanol). Following the transfer, the membranes were incubated in TBST (50 

mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05 % Tween 20) and 5 % dried milk for 1.5 h at 

20 °C, then washed several times in TBST. Membranes were incubated for 1-2 h with a 

primary antibody diluted in TBST. After washing in TBST ( 4 x 5  min), membranes were
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further incubated with alkaline phosphatase-conjugated goat anti-rabbit or anti-mouse 

IgG antibodies (BioRad) at a dilution of 1:500 for 1 h and washed ( 4 x 5  min) in TBST. 

BCIP/NBT substrate (Sigma) was added to visualise proteins (10-20 min) and the 

reaction was stopped by washing in water. In some cases, where it was necessary to 

employ a more sensitive detection method, the ECL™ Western blotting analysis system 

(Amersham Pharmacia Biotech) was used.

2.8 SITE-SPECIFIC MUTAGENESIS

All mutations were introduced using the QuickChange^^ Site-Directed 

Mutagenesis Kit, and PCR reactions for site-directed mutagenesis were performed 

according to the manufacturer’s instructions (Stratagene) (Figure 2.6) and up to four base 

changes were introduced with one mutagenic primer. The primers were 30-45 

oligonucleotides long and homologous to the target sequence (apart from the introduced 

mutations). Sense and antisense primers are shown in coding triplets with mutated bases 

underlined in Table 2.1 (for XRCCl mutants) and Table 2.2 (for DNA ligase III 

mutants).

2.9 PURIFICATION OF RECOMBINANT PROTEINS

Recombinant mutant BRCT domains of XRCCl and DNA ligase III were 

prepared as described previously for the non-mutated domains (Nash et al, 1997). In 

brief, all constructs were transformed into the E. coli strain BL21 (DE3) and grown 

overnight at 37 °C in a 20 ml starter culture (LB medium containing 50 fig/ml 

carbenicillin). The starter culture was used to inoculate 1 or 2 1 medium (containing 

carbenicillin) at a 1:100 dilution. Expression of recombinant proteins was induced by 

addition of 1 mM isopropyl p-D-thiogalactoside (IPTG) to the cell culture at OD595 =
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Figure 2.6. Principle of the QuickChange 
Site-Directed Mutagenesis method.
Step 1: Plasmid preparation generates a gene 
with a target site for mutation within the 
plasmid.
Step 2: Temperature cycling to denature the 
plasmid and anneal the oligonucleotide primers 
containing the desired mutation.
Step 3: PCR using Pfu Turbo DNA polymerase 
to incorporate the mutagenic primers, resulting 
in nicked circular strands.
Step 4: Digestion of parental DNA template 
with DpnI.
Step 5: Transformation of nicked circular 
dsDNA into XLl-Blue supercompetent cells; 
the cells repair the nicks in the mutated primer. 
(Adapted from the Stratagene Instruction 
Manual).

target site for mutation 

mutagenic primer 

parental DNA strand 

mutated DNA strand



Table 2.1: XRCCl mutations.

XRCCl mutations Oligonucleotide pairs

Trp74 to Asp 5 -CC CTG GCA TTC GTT CGT CCC CGA GAT ATC TAG AGT TGC-3' 
5’-GCA ACT GTA GAT ATC TCG GGG ACG AAC GAA TGC CAG GG-3'

Trp74 to Leu 5’-GCA TTC GTT CGT CCC CGA TTG ATC TAC AGT TGC-3'
5 -GCA ACT GTA GAT CAA TCG GGG ACG AAC GAA TGC-3'

IIe48 to Glu 5 -C CGG GTT CAG TTT GTG GAG ACA GCA CAG GAA TGG G-3' 
S'-CCC ATT CCT GTG CTG TCT CCA CAA ACT GAA CCC GG-3'

Ilc48 to Ala 5 -CGG GTT CAG TTT GTG GCC ACA GCA CAG GAA TGG-3' 
5 -CCA TTC CTG TGC TGT GGC CAC AAA CTG AAC CCG-3'

Leu2 to His 5 -CC ATG GCT GAG CAC CCA GAT TTC TTC CAG G-3' 
5 -CCT GGA AGA AAT CTG GGT GCT CAG CCA TGG-3'

Thr30Ala31 to ArgArg 5 -CTG ATC CGA TAC GTC CGA ÇGC TTC AAT GGG GAG CTC GAG-3' 
5’-CTC GAG CTC CCC ATT GAA GÇG TÇG GAG GTA TCG GAT GAG-3'

Ar23Arg27 to GluGlu 5 -GGG GAG GAG CGG GAG AAA CTC ATC GAA TAC GTC ACA GCC-3' 
5 -GGC TGT GAG GTA TTÇ GAT GAG TTT CTC CCG CTC GTC CCC-3'

Leu85 to His 5 -G AAG CAG AAG TTA CAT CCT CAC CAG CTC TAT GGG-3’ 
5 -CCC ATA GAG CTG GTG AGG ATG TAA CTT CTG CTT C-3'

Glul6 to Lys 5 -GTT TAC GGG AAG TTC CCT GGG GAG GAG-3' 
5 -CTC GTC CCC AGG GAA CTT CCC GTA AAG-3'

Asp20 to Ala 5 -G TTC CCT GGG GÇC GAG CGG CGG AAA CTC-3' 
5 -GAG TTT CCG CCG CTC GGC CCC AGG GAA C-3'

Glu59 to Lys 5 -G GAT CCC AGC TTT GAG AAG GCC CTG ATG GAC-3' 
5 -GTC CAT CAG GGC CTT CTC AAA GCT GGG ATC C-3'



Table 2.2: DNA ligase III mutations.

DNA ligase m  mutations Oligonucleotide pairs

Trp63 to Leu 

Leu2 to His 

Asp 19 to Ala

5’-CAG GTC TCG CCA GAG TTG ATT TGG GCA TG-3'
5’-CAT GCC CAA ATC AAC TCT GGG GAG ACC TG-3’
5’-CG CTG TGC CAA ACA AAG GTA CAC CTG GAC ATC TTC ACT GGG-3' 
5'-CCC AGT GAA GAT GTC CAG GTG TAC CTT TGT TTG GCA CAG CG-3' 
5’-CCC TCC ACA CCA GÇC TTC AGC CGT CTC-3'
5’-GAG ACG GCT GAA GGC TGG TGT GGA GGG-3’
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0.55 -  0.60. Cells were collected after 90 min at 37 °C and pellets resuspended in ice- 

cold sonication buffer (50 mM Hepes-NaOH, pH 8, 0.5 M NaCl, 0.1 mM EDTA, 10 % 

glycerol) and stored at -80 °C. Cell pellets were thawed on ice with addition of 

dithiothreitol (DTT) and phenylmethylsulfonyl fluoride (PMSF) to 1 mM. In the case of 

histidine-tagged DNA ligase III recombinant proteins, DTT was omitted and imidazole 

used instead, at the same concentration. Cells were lysed by sonication on ice (4 x 30 sec 

with 30 sec intervals) and cellular debris removed by centrifugation (14 000 g, 20 min, 4 

°C).

In the case of the FLAG-tagged XRCCl BRCT recombinant proteins, the 

supernatant was applied to a 1 ml column of anti-FLAG M2 affinity gel (Eastman Kodak 

Co.) and the flow-through collected under gravity. The column was washed with 36 

column volumes (3 x 12 ml) of 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 % glycerol 

and 1 mM DTT. The protein was eluted with 5 column volumes ( 5 x 1  ml) of FLAG 

peptide at a concentration of 100 p-g/ml (Eastman Kodak Co.).

In the case of DNA ligase III BRCT recombinant proteins, the supernatant was 

applied to a 1 ml bed of Ni-NTA-agarose (Qiagen), stirred on ice for 1 h, then transferred 

to a 15 ml disposable column (BioRad) and the flow rate adjusted to 1 ml/min. The flow

through was collected and the column washed (at a flow rate of 0.5 ml/min) with the 

following: 15 ml of sonication buffer with 1 mM imidazole (one fraction); 20 ml of wash 

buffer (50 mM Hepes-NaOH, pH 7, 0.1 mM NaCl, 0.1 mM EDTA and 10 % glycerol) 

with 40 mM imidazole (5 ml fractions); 15 ml of wash buffer with 80 mM imidazole (5 

ml fractions) and 15 ml of wash buffer with 250 mM imidazole (1.5 ml fractions).

For all recombinant proteins, 100 pi aliquots from each fraction were analysed by 

SDS-PAGE. Centricon miniconcentrators (Amicon Inc.) were preblocked with 1 % dried 

milk and used to concentrate and buffer exchange (in the case of the DNA ligase III 

BRCT domain constructs) proteins produced. In the case of the XRCCl BRCT domain 

constructs, the FLAG peptide used for the elution of these proteins was also removed at 

this stage. Protein concentrations were initially determined by the method of Bradford
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(Bradford, 1976), using bovine serum albumin (BSA) as a standard. Typical yields for 

XRCCl recombinant proteins were -1 5 0  pg/1 culture volume and for DNA ligase III -  

500 |xg/l.

2.10 CO-AFFINITY PRECIPITATION ANALYSIS

2.10.1 Precipitation of XRCCl-FLAG by his-DNA ligase III
Binding of the BRCT domain of his-DNA ligase III to a mutated BRCT domain

of XRCCl-FLAG was detected as described previously (Nash et al,  1997). Briefly, the 

DNA ligase III BRCT domain (2 pg) was incubated with a mutated XRCCl BRCT 

domain (2 pg) and BSA (1 pg) in a reaction (11 pi volume) containing 50 mM Tris-HCl, 

pH 7.5, 100 mM NaCl, 10 % glycerol, 1 mM EDTA, 1 mM DTT (buffer B) at 20 °C for 

20 min. Ni-NTA-agarose beads (25 pi bed volume) at pH 8 were added to the reaction 

and incubated for a further 20 min. Beads were washed six times with 105 pi of buffer B 

with 25 mM imidazole, followed by two 35 pi elutions of buffer B with 250 mM 

imidazole. 30 pi of each of the six washes and two elutions were fractionated by SDS- 

PAGE. Recovery of his-DNA ligase III on Ni-NTA-agarose beads was monitored by 

silver staining and XRCCl was detected by immunoblotting with the anti-FLAG M2 

monoclonal antibody (Eastman Kodak Co.). Alkaline phosphatase-conjugated secondary 

antibodies (BioRad) and BCIP/NBT substrates (Sigma) were employed in all cases.

2.10.2 Precipitation of his-DNA ligase III by XRCCl-FLAG
Binding of the BRCT domain of XRCCl-FLAG to a mutated BRCT domain of

his-DNA ligase III was detected as described above except that his-DNA ligase III was 

detected by immunoblotting with anti-peptide antibodies against amino acids 882-897 of 

DNA ligase I lia  (Nash et a l,  1997).
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2.10.3 Precipitation of DNA polymerase P by DNase III-GST

The recombinant C-terminally GST-tagged DNase III (2 pg) was incubated with

recombinant poip (2 pg) and BSA (1 pg) in a reaction (20 pi volume) containing 50 mM 

Tris-HCl, pH 7.5, 100 mM NaCl, 10 % glycerol, 1 mM EDTA, 1 mM DTT at 0 °C for 60 

min. Glutathione Sepharose™ 4B beads (Amersham Pharmacia Biotech; 25 pi bed 

volume) at pH 8 were added to the reaction, and incubated for 30 min at 0 °C and for a 

further 30 minutes at 20 °C. Beads were washed six times with 100 pi of 50 mM Tris- 

HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA and 1 mM DTT followed by two 20 pi 

elutions with 10 mM glutathione. 20 pi of each of the six washes and two elutions were 

fractionated by SDS-PAGE. Recovery of both proteins was monitored by silver staining.

2.11 CO-IMMUNOPRECIPITATION ANALYSIS

2.11.1 Analysis from human ceils
1x10^ HeLa cells were harvested by centrifugation (400 g for 5 min), and

freeze/thawed on dry ice/wet ice. Cells were lysed in a buffer (50 mM Tris-HCl, pH 8, 

125 mM NaCl, 1 % NP40, 2 mM EDTA) containing protease inhibitors (Complete, Mini, 

EDTA-free tablet; Roche) for 30 min at 0 °C. Cells were centrifuged at 14 000 g for 10 

min at 4 °C, ~ 10 pg of anti-DNase 111 polyclonal antibody (against human recombinant 

GST-DNase 111; provided by P. Robins, Mutagenesis Laboratory) was added to the 

supernatant and incubated for 1 h at 0 °C. The mix was transferred to a bed of 50 pi 

protein A/G sepharose and incubated for a further 1 h with agitation. The protein A/G 

sepharose was washed five times with 500 pi of the cold lysis buffer, the beads were split 

into two aliquots before the final wash, and 30 pi of SDS sample buffer were added to 

each pellet. These samples were heated to 100 °C for 10 min, together with 15 pi aliquots 

of the mix and washes, and separated by 15 % SDS-PAGE. The proteins were transferred 

onto a nitrocellulose filter and analysed by Western blotting.
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2.11.2 Analysis with in vitro translated proteins
Co-immunoprecipitation of DNase III with proteins encoded by positive clones

detected in the yeast two-hybrid screen (see Section 2.15) was performed using the 

Matchmaker Co-IP Kit according to the manufacturer's instructions (Clontech). Briefly, 

T7 promoter and c-myc tag sequences were introduced upstream of the full-length DNase 

III sequence, and the T7 promoter and HA-tag sequence was introduced upstream of the 

positive clones of interest, by incorporation into PCR primers during amplification of 

yeast two-hybrid clones. The DNase III and positive clones were co-transcribed and co

translated in vitro using the TnT® T7 Coupled Reticulocyte Lysate System in the 

presence of [^^S]methionine, following the manufacturer's instructions (Promega). Each 

clone was also transcribed and translated separately. 5 pi of each of the 50 pi translation 

reactions were analysed by 10 % SDS-PAGE. 22.5 pi of each co-translations and 10 pi 

of each of the single translations were incubated for 1 h at 20 °C with 1 pg  

hemagglutinin (HA) polyclonal antibody. 3 pi of protein A beads were equilibrated with 

PBS and added to each reaction, followed by incubation for 1 h at 20 °C with agitation. 

The beads were washed seven times with 500 pi of wash buffer (Clontech) and protein 

complexes eluted with 20 pi of SDS sample buffer. 10 pi of each elution was analysed 

by 10 % SDS-PAGE and labelled polypeptides were detected by phosphorimaging.

2.12 FAR WESTERN BLOT ANALYSIS

Far Western blot analysis was performed as described previously (Caldecott et 

a l ,  1995; Wei et ah, 1995). Briefly, proteins were fractionated by SDS-PAGE and 

transferred to nitrocellulose filters (Schleicher and Schuell). The filters were incubated in 

buffer C (25 mM Hepes-KOH, pH 7.7, 25 mM NaCl, 5 mM MgCl2, 1 mM DTT) for 16- 

18 h at 4 °C. The proteins on the filters were denatured by incubation in 6 M guanidine- 

HCl in buffer C for 2 x 10 min at 4 °C. The proteins were renatured by step-wise 10 min 

incubations in buffer C containing 3 M, 1.5 M, 0.75 M, 0.375 M, 0.19 M, and 2 x 0 M
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guanidine-HCl at 4 °C. The filters were blocked in buffer D (20 mM Hepes-KOH, pH 

7.7, 100 mM KCl, 2.5 mM MgCl^, 0.1 mM EDTA, 1 mM DTT, 0.05 % NP40) with 5 % 

non-fat dried milk for 30 min and washed in buffer D with 1 % non-fat dried milk for 15 

min at 4 °C. 5 pg of either DNase III or TREX2 protein was phosphorylated in a 30 pi 

reaction containing 25 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 25 mM ATP (5000 

Ci mmol ’) and 0.6 mU casein kinase II (Boehringer Mannheim) for 20 min at 20 °C. 

Following the incubation, 70 pi of buffer (25 mM Tris-HCl, pH 7.5,10 mM MgCl2) was 

added to the reaction and the unincorporated nucleotide was removed by passing the 

reaction through a 1 ml Sephadex G-50 column (Pharmacia) equilibrated with 1 mg/ml 

BSA. The radiolabeled probe was diluted in 20 ml of buffer D and incubated with the 

filters for 5 h at 4 °C. Filters were washed in buffer D containing 1 % non-fat dried milk 

and analysed by autoradiography.

2.13 CIRCULAR DICHROISM AND THERMAL DENATURATION

Circular dichroism (CD) and thermal dénaturation analyses were performed in 

collaboration with Dr. Stephen Martin, National Institute for Medical Research, London. 

Concentrations of XRCCl BRCT domain wild-type and mutant proteins (in 10 mM Tris- 

HCl, pH 7.5, 50 mM NaCl and 10 % glycerol) ranged from 2 to 9 mg/ml. Concentrations 

were estimated from the UV absorption spectra and using calculated extinction 

coefficients of the proteins involved. This method is accurate to within 10 % (Gill and 

von Hippel, 1989). Far-UV (170-250 nm) CD measurements were performed using a 

Jasco J-715 spectropolarimeter. The spectra were recorded at 20 °C using 1 mm fused 

silica cuvettes. CD intensities are represented as the CD absorption coefficient calculated 

using the molar concentration of protein (Ae^), where values of Ae^ RW may be 

calculated as Ae^ RW = Ae^ /N (N should be the appropriate number of peptide bonds).

For thermal unfolding experiments, the CD intensity was monitored at 223 nm 

while heating the XRCCl BRCT domain protein solutions from 10 to 90 °C at -  1
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°C/min intervals. The sample temperature was measured using an immersed 

thermocouple (Comark).

2.14 PARTIAL PROTEOLYTIC DIGESTION

1-2 )Lig of the wild-type and a mutant (Trp74 to Asp) XRCCl BRCT domain 

protein were incubated with 0, 50, 250, 1000 ng, or 0, 2, 5, 10 ng, trypsin, respectively, at 

37 °C for 15 min. The reactions were stopped by the addition of 15 |il of SDS sample 

buffer and heating samples to 100 °C for 10 min. Digests were separated by 15 % SDS- 

PAGE. Gels were stained with Coomassie blue.

2.15 YEAST TWO-HYBRID ANALYSIS

Yeast strains were maintained at 30 °C on YPD plates (20 g/1 Difco peptone, 10 

g/1 yeast extract, 2 % glucose and 20 g/1 agar). The yeast-two hybrid analysis was 

performed as described in the Clontech Matchmaker System Manual and Yeast Protocol 

Handbook (see also Figures 2.7, 2.8 and Table 2.3). Yeast protein extracts were prepared 

by a standard TCA method. The bait plasmid encoded the first 147 amino acids of GAL4 

DNA-BD fused to the C-terminal 102 amino acids (213-314) of DNase III in pAS2-l 

(constructed by Dr M. Morita). A human liver cDNA library was obtained from 

Clontech. The library contained 3 x 10̂  independent clones in pACT2 to create GAL4- 

AD fusions, and had been transformed into Y187 (product number HY4024AH; 

Clontech). The yeast strain AH 109 was transformed with [pAS2-1/DNase III 213-314] 

by the lithium acetate method (Yeastmaker™ Yeast Transformation System, Clontech). 

Transformants were selected on synthetic dropout (SD) plates (6.7 g/1 amino acid-free 

yeast nitrogen base, 20 g agar, 2 % glucose, 100 ml/1 of appropriate 10 x dropout 

solution) lacking tryptophan. Transformants were tested for transcriptional activation by



GAL4 DNA-BD/DNase III 213-314 (bait)

Transform AH 109 with bait plasmid and test for:
- transcriptional activation
- His3 expression
- cell toxicity

Prepare an overnight culture of the 
transformed bait strain

\

Thaw an aliquot of the pretransformed 
library (human liver cDNA - GAL4 AD 

in Y187)

Mix (mate) the pretransformed 
bait and library cultures

Plate the entire mating culture (and controls) 
on appropriate selection plates

Perform p-gal assay

Analyse and verify 
positive clones

Figure 2.7. Yeast two-hybrid screening procedure.



Replate yeast colonies on a selective medium

Isolate plasmids

Amplify cDNA inserts by PCR Sequence

Transform plasmids into 
E. co//and isolate DNA

In vitro transcription/translation of 
HA-tagged clones

Co-IP with in vitro translated myc-DNase III to 
confirm protein interactions

Figure 2.8. Analysis and verification of positive clones.



Table 2.3: Host strains used in two-hybrid analysis.

AH 109 genotype Y187 genotype

MATa MATa
trp 1-901 trp 1-901
leu2-3, 112 leu2-3, 112
ura3-52 ura3-52
his 3-200 his3-200
gal4A gal4A
galSOA galSOA
LYS2::GAL1 ̂ ĵ s-GALl-r̂ jj,-HlS3 ade2-101
GAL2 uĵ -̂GAL,2j-ĵ ĵ -ADE2 met-
URA3: :MEL1 y^s-^ELl ĵ -̂lacZ URA3.’ .’GALl û -̂GALl j f̂̂ -lcicZ
MELl MELl
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plating colonies on SD/-Trp/X-a-gal, SD/-Trp/-His/X-a-gal and SD/-Trp/-Ade/X-a-gal 

plates, followed by incubation at 30 °C for 5 days. Transformants were tested for leaky 

H1S3 expression by plating colonies on a series of SD/-Trp/-His plates containing 3- 

amino-1,2,4-triazole (3-AT) in the range of 0-25 mM (0, 2.5, 5, 7.5, 10, 12.5, 15, 20 and 

25 mM). The plates were incubated at 30 °C for 6 days. A cell toxicity test was also 

performed comparing the growth rates in liquid cultures (YPD) of the transformed bait 

and an 'empty' DNA-BD vector.

A culture of one large colony (2-3 mm in diameter) of AH 109 [pAS2-1/DNase III 

213-314] in 50 ml of SD/ Trp was grown overnight at 30 °C. Cells were recovered at 

1000 g for 5 min and resuspended in ~ 5 ml of residual liquid by vortexing. These cells 

were mixed (mated) with 1 ml of Y187 [pACT2/cDNA library] and 45 ml of 2 x YPD 

containing adenine (0.003%) and kanamycin (10 mg/1) (2x YPD A/Kan) at 30 °C for 24 

hours with shaking (30 rpm). The cells were harvested by centrifugation (1000 g for 10 

min) and resusupended in 10 ml of 0.5 x YPD A/Kan. 100 pi of a 1:10 000, 1:1000, 1:100 

or 1:10 dilution of the mating mixture was plated on SD/-Leu, SD/-Trp and SD/-Leu/- 

Trp plates to control mating efficiency. Mating efficiency was calculated as: (# cfu/ml of 

diploids / # cfu/ml of limiting partner) x 100 = % diploid; where the limiting partner is 

the Y 187 (library) strain. 50 % of the mating mixture was plated on SD/-Trp/-Leu/-His/- 

Ade and 50 % on SD/-Trp/-Leu/-His plates. All plates contained X-a-gal at a 

concentration of 0.5 pg/ 20 ml plate. Plates were incubated at 30 °C for 8-21 days, until 

the colonies had grown to >2 mm in diameter. The surviving colonies from SD/-Trp/- 

Leu/-His plates were replica plated onto SD/-Trp/-Leu/-His/-Ade plates and incubated for 

3 days at 30 °C. Ade^, His^, MeP colonies were further analysed by retesting their 

phenotype on SD/-Trp/-Leu/X-a-gal plates (twice). The positive control consisted of 

mating AH 109 [pGBKT7-53] with Y 187 [pTDl-1] which express fusion proteins of 

GAL4 DNA-BD/murine p53 and AD/SV40 large T antigen, respectively. The negative 

control was provided by mating AH 109 [pAS2-1/DNase III 213-314] with Y187 [pTDl- 

1].
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Assays for P-galactosidase activity were performed once colonies >2 mm in 

diameter were formed. The yeast colonies were streaked onto Hybond-N+ membrane 

(Amersham Pharmacia Biotech), the membrane placed on an SD/-Leu/-Trp plate and 

colonies grown at 30 °C for two days. The cells were lysed by snap-freezing in liquid 

nitrogen and thawed at 20 °C. The membrane was placed onto an SD/-Leu/-Trp plate 

containing a Whatman paper pre-soaked in 50 ml of Z buffer (60 mM Na2HP04 , 40 mM 

NaHzPO^, 10 mM KCl, 1 mM MgSO^, 0.3 % P-mercaptoethanol) containing 0.33 mg/ml 

of X-gal and incubated at 30 °C for 7-8 h.

Plasmids were isolated from the surviving yeast colonies using the Yeastmaker™ 

Yeast Plasmid Isolation Kit (Clontech) with an adapted protocol. Pellets from 100 ml of 

a starting liquid culture were lysed by the addition of 1600 units lyticase and 20 % SDS. 

The plasmid DNA was purified using Chroma Spin™-1000 DEPC-HjO columns 

(Clontech). 5 pi of each plasmid DNA was amplified by PCR using the Advantage 

cDNA mix (Clontech). The cycling parameters were as follows: 94 °C for 1 min, 35 

cycles of 94 °C for 30 sec/ 68 °C for 6 min, followed by 68 °C for 6 min. Primers used 

were Matchmaker 573' LD-insert screening amplimer (Clontech). Primers were designed 

to correspond to the target sequence of the GAL4 AD 5' end (CTA TTC GAT GAT GAA 

GAT ACC CCA CCA AAC CCA AAA AAA GAG) and 3' end (GTG AAC TTG CGG 

GGT TTT TCA GTA TCT TAC GAT). 5 pi of each PCR reaction was separated on 1 % 

agarose gels and visualised by staining with ethidium bromide. If more than one band 

was detected within one PCR reaction, the plasmid DNA was used to transform E. coli 

KC8 and transformants plated on LB/Amp (100 pg/ml) plates, followed by replica 

plating on minimal M9/-Leu plates. Plasmid DNA was isolated from the surviving 

colonies and then used in the same PCR conditions as described above. All PCR products 

were subjected to the PCR sequencing reaction using the following primer: ACC CAT 

ACG ATG TTC CAG.

To eliminate false positive interactions obtained in the screen, the plasmid 

containing the bait was transformed into the Y187 strain and the library plasmids
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containing inserts of interest into the AH109 strain. The mating procedure was then 

repeated as described above, with the bait/library positives now in the opposite strains to 

those in the primary screen.

2.16 DATA ANALYSIS

Nucleotide sequences and alignments were derived from standard BLAST 

searches of the nucleotide/protein database at the National Centre for Biotechnology 

Information (NCBI). Alignments of available sequences were compiled with manual 

editing in regions of variable sequence using Sequencher™ software.
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CHAPTER 3

RESULTS

ANALYSIS OF BRCT DOMAIN INTERACTIONS IN 
THE HETERODIMERIC DNA REPAIR PROTEIN 

XRCCl-DNA LIGASE HI
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XRCCl and DNA ligase III normally exist as a preformed complex in vivo 

(Caldecott et a l,  1994) and strongly interact with each other via their respective C- 

terminal sequences, corresponding to BRCT domains, forming a heterodimer (Nash et 

al,  1997). This provided evidence that BRCT domains represent important adaptor units 

in eukaryotic DNA repair proteins and can mediate protein:protein interactions between 

components of the repair machinery (Aravind et a l,  1999). XRCCl was shown to be 

required for maintaining stability and normal levels of DNA ligase 111 in vivo (Caldecott 

et a l ,  1994). There are two alternatively spliced forms of DNA ligase 111 detected in 

mammalian tissues which differ at their C-termini and the shorter form of DNA ligase 111 

does not bind to XRCCl (Nash et al, 1997).

Informative insights into the function of the BRCT motif have come from the first 

three-dimensional (3D) crystal structure, which was solved for a homodimer of the C- 

terminal BRCT domain of XRCCl (Zhang et al, 1998). The structure revealed a 

compact globular domain for each monomer comprised of a core four-stranded parallel 

P-sheet surrounded by three a-helices (Figure 3.1). Helices ocl and a3 contain residues 

conserved among the BRCT family members that are predicted to be essential for the 

fold, and a l  also contributes key residues to the proposed XRCCl homodimer 

interaction surface (Zhang et al,  1998; Huyton et a l,  2000). At the outset of this project, 

the XRCCl BRCT structure provided the only prototype for modelling other BRCT 

domains. In view of the limited primary amino acid sequence conservation between 

BRCT proteins, this 3D structure allowed an informed approach to targeted mutagenesis 

experiments. Generation of site-specific mutations has been performed to allow for the 

testing of the predicted XRCCl BRCT domain structure and fold, and analysis of the 

surface interaction of XRCCl with DNA ligase 111. The XRCCl structure has also been 

used to model the DNA ligase 111 BRCT domain (Figure 3.1); this model and the putative 

heterodimer interface were similarly tested.
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Figure 3.1. Model of the DNA ligase III/XRCCl BRCT domains.
Ribbon representation of the modelled DNA ligase III BRCT domain (cyan), 
superimposed on the XRCCl BRCT structure (consisting of a four-stranded 
parallel p-sheet, surrounded by three a-helices, as shown in magenta; surface 
loops cl and c3 are indicated). N- and C-termini are labelled. Thanks to Dr P. 
Bates, Biomolecular Modeling Laboratory, Cancer Research UK, for producing 
this figure.
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3.1 GENERATING SITE-SPECIFIC MUTATIONS IN BRCT DOMAINS OF 
XRCCl AND DNA LIGASE III

XRCCl and DNA ligase III interact via their respective BRCT domains and the 

minimal fragments that are sufficient for interaction of the proteins in vitro were defined 

as amino acids 538 to 633 of XRCCl and 774 to 922 of DNA ligase I lia  (Nash et al,

1997). Henceforth, ‘XRCCl’ and ‘DNA ligase HI’ refer to these fragments and amino 

acid residues are numbered 1 to 95, corresponding to their position in the BRCT domain 

sequence. The solved 3D structure for the BRCT domain of XRCCl comprises of four 

parallel p-sheets surrounded by three a-helices, with the a l  helix and N-terminal region 

proposed to contribute residues to the interaction surface (Figure 3.1) (Zhang et al,

1998). Sequence similarities between the BRCT domains of XRCCl and DNA ligase III 

(Figure 3.2) indicated that some of the interactions in the XRCCl dimer interface could 

be retained in the biologically relevant heterodimeric BRCT complex between XRCCl 

and DNA ligase III. To test the importance of residues predicted to be involved in either 

folding of the BRCT domain or its interaction with DNA ligase III, a number of targeted 

mutations were designed in collaboration with Dr P. Freemont’s group (Imperial College 

of Science, Technology and Medicine, London; formerly Molecular Structure and 

Function Laboratory, ICRF) and introduced by site-specific mutagenesis. Mutations 

generated in the XRCCl BRCT domain are given in Table 3.1 and Figure 3.3.

Conserved residues proposed to be involved in interactions within the 

hydrophobic core (e.g. Trp74), or mediating surface interactions at the dimer interface 

(e.g. Leu2) were mutated (Zhang et al, 1998). Asp20 is of note as it is equivalent to a 

residue that is commonly mutated in the BRCT domain of BRCAl, leading to 

predisposition to cancer. Based on the XRCCl BRCT domain structure, the DNA ligase 

III BRCT domain was modelled (Figure 3.1) by Dr P. Bates (Biomolecular Modelling 

Laboratory, Cancer Research UK). Key mutations were generated in DNA ligase III to 

be analogous to those introduced in the BRCT domain of XRCCl (Table 3.2).
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Figure 3.2. Amino acid sequence alignment of representative members of the BRCT family.
The most conserved residues across the family members are in red, conserved hydrophobic residues are in orange, and 
the five conserved regions are underlined in blue, a-helices and ^-sheets are indicated above the sequences, as are the 
numbers of the residues of the C-terminal XRCCl BRCT domain (adapted from Zhang et a l ,  1998).



Table 3.1; Mutations introduced into the BRCT domain of XRCCl and their effects on the interaction with DNA ligase III,

XRCCl mutations* Proposed role of 
the mutated residues

Location in XRCCl 
BRCT domain

Interaction with 
DNA ligase III

Wild type N/A N/A +

Trp74 to Asp Most conserved, hydrophobic core a3 -

Trp74 to Leu (as above) a3 -

Ile48 to Glu Hydrophobic core p2 -

Ile48 to Ala (as above) p2 +

Leu2 to His Dimer interface (hydrophobic) N-terminus -

Thr30Ala31 to ArgArg Dimer interface a l -

Arg23Arg27 to GluGlu Salt bridge a l -

Leu85 to His Positioning C-terminus onto core C-terminus +

Glu 16 to Lys Possible 2°̂* interface Surface loop cl +

Asp20 to Ala Equivalent to BRCAl mutation a l +

Glu59 to Lys (control) a2 +

* amino acid residues are numbered within the BRCT domain (Zhang et al,  1998); N/A = not applicable; mutagenic primers are shown in Table 2.1.



XRCC1 DNA ligase III
L2 . 0 19

p i

p23

ÂE16

B

X
i

Figure 3.3. Structural model of the XRCCl-DNA ligase III heterodimer.
(A) Proposed model of the XRCCl-DNA ligase III BRCT domain interaction. 
Key residues indicated here in green were targeted in site-directed mutagenesis 
experiments.
(B) Salt-bridge interactions between the two different monomers at the a l - a l  
heterodimer interface. Amino acid side-chains are coloured; acidic (red), basic 
(blue), polar (yellow). Residues are numbered within the BRCT domains. 
Thanks to Dr P. Bates, Biomolecular Modeling Laboratory, Cancer Research 
UK, for oroducins this figure.



Table 3.2: Mutations introduced into the BRCT domain of DNA ligase III and their 
effects on the interaction with XRCCl.

DNA ligase III Interaction with XRCCl mutations
mutations* XRCCl (equivalent)

Wild type + Wild type
Trp63 to Leu - Trp74 to Leu
Leu2 to His - Leu2 to His
Asp 19 to Ala + Asp20 to Ala

* amino acid residues are numbered within the BRCT domain (Zhang et al., 1998); 
mutagenic primers are shown in Table 2.2.
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3.2 INTERACTION OF XRCCl BRCT MUTANTS WITH DNA LIGASE III

The wild-type and ail mutated constructs of the FLAG-tagged XRCCl BRCT 

domain were over-expressed in E. coli BL21(DE3) and purified by affinity 

chromatography (Appendix 1). Purified mutant proteins were tested for their ability to 

interact with wild type DNA ligase III by a co-affinity precipitation assay, using Ni- 

NTA-agarose resin. C-terminal FLAG-tagged wild type and mutant XRCCl were 

incubated with N-terminal his-tagged DNA ligase III, then DNA ligase III and any 

interacting XRCCl were recovered on Ni-NTA-agarose beads. Recovery of DNA ligase 

III was confirmed by silver staining and co-affinity precipitation of the XRCCl detected 

by immunoblotting with an anti-FLAG antibody, after separation of samples by SDS- 

PAGE. A control reaction showing the interaction between the wild-type DNA ligase III 

and wild-type XRCCl BRCT domains is shown in Figure 3.4 and was performed in 

parallel with the assay of each mutant protein.

Trp74 in XRCCl corresponds to the most conserved residue among the BRCT 

family members (Bork et al, 1997; Callebaut and Momon, 1997), and is located in a3, at 

the centre of the hydrophobic core of the BRCT domain, interacting with other conserved 

residues in the ^-sheets, as well as the C-terminal tail (Figure 3.3) (Zhang et al,  1998). 

Surprisingly, Taylor et al reported that substitution of this residue with aspartate did not 

affect its interaction with DNA ligase 111 (Taylor et a l,  1998), although expression of the 

Trp74 to Asp XRCCl protein failed to restore repair in non-cycling xrccl mutant cells 

(Moore et al,  2000). Here, this conserved tryptophan residue was mutated to aspartate 

and also leucine. Ile48, like Trp74, is located in the hydrophobic core of the domain, in 

the P2 sheet, and was shown previously to affect the interaction with DNA ligase III 

when mutated to an acidic residue (Taylor et al,  1998).

Substitution of the highly conserved, hydrophobic Trp74 in XRCCl with either 

aspartate (changing polarity) or leucine (maintaining hydrophobicity) yielded mutant 

domains that were unable to bind to DNA ligase III (Figure 3.5). The same result was
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Figure 3.4. Co-affinity precipitation of XRCCl BRCT domains by his-tagged DNA ligase III.
Results are shown for the binding between XRCCl and his-DNA ligase III in the co-affinity precipitation assay. 
XRCCl-FLAG was incubated with his-DNA ligase III in the presence of ESA and further incubated with Ni- 
NTA-agarose beads. Beads were washed six times with 25 mM imidazole to remove non-specifically associated 
protein, and ESA (69 kDa) was removed from the beads in the washes. Bound DNA ligase III was eluted (2x) in 
250 mM imidazole (as indicated). Proteins were fractionated by 10 % SDS-PAGE. (A) Recovery of bound his- 
DNA ligase III in elutions was monitored by silver staining; (E) co-affinity precipitation of XRCCl-FLAG 
(arrowed) was monitored by Western blot with the anti-FLAG M2 antibody (FLAG does not bind Ni-NTA- 
agarose beads).



Figure 3.5. Co-affinity precipitation analysis of the XRCCl mutants Trp74 to Asp and Trp74 to Leu (conserved, hydrophobic core).
Compared to wild-type XRCCl (B), neither the Trp74 to Asp (D), nor Trp74 to Leu (F) mutants interact with DNA ligase III. (A, C, E) Silver 
stained gels showing recovery of bound his-DNA ligase III in elutions. (B, D, F) Western blots with anti-FLAG M2 antibody to monitor co- 
affinity precipitation of XRCCl-FLAG. See Figure 3.4 legend for details of assay conditions. Purification of XRCCl mutant proteins are shown 
in Appendix 1 A and B.
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observed when core residue Ile48 was mutated to Glu, but not to the neutral residue Ala 

(Figures 3.6).

The XRCCl-DNA ligase III heterodimer appears to be coordinated by 

hydrophobic interactions, forming more efficiently at 20 °C than at 0 °C in vitro, and is 

resistant to 2 M salt (Caldecott et a l,  1995). The strength of the binding of BRCT 

domains of XRCCl and DNA ligase III was tested in the co-affinity precipitation assay 

in the presence of non-ionic detergent NP40 (Nonidet P40). The bound DNA ligase III 

was eluted in the presence of increasing concentrations of NP40 (0, 0.5, 1 and 2 % v/v; 

Figure 3.7) and proteins were fractionated by SDS-PAGE. At concentrations < 1 % this 

detergent did not perturb the heterodimer interaction.

A number of residues were proposed to play an important role in these 

hydrophobic dimer interface interactions revealed in the 3D structure (Zhang et a l,

1998). Mutations of particular amino acids were introduced in XRCCl to confirm that 

these residues are indeed significant for interactions at the heterodimer interface. Leu2, 

located at the N-terminus, Thr30 and Ala31, both located in a l  helix, in the XRCCl 

BRCT domain were mutated to basic residues (Table 3.1 and Figure 3.3 A). Substitution 

of Thr30 and Ala31 disrupted the interaction with DNA ligase III, as indicated by 

inability to recover the mutant XRCCl (Figure 3.8 E and F). Similar results were 

obtained for the Leu2 mutant (Figure 3.8 C and D). Mutations altering the charge of 

Arg23 and Arg27 by replacements with Glu (Table 3.1 and Figure 3.3 A) also abolished 

interaction between XRCCl and DNA ligase III (Figure 3.9 C and D). This result is in 

agreement with the prediction that in XRCCl homodimer these residues co-ordinate salt 

bridges across the a  I-a  I dimer interface through hydrogen bonds (Arg23—Glu35; 

Arg27—Asp4, Asn33) with the other monomer (Figure 3.3 B) (Zhang et a l,  1998; 

Huyton et al,  2000).

Asp20 in XRCCl was mutated into a neutral Ala. This residue is analogous to 

Met1775 in BRCAl, that is commonly mutated in breast cancer (Zhang et al,  1998). It is 

interesting that this mutation (Asp20 to Ala in XRCCl) does not grossly affect



Figure 3.6. Co-affinity precipitation analysis of the XRCCl mutants Ile48 to Glu and Ile48 to Ala (hydrophobic core).
Compared to wild-type XRCCl (B), the Ile48 to Glu mutant (D) did not interact with DNA ligase III, although the Xle48 to Ala mutant (F) did. 
(A, C, E) Silver stained gels showing recovery of bound his-DNA ligase III in elutions. (B, D, F) Western blots with anti-FLAG M2 antibody to 
monitor co-affinity precipitation of XRCCl-FLAG. See Figure 3.4 legend for details of assay conditions. Purification of XRCCl mutant proteins 
are shown in Appendix 1 C and D.
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Figure 3.7. Analysis of the effects of NP40 on the interaction of the 
BRCT domains of XRCCl and DNA ligase III.
The results shown here are for the binding of BRCT domains of 
XRCCl and DNA ligase III in the co-affinity precipitation assay. 
XRCCl-FLAG was incubated with his-DNA ligase III in the presence 
of BSA and further incubated with Ni-NTA-agarose beads. Beads were 
washed six times with 25 mM imidazole to remove non-specifically 
associated protein, and bound DNA ligase III was eluted (2x) in 250 
mM imidazole and increasing concentrations of NP40. Proteins were 
fractionated by SDS-PAGE. The two elutions are shown for no NP40 
present (lanes 1-2), 0.5 % NP40 (lanes 3-4), 1 % NP40 (lanes 5-6) and 
2 % NP40 (lanes 7-8).
(A) The recovery of bound his-DNA ligase III in elutions was 
monitored by silver staining.
(B) Co-affinity precipitation of XRCCl-FLAG was monitored by 
Western blot with the anti-FLAG M2 antibody.



Figure 3.8. Co-affinity precipitation analysis of the XRCCl mutants Leu2 to His and Thr30AIa31 to ArgArg (dimer interface).
Compared to wild-type XRCCl (B), neither Leu2 to His (D), nor Thr30Ala31 to ArgArg (F) mutants interact with DNA ligase III. (A, C, E) 
Silver stained gels showing recovery of bound his-DNA ligase III in elutions. (B, D, F) Western blots with anti-FLAG M2 antibody to monitor 
co-affinity precipitation of XRCCl-FLAG. See Figure 3.4 legend for details of assay conditions. Purification of XRCCl mutant proteins are 
shown in Appendix 1 E and F.
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Figure 3.9. Co-affinity precipitation analysis of the XRCCl mutant Arg23Arg27 to GluGlu (salt bridge).
Compared to wild-type XRCCl (B), the Arg23Arg27 to GluGlu mutant (D) did not interact with DNA ligase III. (A and C) Silver stained gels 
showing recovery of bound his-DNA ligase III in elutions. (B and D) Western blots with anti-FLAG M2 antibody to monitor co-affinity 
precipitation of XRCCl-FLAG. See Figure 3.4 legend for details of assay conditions. Purification of the XRCCI mutant protein is shown in 
Appendix I G.
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Figure 3.10. Co-affinity precipitation analysis of the XRCCI mutant Asp20 to Ala (equivalent to BRCAl mutation).
As with wild-type XRCCI (B), the Asp20 to Ala mutant (D) interacted with DNA ligase III. (A and C) Silver stained gels showing recovery of 
bound his-DNA ligase III in elutions. (B and D) Western blots with anti-FLAG M2 antibody to monitor co-affinity precipitation of XRCCl- 
FLAG. See Figure 3.4 legend for details of assay conditions. Purification of the XRCCI mutant protein is shown in Appendix 1 H.
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interaction with DNA ligase III (Figure 3.10). This might be explained due to the fact 

that MI775 in the first of the BRCAI BRCT domains is specifically involved in the 

intra-molecular hydrophobic contact surface between the two BRCT repeats in BRCAI, 

thus playing an important functional role in BRCAI but not in the XRCCI-DNA ligase 

III heterodimer (Williams et al, 2001). Also, BRCAI protein interacts with different 

proteins to XRCCI and this residue could be important in binding these specific partners 

(Anderson et a l,  1998; Yu et al, 1998). The integrity of the two BRCT domains in 

BRCAI is also crucial for transcription activation, and random mutagenesis with 

screening for loss of function preferably targeted hydrophobic residues in this region of 

the protein (Hayes et al,  2000).

Furthermore, additional informative mutations in XRCCI were made (Table 3.1, 

Figure 3.2). Leu85 is located at the C-terminus of XRCCI BRCT domain and is 

proposed to be positioning this terminus onto the hydrophobic core (Zhang et a l,  1998). 

By mutating this residue to histidine, its charge should be altered to disrupt its proposed 

function. An alternative crystal form for the XRCCI homodimer had been identified 

(Huyton et al, 2000), showing an additional packing arrangement formed through the cl 

and c3 surface loops (Figure 3.1). GluI6 is located in the c l loop and to disrupt this 

secondary interface, was changed to a basic amino acid (Lys). Mutations of Leu85 and 

GluI6 did not abolish the interaction with DNA ligase III (Figure 3.11), indicating that 

neither of these residues is important for the heterodimer interaction with DNA ligase III.

Residue Glu59 is located in helix (x2, on the opposite face of the XRCCI BRCT 

domain to the dimer interface (Figure 3.3 A), and would not be predicted to affect the 

interaction between XRCCI and DNA ligase III, so it was chosen to act as a control and 

mutated to Lys. Results confirmed that the interaction with DNA ligase III was not 

affected by this mutation (Figure 3.12).



Figure 3.11. Co-affinity precipitation by DNA ligase III of the XRCCI mutants Leu85 to His and GIul6 to Lys.
Both XRCCI mutants interact with DNA ligase III. (A and C) Silver stained gels showing recovery of bound his-DNA ligase III in elutions. (B 
and D) Western blots with anti-FLAG M2 antibody to monitor co-affinity precipitation of XRCCI-FLAG. See Figure 3.4 legend for details of 
assay conditions. Purification of XRCCI mutant proteins are shown in Appendix 1 1 and J.
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Figure 3.12. Co-affinity precipitation with DNA ligase III of the XRCCI mutant GIu59 to Lys (control).
As with wild-type XRCCI (B), the Glu59 to Lys mutant (D) interacted with DNA ligase III. (A and C) Silver stained gels showing recovery of 
bound his-DNA ligase III in elutions. (B and D) Western blots with anti-FLAG M2 antibody to monitor co-affinity precipitation of XRCCI- 
FLAG. See Figure 3.4 legend for details of assay conditions. Purification of the XRCCI mutant protein is shown in Appendix I K.
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3.3 INTERACTION OF DNA LIGASE III BRCT MUTANTS WITH XRCCI

A minimal functional domain of DNA ligase III, sufficient for interaction with 

the XRCCI BRCT domain in vitro, was defined as the C-terminal 149 amino acids (Nash 

et a l ,  1997) and has been used in all functional studies. Three mutants were generated, 

over-expressed in E. coli BL21 (DE3) and purified by affinity chromatography 

(Appendix 2). Purified mutant proteins were tested for their ability to interact with wild 

type XRCCI by a co-affinity precipitation assay, as described above (Section 3.2); 

interaction of the XRCCI-DNA ligase III was in this case monitored by immunoblotting 

of both proteins (Figure 3.13). The minimal functional construct of DNA ligase III that 

was used here was 73 residues longer than the actual BRCT domain. At the start of this 

work, shorter forms of the protein (or N-terminally extended versions) could not be 

overproduced, in various expression systems, in soluble quantities suitable for structural 

studies (Dr P. Freemont, personal communication). Instead, Dr P. Bates constructed a 3D 

model for the BRCT domain of DNA ligase III domain based on the XRCCI structure 

(Zhang et a l,  1998) and the 28% amino acid sequence identity of these two BRCT 

domains (Huyton et a l,  2000). This model of DNA ligase III is shown in Figure 3.1, 

superimposed on the XRCCI BRCT domain structure. According to this model, the four- 

stranded P-sheet, and a l  and a3 helices, are readily distinguished in the DNA ligase III 

domain, but not the a2  helix. Sequences corresponding to the a2 region are the least 

conserved within the BRCT family and are absent in some members, including DNA 

ligase III and RAPl in yeast (Figure 3.2). The XRCCI BRCT domain also has an 

extended C-terminal tail relative to that of DNA ligase III (Figure 3.1).

Two of the most conserved regions of structure in the BRCT domains of XRCCI 

and DNA ligase III are the N-termini and the a l  helices; these are also the most 

conserved in primary sequence containing 60% of the amino acid identities. As the 

solved crystal structure of the XRCCI BRCT domain showed interaction of a



Figure 3.13. Co-affinity precipitation of XRCCI by bis-tagged mutant DNA ligase III BRCT domains.
Results are shown for the binding, or absence of binding, between DNA ligase III (A and B), or DNA ligase III mutant (C and D), and XRCCI. 
XRCCI-FLAG was incubated with his-DNA ligase III in the presence of BSA and further incubated with Ni-NTA-agarose beads. Beads were 
washed six times with 25 mM imidazole to remove non-specifically associated protein, and BSA (69 kDa) was removed from the beads in the 
washes. Bound DNA ligase III was eluted (2x) in 250 mM imidazole (as indicated). Proteins were fractionated by 10 % SDS-PAGE. Recovery 
of bound his-DNA ligase III in elutions was detected by specific antibodies rather than by silver staining (A and C); co-affinity precipitation of 
XRCCI (arrowed) was monitored by Western blot with the anti-FLAG M2 antibody.



3.13.1. Co-affinity precipitation analysis of the DNA ligase 111 mutant Trp63 to Leu.
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3.13.2. Co-affinity precipitation analysis of the DNA ligase III mutant Leu2 to His.
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3.13.3. Co-affinity precipitation analysis of the DNA ligase III mutant Asp 19 to Ala.

A

91 -

45 -

35 -

18 -

kDa

w a s h e s elu tions c w a s h e s elu tion s
1 2 3 4 5 6 1 2 1 2 3 4 5 6 1 2

iTT'UBiiiRt n r" ' '"•“1 TT , r "
_  1

1*1 ^

B washes elutions D washes elutions
1 2 3 4 5 6 1 2 1 2 3 4 5 6 1 2



110

homodimer through these regions, this strongly suggested that the XRCCI-DNA ligase 

III heterodimer interface was similar. To test this, the model of the DNA ligase III BRCT 

domain was superimposed on one member of the XRCCI homodimer (as in Figure 3.1) 

and the interface between the model and the second XRCCI domain inspected (Figure

3.3 A). This interface looked feasible, and it was clear that key salt-bridge interactions 

observed between XRCCI monomers in the homodimer interface (Arg23—Glu35; 

Arg27—Asp4, Asn33; (Zhang et al, 1998; Huyton et a l,  2000)) were maintained in the 

XRCCI-DNA ligase III heterodimer. Indeed, Dr P. Bates needed to readjust only a few 

side-chain angles to make good hydrogen-bonding contacts across the heterodimer 

interface, particularly between Arg23 of XRCCI—Asp31, Asp33 of DNA ligase III and 

Arg27—Asp4, but also between Asp4, Asn33 of XRCCI—Arg25 of DNA ligase III and 

Glu35—Arg24 (Figure 3.3 B). The first two salt-bridges were disrupted by substitution 

of Arg23 and Arg27 in XRCCI with acidic residues and abrogated heterodimer 

formation with DNA ligase III (Figure 3.9), validating the DNA ligase III model.

It was of interest to test other key residues in the DNA ligase III BRCT domain 

(Table 3.2 and Figure 3.3 B). The most invariant core residue amongst the BRCT domain 

family, Trp63 (Trp74 in XRCCI) was mutated to Leu, and the hydrophobic Leu2 residue 

at the proposed interaction surface (Leu2 in XRCCI) was mutated to a hydrophilic His. 

Both these mutations abolished binding to XRCCI in the co-affinity precipitation assay 

(Figure 3.13.1 C and D; Figure 3.13.2 C and D, respectively). Furthermore, when Aspl9 

in DNA ligase III (Asp20 in XRCCI) was mutated to Ala, it did not affect the 

heterodimer interaction (Figure 3.13.3), as was observed in the analogous mutation in 

XRCCI (see above, page 98).
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3.4 SENSITIVITY OF THE CO-AFFINITY PRECIPITATION ASSAY AND 
STRENGTH OF THE INTERACTION BETWEEN XRCCI AND DNA LIGASE 
HI

The absence of co-affinity precipitated XRCCI protein detectable in elutions, due 

to a particular mutation, does not necessarily indicate that the binding is completely 

abolished. Rather the amount of XRCCI bound to DNA ligase III was greatly reduced in 

the mutant compared to the wild-type XRCCI (compare Figure 3.5 B and D, elutions) or 

in a DNA ligase III mutant compared to wild-type (Figure 3.13 B and D, elutions; note 

that mutation of DNA ligase III did not affect its binding to Ni-NTA-agarose). However, 

estimation of a dissociation constant for the XRCCI-DNA ligase III interaction was not 

possible, as it is unclear whether all molecules are accessible for heterodimer formation. 

This may be particularly true for XRCCI as, even for the wild type BRCT domain, only 

-10 % binds the DNA ligase III BRCT domain in the in vitro co-affinity precipitation 

assay (compare Figure 3.4 B, washes 1 and 2 vs. elutions) (Nash et a l,  1997). This is 

most likely due to formation of an XRCCI BRCT homodimer (Zhang et a l,  1998), 

which compromised attempts to quantify the XRCCI-DNA ligase III BRCT-BRCT 

interaction by surface plasmon resonance measurements using the Biacore 3000 system 

(Biacore AB). Recently, it has been reported that the DNA ligase III BRCT domain 

(consisting of the C-terminal 86 residues) also forms a homodimer (Krishnan et a l,  

2001; Thornton et a l,  2001), which could further exacerbate the problem of detecting 

heterodimer formation under the conditions described here. It has been suggested that 

even multimers of XRCCI and DNA ligase III BRCT domains could be formed during 

their purification or storage (Thornton et a l,  2001), although this might only occur at 

very high protein concentrations (Krishnan et al,  2001).
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3.5 CIRCULAR DICHROISM AND THERMAL DENATURATION OF XRCCI 
MUTANTS

The most invariant residue in the BRCT domain family (Trp74 in XRCCI; Trp63 

in DNA ligase III), which is not located on the surface but is buried inside the domain 

(Figure 3.1) (Zhang et al, 1998), does influence the function of the domain, obliterating 

the interaction when mutated. Thus, Trp74 in XRCCI is critical for the interaction with 

DNA ligase III (Table 3.1) and substitutions of this residue possibly affect the 

heterodimer formation indirectly via changes in the secondary structure. This residue is 

located in the centre of the highly conserved hydrophobic core and is predicted to hold 

the domain structure together (Zhang et al, 1998). Circular dichroism (CD) 

measurements were employed to investigate whether substitutions of this residue affect 

the interaction with DNA ligase III directly or whether loss of binding results from 

changes in the secondary structure. CD is used to measure the optical activity of 

asymmetric molecules in solution (the preference of molecules to absorb left or right 

circularly polarised light) and to estimate the quantity of a-helices, p-sheets and random 

coils in a native protein. In the far-UV region (170-250 nm), CD reports on the secondary 

structure of a protein and changes therein and is extremely sensitive to the presence of 

aromatic residues (Figure 3.14) (Mathews and Van Holde, 1990). All tested XRCCI 

mutant proteins were subjected to spectropolarimetric measurements and their CD 

intensity was calculated. This work was done in collaboration with Dr S. Martin (NIMR, 

London). Figure 3.15 shows that the mutants produce a similar band shape and intensity 

to the wild type, which is typical for a predominantly a-helical protein (Figure 3.14) 

(Mathews and Van Holde, 1990). The two XRCCI Trp74 mutants (Figure 3.15, grey 

and brown) show a small difference in the curve shape compared to the other mutants, 

due to the absence of the aromatic Trp residue, which when present contributes to the far- 

UV CD intensity (Woody, 1994). All other slight differences are due to errors in 

determination of the protein concentration, which are less than 10 %. The magnitude of
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Figure 3.15. Far^UV CD spectra of mutant XRCCI BRCT 
domains.
Spectra were measured for XRCCI wild-type and mutant 
BRCT domains, as described in Materials and Methods. The 
wild-type CD spectrum is shown in red. Mutants are designated 
as follows:
Trp74 to Asp - grey;
Trp74 to Leu - brown;
Ile48 to Glu - blue;
Leu2 to His - yellow;
Thr30Ala31 to ArgArg - orange;
Arg23Arg27 to GluGlu - dark green;
Leu85 to His - light green;
Asp20 to Ala - black;
Glu59 to Lys - pink.
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the signal for the wild type XRCCI indicates that some 25 - 30 residues are in a helical 

conformation, which is consistent with the known structure (Zhang et a l,  1998). These 

results indicate that none of the introduced mutations have affected the secondary 

structure of the XRCCI BRCT domain, as detected by CD, and there is no significant 

unfolding of the domain structure. The results also indicate that changes of the secondary 

structure, if any, could not account for more than 5 residues (1 helical turn). This is quite 

intriguing, as some mutations, e.g. the Trp substitutions, would be predicted to prevent 

proper folding of the domain (Zhang et a l,  1998). There is a possibility that the structure 

has become distorted locally within the centrally located P-sheets, but such changes can 

not be determined by CD. The p-sheets are surrounded by three a-helices, one of which 

(a l)  forms the interacting surface, and any changes in these would be detected by the 

above measurements.

However, the CD measurements could not detect if the whole domain structure 

became more flexible without altering the secondary structure. In such case, a mutated 

protein would be less stable and unfold at a lower temperature than the wild type. Again, 

in collaboration with Dr S. Martin, thermal dénaturation measurements were performed 

with the two XRCCI Trp mutants to determine the thermal stability of these proteins. 

The proteins were heated to 90 °C and the CD intensity was monitored at 223 nm at 

regular time intervals. The results in Figure 3.16 indicate that the wild type protein 

unfolded rapidly at about 55°C, the regular secondary structure was lost, which is typical 

of the conversion of a completely folded, native protein to an unfolded, denatured state. 

Both Trp mutants showed some transition in the signal, but this transition does not 

indicate unfolding, since it was too slow and gradual compared with the transition 

observed in the wild type. It is interesting that both mutants appeared to be stable at high 

temperatures, when it had been expected that the Trp mutants would be less stable than 

the wild type and denature at lower temperatures. However, these slow transitions were 

not reversible in Trp mutants, whereas the signal for the wild-type can be reversed to the 

initial value by cooling back to the starting temperature. Non-reversibility of the signal in
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Figure 3.16. Thermal unfolding of XRCCI BRCT domain Trp74 mutants.
XRCCI wild-type and mutant BRCT domains (as indicated) were heated to 
90 °C and unfolding monitored by far-UV CD measurements at 223 nm.
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the Trp mutants indicates aggregation of the proteins. It is not clear why these proteins 

aggregate and so appear more stable than the wild type. However, taken together with the 

CD data, it seems that, there can be only limited unfolding of the domain.

Having shown that the mutation of the most conserved residue, Trp74 in XRCCI, 

did not affect the thermal unfolding properties of the mutated XRCCI protein, it was of 

interest to establish whether such a mutated protein would be more sensitive to 

proteolytic digestion. Thus, if the mutated protein were folded in a less compact way to 

the wild type, more protease-sensitive sites would be exposed and the digest would 

proceed more readily. To test this, the wild type and a mutated (Trp74 to Asp) XRCCI 

proteins were incubated with increasing amounts of trypsin. As expected, the wild-type 

XRCCI BRCT domain is highly resistant to digestion by trypsin, up to at least 50 ng 

under these conditions indicating that BRCT domain is stably and compactly folded. In 

contrast, the mutated XRCCI was ~ 20-fold more sensitive to trypsin (Figure 3.17), with 

proteolysis occurring upon addition of 2 to 5 ng trypsin and the protein completely 

degraded by 10 ng under the same conditions. This indicates that some unfolding of the 

hydrophobic core is present in the mutated form of the protein and reveals a subtle 

structural defect that was predicted from protein interaction and thermal dénaturation 

data, but was not detected by CD measurements.
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Figure 3.17. Tryptic digest of the XRCCI BRCT domain wild-type and 
Trp74 mutant proteins.
The XRCCI mutant (Trp74 to Asp) (first four lanes) and wild-type XRCCI 
(last four lanes) proteins (3 pg of each) were incubated with increasing 
amounts of trypsin, as indicated, at 37 °C for 15 min in a 15 pi reaction. 
Digests were separated by 15 % SDS-PAGE and monitored by Coomassie 
blue staining. The full-length (undigested) proteins are indicated by an 
arrow.
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CHAPTER 4

RESULTS

ANALYSIS OF POSSIBLE PROTEINrPROTEIN INTERACTIONS 
BETWEEN DNase III AND HUMAN BER ENZYMES
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DNA replication is a highly faithful process, largely due to the presence of the 

innate 3' editing domain of DNA polymerase Ô or 8, that is employed to correct mistakes 

that occur while incorporating newly synthesised residues. In contrast, poip, whose major 

role is in the gap-filling step in BER (Wilson, 1998), does not have an intrinsic 3' 

exonuclease activity. This makes pol|3 error prone, with a misincorporation frequency of 

1 in 4500 (Osheroff et a l, 1999). Furthermore, it has been estimated that there are 10 000 

hydrolytic depurination events (Nakamura and Swenberg, 1999), and -10 000 base 

damage events due to alkylation and oxidative damage, per cell per day (Lindahl, 1993). 

The error rate of polp in repairing this damage, would be inconsistent with the low 

spontaneous mutation rate observed in mammalian cells (Drake et a l, 1998). Therefore, 

some kind of DNA editing is postulated to be employed during BER, to compensate for 

the high error frequency of poip. This could possibly be achieved via the following 

strategy. It has been shown that at physiological ionic strength, DNA ligase III strongly 

discriminates against a 3' mismatch at a single-strand break (Bhagwat et a l, 1999); this 

would create enough time for an independent exonuclease to excise the misincorporated 

3' residue and allow the polymerase to insert the correct base.

The major 3' exonuclease activity in mammalian nuclear extracts is due to DNase 

III (Hoss et a l, 1999; Mazur and Perrino, 1999; Shevelev and Hubscher, 2002). 

Interestingly, this enzyme shows homology to E.coli DnaQ/MutD and the exonuclease 

domain of DNA polymerase 6, but has a unique C-terminus that does not show homology 

to any known exonucleases (Figure 4.1). It had been proposed (Hoss et a l,  1999), that 

BER by poip might employ the same method as used by E. coli Pol III holoenzyme, 

where the dnaE and dnaQ  genes encode separate proteins for polymerisation and 

proofreading, so that DNase III could be the exonuclease removing a 3' mismatched 

residue incorporated by poip during BER in mammalian cells. It had been shown that 

DNase III corrects 3' mismatches at a single-strand break in a reconstituted in vitro BER 

assay using the recombinant human proteins polp, XRCCI and DNA ligase III and had 

the necessary properties to act as an editing
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Figure 4.1. Amino acid sequence alignment of DNase III, DNA polymerase e and DNA Q/Mut D proteins.
Three exonuclease motifs are indicated, containing conserved Mg^'^-binding Asp and Glu residues. DNase III possesses a unique C- 
terminal region which may mediate protein:protein interactions.

""Subsequent to cloning and expression of the human sequence (Hoss et al ,  1999), a longer murine sequence was characterised and shown to also be present in the human gene (Mazur 
and Perrino, 1999). It is not yet clear if the 11-314 form is a truncated product or alternatively spliced isoform, but is referred to as full-length DNase 111 in the present work.
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enzyme in BER. Furthermore, it was shown that DNase III possessed biochemical 

properties expected of an editing enzyme, such as acting uni directi onally at 3' ends in a 

non-processive way on its DNA substrates and preferentially degrading single-stranded 

DNA. (Hoss et a l, 1999). In addition to DNase III, mammalian TREX2 (Three prime 

Repair EXonuclease) was identified by database searches using DNase III as a query 

sequence. The TREX2 ORE encodes an active 3' exonuclease that shows ~ 44 % amino 

acid identity to the DNase III sequence. However, DNase III contains an additional 68 

amino acids at the C-terminus that are not present in TREX2 (Mazur and Perrino, 1999) 

or other 3' exonucleases (Figure 4.1); this region of DNase III could potentially be 

involved in mediating protein:protein interactions. Sequential pair-wise protein:protein 

interactions at the site of damage are a recurrent theme in BER as opposed to other types 

of DNA excision repair, such as NER or MMR (see Introducton). Here, a number of in 

vitro techniques have been employed to investigate whether DNase III might interact 

with proteins catalysing the polymerisation/ligation steps of BER, which would support 

its putative role as the editing enzyme during BER.

4.1 INVESTIGATION OF THE INTERACTIONS BETWEEN DNase III AND 
BER PROTEINS BY IN  VITRO TECHNIQUES

At the start of this work, available antibodies against DNase III were antipeptide 

antibodies raised against synthetic peptides corresponding to regions of the human 

DNase III coding sequence. In preliminary experiments, these antibodies were found not 

to be of sufficient sensitivity or specificity for use in in vivo methods. Therefore, an in 

vitro approach was employed to investigate possible interactions between DNase IB and 

BER enzymes.
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4.1.1 Far Western analysis of DNase III interactions with BER proteins
It had proved difficult to express recombinant DNase III in soluble and active

form from E. coli (Hoss et a l, 1999). Furthermore, from gel filtration experiments, it 

appeared that native DNase III is a homodimer (Mazur and Perrino, 1999). A feasible 

way to avoid these difficulties, that could impair the detection of heterodimeric 

protein:protein interactions in in vitro systems, and to investigate possible interactions of 

DNase III with BER components was to use Far Western analysis. This technique has the 

advantage of using only small amounts of the protein under investigation, in this case 

DNase III, and amplifying a signal by radio-labelling. Far Western analysis had 

previously proved to be successful in the case of establishing a heterodimer interaction 

between the BER proteins, XRCCI and DNA ligase III (Nash et a l, 1997). Thus, DNase 

III was tested for its ability to interact with BER proteins by Far Western analysis.

Recombinant human N-terminally GST-tagged DNase III was used here in all 

investigations and henceforth DNase III' refers to this protein. Initially, it had to be 

established whether DNase III could be phosphorylated in vitro and therefore used to 

generate a probe suitable for Far Western analysis; as had been shown previously for 

XRCCI (Nash et a l, 1997), recombinant DNase III was phosphorylated by casein kinase 

II and [y-^^FJATF. Recombinant human BER proteins DNA ligase III, polp and XRCCI 

were separated by SDS-FAGE, electroblotted onto a nitrocellulose membrane, denatured/ 

renatured in decreasing concentrations of guanidine hydrochloride and incubated with the 

[^^F]-DNase III probe. It was evident that DNase III interacted with poip in these 

experiments (Figure 4.2 B, lane 3), while it did not interact with XRCCI (Figure 4.2 B, 

lane 4). A direct interaction of DNase III with poip could provide support to the 

hypothesis that DNase III has a role as an editing enzyme during BER by this 

polymerase. To investigate this observation further and to define the interacting domains 

in the polp/DNase III heterodimer, a polp construct comprised of the 8 kDa N-terminus 

(encoding the dRF lyase activity; see Introduction) was utilised. It was clear that both the 

full-length and the N-terminal region of poip were able to interact with DNase III (Figure 

4.3 B). These data would suggest that the binding of DNase III to poip is probably
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Figure 4.2. Interaction of DNase III and BER components by Far 
Western analysis using a DNase III probe.
3 pig of the full length DNA ligase III (lane 1), DNA ligase III lacking the 
BRCT domain, 6774-922 (lane 2), DNA polymerase p (lane 3) and 
XRCCI (lane 4) were subjected to 10 % SDS-PAGE, blotted and incubated 
with a p^Pj-DNase 111 probe.
(A) Coomassie stained gel of proteins used for Far Western analysis.
(B) Far Western blot using p^P]-DNase 111 probe.
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confined to this N-terminal part of polp, rather than the longer 31 kDa C-terminal 

polymerase catalytic domain. To formally prove this assumption, it would be necessary 

to test the C-terminal domain of poip under the same conditions; however, this protein 

was not readily available in recombinant form (Sobol et a l, 2000).

In the case of DNA ligase III, there are two alternatively spliced forms present in 

mammalian tissues - a shorter (p) form and a longer (a) form that differ at their C- 

termini (Wei et a l,  1995). Only the longer form of DNA ligase III interacts with 

XRCCl, via their respective C-terminal BRCT domains (Nash et al, 1997). When the 

full-length DNA ligase I lia  was tested in the Far Western assay, it was apparent that this 

protein associated weakly with DNase III (Figure 4.2 B, lane I). Furthermore, a protein 

encoded by a DNA ligase III construct that lacks the C-terminal BRCT domain also 

showed a weak interaction with DNase III (Figure 4.2 B, lane 2). Interestingly, there was 

a strong interaction with a smaller band present only in the full-length DNA ligase III 

preparation (Figure 4.2 B, lanes 1 and 2); as the full-length DNA ligase III had been 

affinity purified as an N-terminally his-tagged protein, this is most likely a truncated N- 

terminal fragment of DNA ligase III, also pointing to a possible N-terminal interaction 

site. Indeed, despite further size-fractionation of the affinity-purified proteins, small N- 

terminal fragments were present in the DNA ligase III protein preparations, with the 

DNase Ill-interacting band being unique to the full-lenth DNA ligase III protein 

preparation (Figure 4.4). To clarify the possible DNA ligase III/DNase III interaction, 

and further define any interacting domain(s) several DNA ligase III constructs were 

utilised.

The following DNA ligase III constructs were over-expressed in E. coli and the 

proteins partially purified using Ni-NTA-agarose affinity chromatography via the N- 

terminal histidine tag: DNA ligase 111(3 lacking the N-terminal Zn-finger domain 

(residues 58-862; this is equivalent to full-length DNA ligase I lia  lacking both the C- 

terminal BRCT domain and the N-terminal Zn-finger domain), the Zn-finger domain of 

DNA ligase I lia  (1-242), the BRCT domain of DNA ligase I lia  (Ô1-773), and the non-
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Figure 4.3. Interaction between DNase III and DNA polymerase p by 
Far Western analysis using a DNase III probe.
3 pg of DNA polymerase p (lane 1) and the N-terminal domain of DNA 
polymerase p (lane 2) were subjected to 10 % SDS-PAGE, blotted and 
incubated with a f^^Pj-DNase 111 probe.
(A) Coomassie stained gel of proteins used for Far Western analysis.
(B) Far Western blot using p “P]-DNase III probe.
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Figure 4.4. Analysis of N terminally tagged his DNA ligase III 
protein preparations with anti-histidine antibodies to identify 
C-terminal truncations/premature translation termination 
products.
0.1 pig (lanes 1 and 3) and 0.25 pig (lanes 2 and 4) of protein 
preparations the full length DNA ligase III (lanes 1 and 2, 
arrowed) and the fragment lacking the C-terminal BRCT domain, 
Ô774-922 (lanes 3 and 4, arrowed), were separated by 10 % SDS- 
PAGE and transferred onto a nitrocellulose membrane. N- 
terminally his-tagged protein fragments were detected by anti
histidine antibodies (Clontech).
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BRCT, alternatively spliced C-terminal domain of DNA ligase IIip (51-772) (see also 

Figure 4.10). These recombinant proteins were tested for their ability to interact with 

DNase III in the Far Western assay, as above. Surprisingly, all the DNA ligase III 

recombinant proteins tested were apparently able to interact to some extent with DNase 

III (Figure 4.5 B and D). In apparently contradicting results, both the DNA ligase III 

BRCT domain (51-773; Figure 4.5 D, lanes 5 and 6, respectively) and the non-BRCT 

alternatively spliced C-terminal domain (DNA ligase IIip 51-772) were apparently able 

to interact with DNase III. Similarly, both the DNA ligase III N- and C-terminal deletion 

(DNA ligase IIip 58-862) and N-terminal Zn-finger domain (1-242) were detected by 

DNase III (Figure 4.5 B, lanes 1 and 4, respectively). The interaction of DNase III with 

polp is shown for comparison (lane 3); note that XRCCl does not interact with the 

DNase III probe (lane 2). To eliminate the possibility of non-specific binding between 

DNase III and DNA ligase III, perhaps due to the large amounts of protein present on the 

membranes, limiting but comparable amounts of DNA ligase III proteins were loaded on 

the gel (Figure 4.6). The interaction between DNase III and the DNA ligase III fragment 

containing the BRCT domain was clearly observed even under these conditions (Figure 

4.6 B, lane 3), while only a very weak, and therefore most likely non-specific interaction, 

could now be seen for other fragments of DNA ligase III (Figure 4.6 B, lanes 1, 2 and 4). 

It was of interest to further determine the sensitivity of detection of the DNA ligase III 

BRCT domain by DNase III in the Far Western assay. Decreasing amounts of the DNA 

ligase III BRCT domain (51-773) were subjected to SDS-PAGE, blotted and incubated 

with [^^P]-DNase III to determine how the binding to DNase III would be affected (as 

indicated in Figure 4.7). The interaction was proportionately reduced but remained clear 

with decreasing of protein over a 50-fold range, and even at 0.05 p.g of DNA ligase III 

51-773 (Figure 4.7 B), the interaction with DNase III could still be detected. Thus, these 

data indicate a specific interaction between DNase III and the BRCT domain of DNA 

ligase III.
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Figure 4.5. Interaction between DNase III and DNA ligase III subdomains 
by Far Western analysis using a DNase III probe.
3 pg of DNA ligase III lacking the Zn-finger and BRCT domains, DNA ligase 
IIip 58-862 (lane 1), XRCCl (lane 2; negative control), DNA polymerase p 
(lane 3; positive control), DNA ligase III Zn-finger domain, 1-242 (lane 4), 
DNA ligase I l ia  BRCT domain, 61-773 (lane 5) and the non-BRCT 
alternatively spliced C-terminus, DNA ligase llip  61-772 (lane 6) were 
subjected to 10 % SDS-PAGE, blotted and incubated with a p^P]-DNase III 
probe.
(A and C) Coomassie stained gel of proteins used for Far Western analysis.
(B and D) Far Western blot using [^^P]-DNase III probe.
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Figure 4.6. Interaction between DNase III and limiting amounts of DNA 
ligase III subdomains by Far Western analysis using a DNase III probe.
0.5 p,g of DNA ligase III lacking the BRCT domain, Ô774-922 (lane 1), DNA 
ligase III lacking the Zn-finger and BRCT domains, DNA ligase IIip 58-862 
(lane 2), the DNA ligase I lia  BRCT domain, 61-773 (lane 3) and DNA ligase 
III Zn-finger domain, 1-242 (lane 4) were subjected to 10 % SDS-PAGE, 
blotted and incubated with a [^^P]-DNase III probe.
(A) Coomassie stained gel of proteins used for Far Western analysis.
(B) Far Western blot using p^P]-DNase III probe.
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Figure 4.7. Sensitivity of detection of DNA ligase III BRCT domain in 
Far Western analysis by a DNase III probe.
Decreasing amounts (as indicated) of DNA ligase III 61-773 were subjected 
to 10 % SDS-PAGE, blotted and incubated with a p^Pj-DNase 111 probe.
(A) Coomassie stained gel of the protein used for Far Western analysis.
(B) Far Western blot using p^P]-DNase 111 probe.
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As mentioned earlier, TREX2 shows ~ 44 % amino acid identity to DNase III, but 

lacks 68 amino acids that are present at the C-terminus of DNase III. Thus, TREX2 

could provide evidence for whether the C-terminus of DNase III is involved in 

protein:protein interactions, acting as a negative control. As with DNase III, TREX2 

could also be phosphorylated by casein kinase II and [y-̂ ^P] ATP in vitro, to be used as a 

probe in the Far Western assay. This would indicate that both proteins are 

phosphorylated by casein kinase II within their shared, catalytic domain; this doesn't 

exclude, but makes unlikely, phosphorylation of DNase III in its C-terminal domain, 

where such a modification might interfere with putative protein:protein interactions. 

TREX2 was tested for its ability to interact with BER proteins. Similarly to DNase III, 

TREX2 was able to interact with poip (Figure 4.8 B, lane l),and the DNA ligase III 

BRCT domain (81-773) (Figure 4.8 B, lane 2). Furthermore, very weak interactions were 

observed for TREX2 with (at least truncated fragment of) DNA ligase III lacking the 

BRCT domain (8774-922) (Figure 4.8, lane 4), and a full length DNA ligase III 

preparation (Figure 4.8 B, lane 6). TREX2 did not bind to XRCCl (Figure 4.8 B, lane 3), 

nor apparently to DNA ligase III lacking both the BRCT and the Zn-finger domains 

(DNA ligase IIip 58-862) (Figure 4.8 B, lane 5). Unexpectedly, these data are virtually 

identical to the results obtained for DNase III, indicating that the observed 

protein:protein interactions between DNase III and BER proteins are not confined to the 

unique C-terminal region of DNase III. Furthermore, as the obtained data for DNase 

III/TREX2 and BER proteins were the same, it can be considered that the GST tag 

present in the DNase III protein does not bind to any of BER proteins on its own; TREX2 

is not labelled and can act as a control here.

As it has been shown previously that XRCCl can be phosphorylated by casein 

kinase II and [y-^^P]ATP in vitro, and used as a probe in the Far Western assay (Nash et
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Figure 4.8. Interaction between TRËX2 and BER components by Far 
Western analysis using a TREX2 probe.
3 fxg of DNA polymerase p (lane 1), the DNA ligase I lia  BRCT domain, 61- 
773 (lane 2), XRCCl (lane 3), DNA ligase III lacking the BRCT domain, 
DNA ligase I lia  6774-922 (lane 4), DNA ligase III lacking the Zn-finger and 
BRCT domains, DNA ligase IIip 58-862 (lane 5), and the full length DNA 
ligase I l ia  (lane 6) were subjected to 10 % SDS-PAGE, blotted and 
incubated with a 1^^P|-TREX2 probe.
(A) Coomassie stained gel of proteins used for Far Western analysis.
(B) Far Western blot using [^^P|-TREX2 probe.
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Figure 4.9. Interaction of XRCCl with BER components by Far Western 
analysis using an XRCCl probe (control).
3 |xg of the full length DNA ligase III (lane 1), DNA ligase III lacking the BRCT 
domain, Ô774-922 (lane 2), DNA polymerase p (lane 3) and XRCCl (lane 4) 
were subjected to 10 % SDS-PAGE, blotted and incubated with a p^Pj-XRCCl 
probe.
(A) Coomassie stained gel of proteins used for Far Western analysis.
(B) Far Western blot using [^^Pl-XRCCl probe.
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Figure 4.10. Schematic representation of proteins used in Far Western analyses and their interaction with DNase III.
DNA ligase I lia  and its derivatives, DNA ligase 111(3 derivatives and DNA polymerase (3 are shown as grey boxes; their ability to interact 
with DNase III is indicated. The C-terminal BRCT domain of DNA ligase I lia  is indicated by diagonal stripes. The vertical line in DNA 
ligase 111(3 constructs indicates the last homologous residue with DNA ligase Ilia ; residues 844-862 in the (3 isoform constitute an 
alternatively spliced non-BRCT domain.
* Initial weak positive results were due to non-specific binding to overloaded filters and were later resolved as being negative.
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a l ,  1997), control reactions were conducted to confirm the interaction of full-length 

DNA ligase I lia  and polp (Kubota et ah, 1996; Nash et a l, 1997) with XRCCl (Figure

4.9, lanes 1 and 3, respectively). The XRCCl probe does not, similarly to DNase III, 

detect DNA ligase III lacking the BRCT domain (Ô774-922) nor XRCCl itself (Figure

4.9, lanes 2 and 4, respectively).

In summary (see Figure 4.10), a clear interaction of DNase III with poip is 

evident from the Far Western data and it was now important to confirm this finding using 

different techniques, such as co-immunoprecipitation or affinity precipitation analyses. 

Data shown here for a somewhat weaker interaction between DNase III and DNA ligase 

III initially appeared to favour the N-terminus of DNA ligase III as the interacting 

domain. However, subsequent more rigorous analyses with other DNA ligase III 

constructs implicated the C-terminal BRCT fragment of DNA ligase III in the interaction 

with DNase III.

4.1.2 Investigation of the interaction between DNase III and DNA polymerase p by 
co-immunoprecipitation

In order to confirm Far Western analysis data, DNase III was analysed for its

ability to associate with polp in a co-immunoprecipitation assay. Specific antibodies 

against polp were available, and anti peptide antibodies had been raised against synthetic 

peptides corresponding to regions of the DNase III coding sequence, suitable for in vitro 

applications (P. Robins, Mutagenesis Laboratory). Firstly, HeLa cell lysates were 

incubated with the anti-polp antibodies, to allow for the binding between these antibodies 

and possible polp/DNase III complexes. The lysates were further incubated with protein 

AJG sepharose, in an attempt to co-immunoprecipitate the complex of DNase III and 

poip. Immunoprecipitates were washed, eluted and fractionated by SDS-PAGE, followed 

by transfer to a nitrocellulose membrane. The presence of DNase III in 

immunoprecipitates was assessed using anti-DNase III antipeptide antibodies but gave no 

indication of an interaction between the two proteins (data not shown). Next, the
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Figore 4.11. Co-immunoprecipitation of DNase III and DNA 
polymerase p from Hela cell extracts with anti-DNase III antibodies.
HeLa cell lysates (-20  pig total protein) were incubated with an 
antipeptide anti-DNase III antibody and protein A/G sepharose. 
Immunoprecipitates were washed (lanes 1-4), the complex eluted with 
SDS sample buffer (lanes 5 and 6) and fractionated by SDS-PAGE, 
followed by transfer to a nitrocellulose membrane. The presence of DNA 
polymerase p in immunoprecipitates was assesed using an anti-DNA 
polymerase p polyclonal antibody. DNA polymerase p control (1 pig), 
arrowed (Lane 7).
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converse experiment was conducted, using anti-DNase III antibodies to precipitate a 

complex of DNase III and poip, and detecting the presence of poip in 

immunoprecipitates using the anti-poip polyclonal antibody (Figure 4.11). There was no 

clear confirmation that DNase III could interact with polp from these data. It was 

therefore necessary to use another method in order to validate the previous Far Western 

analyses experiments and confirm an interaction between DNase III and polp.

4.1.3 Investigation of the interaction between DNase III and DNA polymerase p by 
co-affinity precipitation assay

The interaction between DNase III and polp was identified by Far Western

analyses but attempts to confirm this by co-immunoprecipitation had failed, so further 

efforts were made to validate the observed interaction by a co-affinity precipitation 

assay. This approach was utilised due to the presence of the GST tag at the N-terminus of 

DNase III (the recombinant poip protein was not tagged), so that interaction between the 

two proteins could be analysed directly with the aid of glutathione sepharose beads. 

GST-DNase III was incubated with polp, allowing for protein complex formation, then 

DNase III and any interacting poip were recovered on glutathione sepharose 4B. After 

separation of the samples by SDS-PAGE, recovery of both proteins was analysed by 

silver staining. Figure 4.12 shows that DNase III and polp coelute, suggesting that DNase 

III is indeed able to associate with poip under these conditions (Figure 4.12, lanes 7 and 

8).

These data for polp are not as striking as the Far Western analyses, and similar 

confirmation by co-affinity precipitation of the much weaker DNA ligase III Far Western 

data was not possible. As DNase III is able to form a homodimer during purification of 

the recombinant protein (Mazur and Perrino, 1999), there is a possibility that only a 

small amount of the protein would be available for binding to another protein(s) in in 

vitro assays. The homo- vs. hetero-dimer interactions may be regulated in vivo. This
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indicates the need to utilise an in vivo system in any further examination of the possible 

involvement of DNase III in BER proteiniprotein interactions.
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Figure 4.12. Co-affinity precipitation of GST-DNase III by 
DNA polymerase p.
The result is shown for the binding between DNase III (2 |ig) 
and DNA polymerase p (2 pg) in the co-affinity precipitation 
assay. GST-DNase III was incubated with DNA polymerase p in 
the presence of BSA (lane 1) and further incubated with 
glutathione sepharose 4B beads (lane 2). Beads were washed 
four times (lanes 3-6) to remove non-specifically associated 
proteins, and BSA (69 kDa) was removed from the beads at this 
stage (lanes 1-4). Bound DNase III was eluted in 10 mM 
glutathione (lanes 7-8). Proteins were fractionated by 10 % SDS- 
PAGE. Recovery of both DNase III and DNA polymerase p was 
monitored by silver staining (indicated by arrows).
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CHAPTER 5

RESULTS

NOVEL PROTEIN:PROTEIN INTERACTIONS OF HUMAN 
DNase HI IDENTIFIED BY YEAST TWO-HYBRID ANALYSIS
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In vitro analyses of possible interactions between DNase III and BER 

components had highlighted the need to employ an in vivo approach to further investigate 

the role of DNase III. During the course of this work, a knockout mouse lacking the Exo 

II and Exo III domains of DNase III (Figure 4.1) had been generated. Although these 

mice did not show the increase in spontaneous mutation frequency, as anticipated for loss 

of a BER editing function, they did show a marked autoimmune phenotype, manifest as 

autoimmune cardiomyopathy (Dr D. Barnes and Dr M. Morita, unpublished data). Thus, 

it became important to investigate whether DNase III interacts with any other cellular 

proteins that might provide a clue as to the major role of DNase III in mammalian cells 

and/or its association with the immune system.

5.1 IDENTIFICATION OF NOVEL IN VIVO PROTEIN:PROTEIN 
INTERACTIONS OF DNase III BY YEAST TWO-HYBRID ANALYSIS

In order to pursue an in vivo approach of testing for possible proteiniprotein 

interactions between DNase III and other proteins, it was of interest to screen a human 

cDNA library. This could allow for a range of proteins to be available to DNase III for 

binding and therefore indicate possible protein interacting partners to DNase III.

5.1.1 Screening a human cDNA library in the yeast two-hybrid system
The yeast two-hybrid system takes advantage of the properties of the

Saccharomyces cerevisiae GAL4 protein, which is an eukaryotic transcriptional activator 

required for the expression of galactose utilisation genes. It consists of an N-terminal 

domain that specifically binds to DNA (the binding domain, BD) and an acidic C- 

terminal domain that recruits the transcription machinery (the activating domain, AD) 

(Fields and Song, 1989). The two domains are physically and functionally separable, and 

can be fused to different polypeptides. When a 'bait' protein fused to the DNA-BD 

interacts with a library encoded protein fused to the AD, they form a novel
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transcriptional activator which binds the GAL4-responsive upstream activating sequence 

(UAS), activating the transcription of reporter genes (Figure 5.1). The cDNA library is 

usually fused to the AD, since many proteins contain acidic residues or other domains 

that, if fused to the BD, could activate the reporter genes. Here, a variation of the two- 

hybrid system was used, where haploid yeast cells of two mating types can fuse to form 

diploid cells. The S. cerevisiae strain AH 109 is used as a mating partner of type MATa 

and contains the HIS3, ADE2, lacZ and M ELl genes under control of the GAL4 UAS 

(Table 2.3; Materials and Methods, Section 2.15). These four reporter genes allow for 

stringent selection in the library screen. The promoters that control H1S3, ADE2 and 

M ELl expression are unrelated, so that library proteins that interact with sequences 

within or flanking the UAS can be screened out by nutritional selection, eliminating false 

positives. The MELl gene produces a-galactosidase that is secreted into the periplasmic 

space and culture medium and glucose, and can be assayed directly on X-a-Gal plates, 

where positive yeast colonies turn blue. X-a-gal is different from X-gal and only detects 

the a-galactosidase, not p-galactoside activity (Aho et a l, 1997). S. cerevisiae Y 187 is 

used as the library host strain of mating type MATa (Table 2.3). Reporter genes carried 

by this strain are lacZ  and MELl. The proteins of interest are produced separately in 

haploid cells of opposite mating type and mixed together to allow for the formation of 

diploids. Activation of the reporter genes in diploid cells is triggered only if the two 

proteins of interest expressed in the haploid cells are interacting (Screening a 

Pretransformed Matchmaker Library by Yeast Mating, Clontech).

The unique C-terminal region of DNase III was chosen to act as a bait protein, to 

verify the notion that this domain of DNase III is involved in proteiniprotein interactions. 

Thus, the DNase III sequence encoding amino acids 213-314 (see Figure 4.1) was 

introduced in frame into DNA-BD vector pAS2-l (Figure 5.2) (constructed by Dr M. 

Morita); this vector is designed to use TRPl for nutritional selection. The plasmid 

containing the bait protein sequence was transformed into the AH 109 strain and
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Figure 5.1. The yeast two-hybrid principle.
The DNA-BD (amino acids 1-147) of the yeast GAL4 protein binds to the GAL UAS, upstream of the 
reporter genes. The AD (amino acids 768-881) of the GAL4 protein functions as a transcriptional activator. 
When GAL4 DNA-BD fused to a bait protein interacts with GAL4 AD-library proteins, GAL4 activity is 
restored and the expression of reporter genes is activated.
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Figure 5.2. Vectors used in yeast two-hybrid analysis.
The bait (DNase III 213-314) for the yeast two-hybrid assay was 
introduced into the pAS 2-1 vector and transformed into MATa host 
strain AH 109. pACT2 carried cDNA inserts and was transformed 
into MATa host strain Y187.
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examined for protein expression. A cell-free protein extract was separated on SDS- 

PAGE, transferred onto a nitrocellulose membrane and proteins visualized by ECL. 

Figure 5.3 shows that the protein was expressed in the host yeast cells. The bait protein 

was tested for toxic effects by comparing the growth rate of yeast cells expressing the 

DNase III protein fragment to that of cells transformed with an 'empty' DNA-BD/pAS2-1 

vector, and proved non-toxic. The bait was also tested for transcriptional activation, 

leaky HIS3 expression and mating efficiency (see Materials and Methods, Section 2.15), 

and proved to be suitable for use in yeast two-hybrid analysis. The bait was used to 

screen a human liver cDNA library, as DNase III had initially been purified from liver 

and is highly expressed in this tissue (Hoss et a l, 1999). A normal, human adult liver 

cDNA library in AD vector pACT2 (LEU2 selection; Figure 5.2) was commercially 

available, pretransformed in strain Y187. The library was estimated to have 93 % of 

colonies containing inserts, representing 3 x 10̂  independent clones, with an insert of 

size range 0.5 - 4 kb (Clontech).

The pre-transformed cDNA library and a bait culture were mated, and the 

resulting mating mix was plated onto appropriate selection media containing X-a-gal to 

directly assay for a-galactosidase. In the primary screen, a total 1.08 x 10̂  colonies were 

screened and 64 putative positive clones were isolated. All 64 clones were then re

screened for P-galactosidase activity (Materials and Methods, section 2.15) to eliminate 

some of the false positives (Figure 5.4). The 18 positive clones remaining from the latter 

assay were re-tested for their nutritional and reporter phenotypes. Sometimes library 

clones can contain more than one AD/library plasmid, but in the process of replating 

colonies on selective media, these plasmids are lost, while maintaining selective pressure 

on DNA-BD and AD vectors. One such clone was discarded here, leaving 17 clones as 

confirmed positives. Plasmid DNA was isolated from all 17 clones, cDNA inserts 

amplified by PCR using AD vector-specific primers and the products analysed on an 

agarose gel (Figure 5.5). PCR products were classified by size. Some clones were clearly 

represented more than once (e.g. 5 and 7; 12, 13 and 15), but all clones were analysed by 

DNA sequencing. Where more than one product was present within the same PCR
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Figure 5.3. The DNase III yeast two-hybrid bait 
protein is expressed in yeast cells.
DNase III 213-314 was transformed into the yeast host 
strain AH 109, A cell-free protein extract (prepared using 
the TCA method) was subjected to 10 % SDS-PAGE, 
followed by Western blottng and ECL detection. 
Expressed protein of the predicted size is indicated by an 
arrow.
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Figure 5.4. |3-Galactosidase assay of yeast two-hybrid putative positive clones.
64 positive colonies from the primary screen on X-a-gal plates were re-grown on SD/-Leu/-Trp 
plates and p-galactosidase activity measured, using X-gal as a substrate. Arrows indicate clones 
giving positive results in this assay, -t- = positive control, - = negative control (see Materials 
and Methods).
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Figure 5.5. PCR amplified cDNA inserts from putative yeast two- 
hybrid positive clones.
Plasmids were isolated from the 17 positive yeast two-hybrid colonies 
and amplified using Matchmaker 375' screening amplimers (Clontech). 
The PCR products were separated on a 1 % agarose and visualised by 
ethidium bromide staining. + = positive control plasmid, 3.5 kb 
(Clontech); - = negative control, M = À marker.
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reaction and sequencing proved difficult, the plasmid DNA from the yeast clone was 

used to transform E. coli strain KC8; this bacterial strain has a defect in leuB that can be 

complemented by LEU2 from yeast. Thus, AD-library plasmids that also contain DNA- 

BD/bait can be rescued, plasmid DNA isolated from E. coli and used for PCR and 

sequencing in the same way as yeast plasmid DNA, described above.

The nucleotide sequences obtained from the putative positives were used in 

standard BLAST searches of the nucleotide/protein database at the National Centre for 

Biotechnology Information (NCBI). Due to duplicate clones and overlapping cDNA 

sequences, 4 distinct open reading frames were identified out of the 17 clones. Two of 

these open reading frames encoded known human proteins, nucleobindin (Nuc) 

(identified from residues 1 to 64 of Nuc) and interleukin 7 receptor (IL7R) (identified 

from residues 110 to 249 of 1L7R); the other two encoded hypothetical human protein 

(accession number FLJ23399), and a polypeptide similar to the 72 kDa signal recognition 

particle (SRP72). No BER components were represented amongst these positive clones 

from a yeast two-hybrid screen that had used as bait the C-terminus of DNase III; 

putative interactions of BER proteins in the Far Western assay appeared not to involve 

this region of DNase III (see Chapter 4, section 4.1.1).

Protein interactions needed to be confirmed, firstly by re-testing in the yeast 

system, and then by another independent means. Thus, yeast host strains were switched, 

and the four cDNA inserts of interest in the AD vector, as well as the 'empty' AD plasmid 

alone, were re-transformed, not into Y187, but into the host strain AH 109 (originally 

used as the host for the DNA-BD/bait). The BD vector containing the bait or an unrelated 

protein (lamin C), together with the 'empty' DNA-BD plasmid were transformed into the 

host strain Y 187. The bait used in the initial library screen had been the C-terminal 

domain of DNase III. To confirm the specificity of the observed yeast two-hybrid 

interactions, it would be desirable to use the full-length DNase III in the re-testing of the 

various positive interacting clones. However, the full-length was very poorly expressed
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Figure 5.6. Yeast mating strategy to verify yeast two-hybrid protein interactions 
(adapted from Pretransformed Matchmaker Libraries User Manual, Clontech).
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Figure 5.7. p-Galactosldase assay to verify yeast two- 
hybrid protein:protein interactions.
The four different positive clones from the yeast two-hybrid 
screen were re-tested by switching the yeast hosts (see Figure 
5.6). P galactosidase activity was measured for the resulting 
diploids, using X-gal as a substrate.
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in yeast in contrast to the C-terminal fragment of DNase III (data not shown), and thus 

could not be used as a control, so the re-testing was done with the C-terminus of DNase 

III as bait once again. The mating procedure and the selection of positive clones was 

repeated (Figure 5.6) as described above for the primary screen, including the P-gal 

assay. As a result of the pair-wise mating, all 4 clones were confirmed as true positives 

(Figure 5.7).

5.1.2 Confirmation of yeast two-hybrid interacting proteins by co- 
immunoprecipitation of in vitro translated clones

An in vitro co-immunoprecipitation analysis was employed to independently 

verify the interactions between the C-terminus of DNase III and the four proteins 

detected in the yeast two-hybrid screen (Figure 5.8). In vitro translation and labeling, in 

order to monitor interacting proteins in a co-immunoprecipitation assay is compatible 

with the yeast two-hybrid system and, over the years, this approach has been established 

as a common way of confirming yeast two-hybrid data. This allows for the convenient 

verification of the previously obtained results, without the necessity of expressing and 

purifying recombinant proteins in significant amounts. The four library inserts to be 

tested, and the bait protein, were amplified by PCR. The T7 promoters, and also a c-myc 

epitope tag in the case of DNase III, were introduced within sense PCR primers. The 

library inserts already had an HA epitope tag as a part of the AD vector. Both T7 

promoter and epitope tags were located downstream of the GAL4 coding sequences, so 

that the inserts and the bait protein were transcribed without their GAL4 domains. As a 

result, the interaction detected in a co-immunoprecipitation assay is specific to the insert 

and the bait. The resulting PCR products were transcribed and translated in vitro in rabbit 

reticulocyte lysates supplemented with [^^S]methionine, and were visualized via 

autoradiography. The C-terminal fragment of DNase III was not efficiently translated in 

this system but the full-length DNase III was very effectively translated (see later; Figure 

5.10 A, lanes 2 and 5) and could now be used in further tests.
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Figure 5.8. Schematic representation of constructs used for in vitro translation of proteins utilised 
in co-immunoprecipitation experiments.
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Two of the four interacting proteins that had been identified in the yeast two- 

hybrid screen were not expressed in the in vitro transcription/translation system and 

yielded no radio-labelled protein. Closer inspection was made of the open reading frame 

(ORF) corresponding to the hypothetical FLJ23399 protein and the protein similar to 

human SRP72. Were the first ORF indeed encoding a protein, then the initial ATG codon 

would be preceeded by an in-frame stop codon such that an AD fusion would not have 

been expressed in the yeast two-hybrid system. The homology of the second ORF to 

SRP72 was in fact limited and stopped abruptly after what appeared to be a short spliced 

exon and the rest of the sequence had no homology matches in the databases. Thus, both 

these clones appeared to be out of frame and thus fortuitous 'hits' in the yeast two-hybrid 

system. As they clearly represented rearranged or incompletely spliced cDNAs, these 

two clones were now discarded from further analyses.

The remaining two DNase Ill-interacting proteins from the yeast two-hybrid 

screen, namely nucleobindin (Nuc) and interleukin 7 receptor (IL7R), together with 

DNase III itself, were transcribed and translated in vitro and then used in co- 

immunoprecipitation analyses (Matchmaker Co-IP Kit, Clontech). Nuc and IL7R were 

HA epitope tagged, and DNase III c-myc tagged, at their N-termini. Pairs of proteins 

were incubated as indicated (Figure 5.9) together with polyclonal HA antibody, followed 

by incubation with protein A beads. The beads were washed extensively to remove non- 

specifically associated proteins prior to the elution immune complexes. Eluted HA- 

tagged proteins, together with only co-eluting protein, were separated by SDS-PAGE and 

proteins detected by autoradiography. Figure 5.9 indicates that there is a weak 

association of both Nuc and IL7R with DNase III under these conditions. C-myc tagged 

murine p53 and HA tagged SV40 large T antigen protein were provided by the 

manufacturer as positive controls; they interact in the co-immunoprecipitation assay in 

vitro and in the yeast two-hybrid screen in vivo (Clontech). Given the tendencies of 

DNase III to form homodimers in solution, relevant pair-wise combinations were co

translated to allow maximum opportunity for the formation of heterodimeric protein
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Figure 5.9. Co-immunoprecipitation of in vitro translated HA Nuc 
and HA-IL7R with c-myc-DNase III.
In vitro translation products of HA-IL7R (lane 4) and HA-Nue (lane 
5) were mixed with in vitro translated c-myc-DNase III (lane 3), 
incubated with HA antibody and protein A beads. The beads were 
washed and complexes eluted. After elution, aliquots of the 
immunoprecipitates were subjected to 10 % SDS-PAGE and analysed 
by autoradiography. Lane 1: c-myc-DNase III + HA-IL7R; lane 2: c- 
myc-DNase III + HA-Nuc; lane 6: c-myc-p53 + HA T antigen; lane 
7: HA T antigen; lane 8: c-myc-p53.
^^S methionine was included in the translation reaction to yield 
radioactively labeled proteins.
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complexes. C-myc-DNase III was co-translated with either HA-Nuc or HA-IL7R 

yielding radioactively labeled proteins (Figure 5.10 A) that were then used in the co- 

immunoprecipitation assay. There was once again a very weak interaction between 

DNase III and Nuc (Figure 5.10 B, lane 3), while DNase III and IL7R did not apparently 

interact (Figure 5.10 B, lane 6). In order to confirm the interaction between Nuc and 

DNase III, the assay was repeated in reverse, using c-myc antibodies against c-myc- 

DNase III and looking for co-immunoprecipitation of HA-Nuc (Figure 5.11). However, 

the DNase III-Nuc interaction was not reproduced; it seems that binding of the antibody 

to the c-myc tag might block the interaction with other proteins. Furthermore, 

introducing the c-myc antibodies into the co-immunoprecipitation assay presented further 

difficulties, with a problem of recognition between the c-myc antibody and the tag on the 

DNase III protein, since the assays performed using this antibody and c-myc DNase III 

have consistently shown very weak signals (data not shown).

The observed co-immunoprecipitation of DNase III with HA-Nuc by HA 

antibodies here, supports the yeast two-hybrid data and validates the interaction at least 

between DNase III and Nuc, if not DNase III and IL7R. The significance of such 

protein:protein interactions in vivo to the functioning of DNase III is considered in more 

detail later (see Discussion).
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Figure 5.10. Co-immunoprecipitation of in vitro co-translated HA-Nuc/c- 
myc-DNase III and HA-IL7R/c-myc-DNaseIII.
(A) In vitro translation and co-translation products: no DNA present (lane 1), 
c-myc-DNase III (lanes 2 and 5), HA-Nuc (lane 3), c-myc-DNase III/HA- 
Nuc (lane 4), HA-IL7R (lane 6) and c-myc-DNase III/IL7R (lane 7).
(B) Translation and co-translation products were incubated with HA antibody 
and protein A beads. The beads were washed and complexes eluted. After 
elution, aliquots of the immunoprecipitates were subjected to 10 % SDS- 
PAGE and analysed by autoradiography. Lanes 1 and 4: c-myc-DNase III; 
lane 2: HA-Nuc; lane 3: c-myc-DNase III/HA-Nuc; lane 5: HA-IL7R; lane 6: 
c-myc-DNase III/HA-IL7R.
3^S methionine was included in the translation reaction to yield radioactively 
labeled proteins.



kDa

97-

66  -

46-

30-

Figure 5.11. Co-immunoprecipitation of in vitro co-translated HA 
Nuc/c-myc-DNase IH.
In vitro co-translation products of HA-Nuc/c-myc-DNase III were 
incubated with either c-myc antibody (lanes 1-3) or HA antibody 
(lanes 4-6) and protein A beads. The beads were washed and 
complexes eluted. After elution, aliquots of the immunoprecipitates 
were subjected to 10 % SDS-PAGE and analysed by autoradiography. 
Lanes 1 and 4: c-myc-DNase III; lanes 2 and 5: HA-Nuc; lanes 3 and 
6: c-myc-DNase III/HA-Nuc.
^^S methionine was included in the translation reaction to yield 
radioactively labeled proteins.
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CHAPTER 6 

DISCUSSION
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Maintenance of the integrity of genetic information is a challenge for living 

organisms. Their genomes encode information for the production of proteins, including 

many that serve to maintain the DNA itself. The processes of DNA repair employ 

numerous such proteins whose efficient function depends on interactions with each other. 

These repair proteins are constantly monitoring the DNA for lesions that could have 

deleterious effects if left unrepaired. Many proteins involved in DNA repair have been 

identified and characterised, and enzymatic defects correlated with various human 

diseases, including cancer. Therefore, to understand DNA repair pathways, it is 

important to unravel how different protein:protein interactions are executed within the 

cell and identify protein domains involved in these interactions. Computational methods 

are often useful in the preliminary identification of protein partners and modelling the 

way in which they interact. However, such predictions must be validated by structural 

and biochemical characterisation. The necessity of testing and verifying a determined 

crystal structure has been repeatedly demonstrated e.g. in the recent case of the anti- 

apoptotic protein, survivin. The X-ray crystal structure had been resolved by three 

independent research groups but, although all three reported that survivin is a 

homodimer, two different dimer interfaces were described (Shi, 2000). This report 

exemplifies the importance of following up structural studies with site-specific 

mutagenesis experiments, in order to obtain a meaningful interpretation of the protein 

domains, their interaction surfaces and the multimeric protein's function.

At the outset of this project, I started to analyse the role of protein:protein 

interactions in co-ordinating BER. This included BRCT domains, which are interaction 

motifs found in a number of repair proteins, where they modulate protein:protein 

interactions. Furthermore, the interaction of the BER proteins, DNA ligase III and 

XRCCl, was the first example of a functional interaction between BRCT modules (Nash 

et a l, 1997). At the start of this project, the 3D crystal structure of an XRCCl BRCT 

domain had been solved and was the only determined BRCT domain structure. However,
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it had not been verified by site-specific mutagenesis. Furthermore, the structure was 

solved for an XRCCl homodimer, but identified conserved elements that might also 

mediate the heterodimer interaction of XRCCl and its in vivo protein partner, DNA 

ligase III (Zhang et a l, 1998). To verify the validity of the XRCCl BRCT domain 

structure, targeted mutations were tested in the XRCCl-DNA ligase III model system.

The reported XRCCl BRCT structure comprised a four-stranded parallel |3-sheet 

surrounded by three a-helices, helices a l  and a3 containing conserved residues 

proposed to contribute to the BRCT protein fold. The a l  helix and N-terminus were 

predicted to form the XRCCl BRCT homodimer interaction surface; these regions are 

the most highly conserved between XRCCl and DNA ligase III. In order to investigate 

the significance of the residues inferred from the XRCCl BRCT domain structure to be 

involved in mediating surface interactions at the homodimer interface, a number of such 

residues have been targeted here by site-specific mutagenesis. Based on the XRCCl 

crystal structure and amino acid sequence homologies, a 3D model of the DNA ligase III 

BRCT domain has also been constructed and similarly validated by site-specific 

mutagenesis. The effects of mutated residues in both proteins on the XRCCl-DNA ligase 

III heterodimer interaction were assessed in a co-affinity precipitation assay. Data 

indicate that the predicted heterodimer interaction interface seems to be correct; when 

mutated, the critical residues expected to be involved in these interactions abolish the 

XRCCl-DNA ligase III heterodimer interaction. Thus, key residues revealed in the 

XRCCl homodimer structure are conserved in the XRCCl-DNA ligase III model and 

had analogous effects on heterodimer formation when mutated in either protein. As in the 

XRCCl homodimer, the XRCCl-DNA ligase III interaction is apparently co-ordinated 

by salt-bridges and key hydrophobic interactions across the a l - a l  BRCT interface. More 

recently, the crystal structure of the DNA ligase III BRCT domain has been reported 

(Krishnan et a l, 2001). This structure agrees with the proposed model DNA ligase III 

BRCT structure described here. There are three main differences between this BRCT 

domain and that of XRCCl; the DNA ligase III BRCT domain lacks ten residues
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comprising the a2  helix, is nine residues longer at the N-terminus and eight residues 

shorter at the C-terminus (Krishnan et a l, 2001; Thornton et a l, 2001).

The most highly conserved (Trp) residue in primary sequence alignments of 

BRCT domains is not located on the surface, as might be expected, but is buried inside 

the hydrophobic fold, where it influences the domain structure and function. In the 3D 

structure of the XRCCl domain, the conserved hydrophobic clusters that constitute the 

BRCT sequence motif form the core p-sheet, C-terminal region and a3 helix that are 

critical to the overall BRCT fold. Trp74 (in a3) was proposed to be a key residue 

essential to the correct folding of this hydrophobic core (Zhang et a l, 1998; Huyton et 

a l,  2000). Here, substitutions of this residue in XRCCl abolished the XRCCl-DNA 

ligase III heterodimer interaction. Surprisingly, Caldecott and colleagues reported that 

Trp74 in XRCCl was dispensable for the XRCCl-DNA ligase III interaction, while a 

region comprising residues 36-55 was apparently essential for the heterodimer (Taylor et 

a l, 1998). These contradictory data could be due to the very low protein concentrations 

used in the Taylor et a l study (100-fold lower) compared to the assay conditions here. 

Furthermore, Cosman and colleagues reported that at relatively low concentrations, both 

XRCCl BRCT and DNA ligase III BRCT domains can form homodimers, while at high 

concentrations, they may form tetramers or even higher-order aggregates. However, at 

lower concentrations, as here, the heterodimer appeared to be favoured, and this group 

confirmed, using size-exclusion chromatography, dynamic light scattering and NMR 

measurements, residues that were also mutated here to be contributing to the dimer 

interface (Krishnan et a l, 2001). There is no evidence of a DNA ligase III homodimer 

forming under the assay conditions used here (Nash et a l, 1997). However, the low 

recovery of XRCCl protein in XRCCl-DNA ligase III heterodimers, has been proposed 

to be due to the formation of an XRCCl homodimer that is unavailable for binding to the 

affinity matrix. Thus, whilst it could be speculated that a heterodimeric complex, 

consisting of two XRCCl-DNA ligase III homodimers might also be formed, it seems 

unlikely that this would be detected in the assays here.
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Substitutions of the Trp74 residue in XRCCl here disrupted the interaction 

between XRCCl and DNA ligase III, presumably through changes in secondary 

structure; this was tested directly by biophysical techniques. Surprisingly, CD 

measurements did not detect any changes in helical structure in XRCCl Trp74 mutants. 

Although there was apparently no major disruption of the three a-helices, one of which 

(a l)  forms the dimer interface, it was still possible that the BRCT structure had become 

distorted within the centrally located ^-sheets, as such changes would not be detected by 

far-UV CD measurements. Substitution of the Trp residue did alter the thermal unfolding 

properties of the mutant XRCCl proteins; the wild-type protein showed a major and 

reversible loss of a-helicity on heating, whereas the Trp mutants did not. Initially, the 

structure of BRCT domain mutants appeared to be more rigid and compact, but thermal 

dénaturation caused an irreversible change of the structure. Furthermore, the Trp mutant 

protein was 20-fold more sensitive than the wild-type to proteolytic digestion by trypsin, 

suggesting that the fold of this mutant is, in fact, less compact. Taken together with the 

CD data, it seems that substitutions of the conserved Trp residue cause subtle changes in 

folding of the hydrophobic core, which render the domain unable to interact with other 

proteins.

As BRCT domains are found in numerous proteins that may participate in 

multiple pathways, it remains a possibility that particular BRCT domains may afford 

other protein:protein interaction sites, in addition to the interface first identified from the 

XRCCl homodimer (Zhang et a l, 1998). An alternative crystal form for the XRCCl 

homodimer has since been identified (Huyton et a i, 2000), showing an additional 

packing arrangement formed through the c l and c3 surface loops. A mutation predicted 

to disrupt this second XRCCl interface (in the surface loop c l) had no effect on binding 

to DNA ligase III. It has been shown here that the originally identified interaction surface 

in the XRCCl homodimer mediates the a l - a l  XRCCl-DNA ligase III heterodimer 

interface. The secondary interface may be involved in additional protein:protein contacts 

with at present unknown partners, or interactions between BRCT duplicates and tandem
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BRCT repeats (Huyton et a l, 2000). Tandem BRCT domains have been shown to bind 

directly to DNA strand breaks (Yamane et al, 2000); this is unlikely to be important to 

XRCCl-DNA ligase III, where both proteins can bind DNA through non-BRCT domains 

(Mackey et a l, 1999; Marintchev et a l, 1999).

Many proteins containing BRCT domains have been shown to interact with 

specific protein partners and these may occur through homo/hetero BRCT-BRCT or 

BRCT-nonBRCT interactions. Here, a heterodimeric BRCT-BRCT interface mediating 

the interaction of the XRCCl-DNA ligase III DNA repair proteins has been identified. 

Generally, there is limited primary amino acid sequence conservation between BRCT 

family members, although this is more significant between XRCCl and DNA ligase III, 

especially of residues contributing to the heterodimer interface (Huyton et a l, 2000). 

This suggests additional evolutionary constraints on the BRCT fold to preserve a 

functional BRCT-BRCT interaction of XRCCl-DNA ligase III, as the heterodimer is 

required in BER (Caldecott et a l, 1994; Nash et a l, 1997; Lindahl and Wood, 1999). 

More recently, Joo et a l reported, using crystallographic and mutagenesis analyses, how 

BRCT domains function in the protein:protein interaction of 53BPl-p53 and also a 

BRCAl tandem-BRCT region. Both 53BP1 and BRCAl show a packing arrangement of 

tandem-BRCT domains that also involves inter-BRCT regions in protein:protein 

interactions (Joo et a l, 2002). It has been suggested that such BRCT-containing proteins 

have acquired specificity for interacting with different proteins by retaining the overall 

fold, but evolving different amino acids in other structurally conserved regions or 

insertions between the BRCT repeats (Joo et a l, 2002).

Modelling/mutagenesis based on the XRCCl BRCT domain and now additional 

available structures may allow a more detailed characterisation of BRCT modules 

mediating other protein:protein interactions. CD and thermal dénaturation studies 

performed here have provided more information about the BRCT domain, which could 

not have been deduced from its primary sequence. This has advanced our understanding 

of the way in which BRCT domains function and operate. These domains seem to be of 

crucial importance in mediating proteiniprotein interactions within various cellular
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pathways that maintain the integrity of the genome. Therefore, identifying and 

understanding the roles of BRCT domains is important to elucidate the way in which 

DNA repair processes and cell cycle control are regulated and co-ordinated in the cell to 

prevent carcinogenesis (Li et a l, 1999).

As pair-wise proteiniprotein interactions are a recurrent theme in BER, I 

continued to explore this and turned my attention to another such interaction postulated 

during the course of this work. Preliminary biochemical data in our laboratory had 

indicated a potential role for DNase III and the possibility that it might be involved in 

BER, which would be confirmed by showing interaction with a BER protein(s). DNase 

III was originally identified as a major exonuclease activity isolated from rabbit cell 

nuclei and was shown to be present in a wide range of tissues (Lindahl et a l, 1969). 

Although there are other proteins with 3' exonuclease activity in human cell nuclei, e.g. 

hM rell (Pauli and Gellert, 1998), WRN (Kamath-Loeb et a l, 1998), p53 (Janus et a l, 

1999), it seems that the major such activity in mammalian nuclear extracts is due to 

DNase III (Hoss et a l, 1999; Mazur and Perrino, 1999; Mazur and Perrino, 2001a). 

DNase III degrades mainly single-stranded ends in double strand DNA, unidirectionally 

in a non-processive manner from the 3' terminus. It is required for accurate rejoining of a 

3' mismatched residue during BER in vitro, as shown by a reconstituted assay using 

purified poip, XRCCl-DNA ligase III and a double-stranded oligonucleotide substrate 

with a 3' mismatch at a single-strand break (Hoss et a l, 1999). Furthermore, at 

physiological ionic strength, DNA ligase III strongly discriminates against a 3' mispair at 

the single-strand DNA break, allowing a pause during which the insertion of a correct 

base could be executed (Bhagwat et a l, 1999).

Database searches using the amino acid sequence of the human DNase III 

revealed homology to exonuclease motifs of other proteins. Weak homology was found 

with the 3' exonuclease domain of pole, and this was restricted to the three conserved 

sequence motifs essential for exonuclease activity (Blanco et a l, 1992). The three 

exonuclease domains are characterised by the presence of conserved negatively charged 

Asp and Glu residues that are involved in binding of Mg^  ̂ions. A stronger homology
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was exhibited with the bacterial DnaQ/MutD protein, where it was not limited only to the 

three exonuclease motifs but also extended throughout the DnaQ/MutD protein. The 

DnaQ/MutD protein in E. coli fulfils the role of exonucleolytic editing in conjunction 

with the replicative polymerase encoded by the dnaE gene (Scheuermann and Echols, 

1984). Furthermore, the C-terminus of Mycobacterium tuberculosis DnaQ protein 

contains a BRCT domain, probably involved in proteiniprotein interactions (Aravind et 

a l,  1999). Interestingly, the C-terminus of DNase III extends beyond the region of 

homology with bacterial DnaQ and eukaryotic pole. This could indicate that the C- 

terminus of DNase III might be involved in such protein interactions. These 

observations, together with the consideration that polp does not have an intrinsic editing 

potential, would mean that DNase III might be employed as an editing exonuclease 

during BER, a function that might be achieved by interacting with BER components.

To investigate this theory, analysis was made of any protein:protein interactions 

between DNase III and BER proteins. Far Western analysis detected direct binding 

between DNase III and poip (Figure 6.1) indicating that the two proteins interact in vitro. 

The site of interaction in polp appeared to be confined to its N-terminal non-catalytic 

domain. Co-affinity precipitation analysis indicating a weak interaction between polp 

and GST-tagged DNase III, apparently confirms the Far Western data. Native DNase III 

is a homodimer, as is the purified recombinant protein, and this could represent an 

additional difficulty during purification and subsequent analysis of this protein (Hoss et 

a l,  1999) (Mazur and Perrino, 1999). If DNase III is forming homodimers in solution, 

this could mask domains for potential interactions with other proteins. Thus, DNase III 

would not be accessible to other feasible protein partners and the competition for DNase 

III binding would be increased in in vitro systems. This might explain the relatively 

strong interaction of DNase III with polp detected by the Far Western technique, where 

initial protein dénaturation would disrupt a DNase III homodimer, making the monomer 

more available for interaction with polp. Another component of BER, DNA ligase III, 

emerged as a potential interacting protein partner of DNase III by Far Western analysis.
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Figure 6.1. Protein:protein interactions investigated in this study.
DNase III apparently interacts with the BER protein poip by Far Western and 
co-affinity precipitation analysis, a role that may be redundant with the 3’-> 5’ 
exonuclease of APEl. A putative interaction with DNA ligase III by Far Western 
analysis could not be confirmed (Chapter 4). DNase III also appears to have a role in, 
or affecting, the immune system via interaction with Nucleobindin (and more weakly 
with IL7R), as established by yeast two-hybrid analysis and co-immunoprecipitation 
of in virm-translated positive clones (Chapter 5). The BRCT-BRCT surface 
interactions co-ordinating the XRCCl-DNA ligase III heterodimer were also 
identified here (Chapter 3).
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interaction apparently occurring via the C-terminus of DNA ligase III, but this much 

weaker interaction could not be substantiated by other in vitro assays and is not likely to 

be relevant. Interaction of DNase III with polp supports the hypothesis that DNase III 

could be employed as an editing enzyme during polp mediated BER, increasing the 

accuracy of this process.

During the course of this work, a second major 3' exonuclease activity was 

purified from mammalian cells. This protein, TREX2, shows ~ 44 % amino acid identity 

to DNase III, but is lacking 68 residues present at the C-terminus of DNase III. TREX2 is 

also ubiquitously expressed in all tissues examined and its activity might be required in 

DNA repair pathways, as indicated by its specificity for mispaired 3' termini of several 

nucleotides within a partial duplex structure; this is virtually the same as the specificity 

of DNase III (Mazur and Perrino, 2001b). Considering that TREX2 does not have the 

unique C-terminal sequence and putative protein:protein interaction domain present in 

DNase III, it might not be expected to interact with poip, as did DNase III. However, the 

data obtained for TREX2 were identical to those obtained for the interaction of DNase III 

with BER proteins, indicating apparent interaction of TREX2 with poip. This is rather 

intriguing, as it indicates that interaction with poip is not mediated via the unique C- 

terminus of DNase III, while the exonucleolytic motifs span most of the homologous 

sequences of DNase III and TREX2. This might indicate that the binding of both 3' 

exonucleases to poip is non-specific. Alternatively, a short stretch of residues may co

ordinate interaction of either protein with poip.

Thus, interaction between DNase III and polp has been indicated by in vitro data 

that also suggest a functional redundancy of DNase III and TREX2 in this capacity. 

Editing during BER would appear to be necessary, considering the error rate of poip, to 

maintain a low mutation frequency. By removing mismatched, fragmented and modified 

nucleotides, 3'—>5' exonucleases generate appropriate 3' ends for further DNA synthesis. 

This contributes to the maintenance of genome stability. In recent years, several human 

proteins with 3' exonuclease activity have been identified: p53 (tumor suppressor
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protein), M REll (role in recombination), WRN (helicase), RADI and RAD9 (human 

homologues of yeast RADI and RAD9). This might, together with the in vitro data 

obtained here, indicate a possible redundancy of proteins that are involved in DNA 

editing during BER. These proteins were originally identified due to the genomic 

instabilities they cause and were not purified as exonucleases; such an activity was only 

identified later, in vitro, for the recombinant proteins. However, when the major 3' 

exonuclease was isolated from mammalian cell nuclei, it was due to DNase III rather 

than the proteins mentioned above. It has been speculated that the exonuclease function 

of the p53 protein might enhance the accuracy of poip during BER, as p53 was shown 

recently to be required in a reconstituted BER pathway (Janus et a l,  1999). Most 

compelling, however, is a very recent study on APEl, reporting on the 3' exonuclease 

activity of this enzyme that is specific for mismatches at the 3' ends of nicked or gapped 

DNA (Chou and Cheng, 2002). Therefore, in an in vitro system, APEl can increase 

fidelity during BER, establishing this enzyme as a prime candidate editing enzyme for 

polp in BER. The reason for this is two-fold: firstly, APEl interacts directly with 

XRCCl (Vidal et al., 2001), positioning APEl at the correct place for the exonucleolytic 

proofreading during BER; and secondly, APEl discriminates against a mismatch 

directly, whereas DNase III would have to rely on the pausing of DNA ligase III to 

achieve this discrimination (Bhagwat et a l, 1999). Thus, the original idea that an 

exonuclease is necessary for DNA editing during BER is correct, but it seems that DNase 

III is not the prime candidate for such a function. This is further emphasised by the 

DNase III null mouse model that shows no increase in spontaneous mutation frequency 

(Dr M. Morita and Dr D. Barnes, Mutagenesis Laboratory, unpublished data).

DNase III is a ubiquitous enzyme that may be involved in other pathways besides 

BER. Thus, attempts were now made to obtain insights into relationships of DNase III 

with any other protein partners that could indicate its function in the cell. This was 

addressed by utilising a yeast two-hybrid system, as an in vivo approach that could 

overcome problems encountered with in vitro systems, such as homodimerisation of 

DNase III or its possible post-translational regulation. Two positive clones were
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identified in a screen of >10^ events by their ability to associate with the C-terminus of 

DNase III when re-tested in a pair-wise yeast two-hybrid system. These two clones were 

identified as interleukin 7 receptor (IL7R) and nucleobindin (Nuc). The interaction of 

DNase III with Nuc, but only weakly with IL7R, was apparently confirmed by co- 

immunoprecipitation of in vitro co-translated proteins.

IL7R is a cytokine receptor in T cells with a crucial role in early development of 

T and subsequently B cells. IL7R is a heterodimer of an IL7Ra chain and a common 

cytokine receptor y chain. The a  chain is essential for development of thymocytes, while 

mutations that stop the expression of either a  or y chain cause severe combined 

immunodeficiency (Crompton et a l, 1998). Nuc, a 55 kDa DNA- and Ca^^-binding 

protein, was originally identified as a protein that enhances production of anti-dsDNA 

antibodies in lupus-prone mice, thus inducing autoimmunity (Miura et a l,  1992). 

Production of autoantibodies against cellular components is the hallmark of autoimmune 

diseases such as systemic lupus erythematosis (SLE) (Marshall, 2002). The physiological 

role of Nuc is still poorly understood. Since Nuc cannot be detected in the sera of normal 

mice, it was suggested that induction of Nuc secretion indicates underlying pathological 

problems, that lead to the production of anti-DNA antibodies (Miura et a l, 1996). This 

has recently been shown to occur due to the activation and expansion of peripheral T 

cells (Kubota et a l, 2001). Nuc is localised in cytosolic fractions, mainly in the Golgi 

apparatus and also the endoplasmic reticulum, although it has been reported to also be 

found in the nucleus. Thus, protein:protein interactions revealed in this study apparently 

implicate DNase III, either directly or indirectly, in the immune system. The connection 

of DNase III to the immune system is consistent with the phenotype of DNase III  ̂ mice 

where ~ 30 % die from 5-50 weeks with inflammatory myocarditis. This disease leads to 

hypertrophy of the heart and circulatory failure. Involvement of the immune system here 

is still not clear, but it is possible that DNase IIT'‘ mice have an increased susceptibility to 

a provoking antigen, and/or loss of immune function(s) due to DNase III deficiency (Dr 

M. Morita and Dr D. Barnes, Mutagenesis Laboratory, unpublished data).
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There are several scenarios whereby DNase III could affect the immune system. 

Nuc shows homology to another multifunctional Ca^^- and DNA-binding protein, 

Calreticulin (CRT), and SLE patients also produce autoantibodies against CRT (reviewed 

in (Johnson et a l, 2001)). CRT is located in the endoplasmic reticulum, but it has been 

reported recently that CRT mediates nuclear export of a large family of nuclear receptors, 

e.g. glucocorticoid receptor, via protein:protein interactions; CRT interacts with the 

DNA-binding domain of glucocorticoid receptor (Holaska et a l, 2001). Could it be 

possible that Nuc is similarly employed in the transport/chaperoning of proteins such as 

DNase III from the nucleus to other locations in the cell via protein:protein interactions? 

DNase III monomer could cross the nuclear membrane passively but it normally occurs 

as a dimer, which would be retained without active transport. It can be speculated that 

upon binding to Ca^ ,̂ Nuc undergoes a conformational change that makes it competent 

for specific interactions. To establish this, it would be necessary first to determine the 

cellular localisation of DNase III by, for instance, immunostaining, followed by closer 

inspection of the DNase III/Nuc association, defining interaction sites. There is a 

precedent for such a model in granzyme A (GzmA). It has been reported that GzmA, an 

enzyme abundant in cytotoxic T and natural killer cells, activates a novel DNase that 

causes single-stranded DNA nicks, inducing programmed cell death. GzmA could 

achieve this by facilitating nuclear translocation, phosphorylation, or inactivation of 

DNase inhibitors (Beresford et a l, 2001). This example could suggest a similar role for 

the Nuc and DNase III association during apoptosis of particular lymphocyte lineages. 

Interestingly, blocked development of peripheral T cells in IL7R mutant mice can be 

rescued by over-expression of the mitochondrial membrane-associated antiapoptotic 

protein Bcl-2 (Akashi et a l, 1997). Thus, DNase III might be implicated in degrading 

DNA fragments during apoptosis.

Such a role of DNase III in DNA degradation, indirectly affecting the immune 

system, would be similar to that of DNase I. DNase I is a major lysosomal nuclease 

found in serum, urine and secreta. It has been implicated in degrading DNA and clearing 

nuclear DNA-protein complexes following cell death, thus preventing expansion of anti-
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nuclear antibodies that contribute to SLE. DNase I-deficient mice show the presence of 

anti-DNA antibodies and classical symptoms of SLE patients (Yasutomo et a l, 2001). 

This direct connection between low activity of DNase I and progression of human SLE is 

further reinforced by the identification of DNase I mutations in some patients (Napirei et 

a l, 2000). In order to further explore these possible models of DNase III function, it is 

important to first follow up the findings here and verify the nature of the observed 

protein interactions. Expressing or co-expressing tagged proteins in eukaryotic cells, 

obtaining recombinant proteins and antibodies, and testing them for instance, in co

affinity or co-immunoprecipitation analyses, could confirm initial data obtained here. 

This would then provide the tools to examine how these interactions directly affect the 

efficient functioning of the immune system, or indirectly provoke an adverse immune 

response, which will be elucidated by further investigation of a DNase III null mouse 

model (Dr M. Morita and Dr D. Barnes, Mutagenesis Laboratory; unpublished data).

In conclusion, DNA repair processes employ numerous proteins whose efficient 

function depends on interactions with each other. Identifying proteiniprotein interactions, 

and determining their functional consequences, represents one of the crucial means of 

understanding the way(s) in which a protein operates within the cell. A notable feature in 

the field of DNA repair in recent years has been an emerging understanding of the co

ordination of DNA repair pathways, and their interplay with other metabolic pathways in 

mammalian cells. BER is the major pathway that corrects endogenous DNA damage and 

is mediated by sequential pair-wise protein interactions. Various biochemical and in vitro 

studies have been employed here, supported by in vivo approaches such as the yeast two- 

hybrid system, and mouse gene knockouts, to elucidate the contribution of different 

protein:protein interactions within this pathway. The work described here has also 

exemplified both the functional overlap between DNA repair pathways and other 

systems, in particular the immune system and how this may be achieved via 

protein:protein interactions.
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PURIFICATION OF FLAG-TAGGED X RC C l PROTEINS
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Appendix 1. Purification of recombinant FLAG-tagged XRCCl BRCT domain 
mutants by anti-FLAG M2 affinity chromatography.
The constructs were transformed into E. coli BL21 (DE3) and over-expression of the 
FLAG-tagged XRCCl proteins induced with IPTG. Extracts were applied to an anti- 
FLAG M2 affinity column, washed, and the recombinant protein eluted with FLAG 
peptide. Aliquots of column load (CL), flow through (FT), washes and elutions were 
separated by 10 % SDS-PAGE. Coomassie stained gels showing purified FLAG-tagged 
XRCCl BRCT domain mutant proteins (arrowed).
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a b s t r a c t :  Proteins involved in DNA repair, or its coordination with DNA replication andmitosis through 
cell cycle checkpoints, are vital in the concerted cellular response to DNA damage that maintains the 
integrity of the genome. The “BRCT” domain (BRCAl carboxy terminal) was noted as a putative protein-  
protein interaction motif in the breast cancer suppressor gene, BRCAl, and subsequently identified in 
over 50 proteins involved in DNA repair, recombination, or cell cycle control. The heterodimer of the 
DNA repair proteins, XRCCl and DNA ligase III, was the first example of a functional interaction via 
BRCT modules. The only three-dimensional crystal structure of a BRCT domain was solved for this 
region of XRCCl. Key amino acid residues mediating the interaction with DNA ligase III were identified 
here by targeted mutagenesis of the XRCCl BRCT domain. The consequences of these mutations on 
protein folding were assessed. A structural model of the DNA ligase III BRCT domain was constructed 
and similarly tested by mutation of corresponding residues required for the interaction with XRCCl.
These data identify the XRCCl-DNA ligase III heterodimer interface and provide the first demonstration 
of the surface contacts coordinating a functional BRCT—BRCT protein interaction.

The BRCT motif was first identified in the C-terminus of 
the product of the BRCAl breast cancer suppressor gene 
(BRCAl carboxy terminal), as a putative autonomously 
folding domain of ~95 amino acids containing distinctive 
hydrophobic clusters (7). Database searches have identified 
to date over 50 proteins with BRCT domains, involved in 
either DNA repair, recombination, and/or cell cycle control. 
BRCT domains were predicted to function in protein-protein 
interactions but no direct biochemical evidence was initially 
available {1-3). The DNA base excision-repair (BER)’ 
pathway is coordinated at a base lesion by sequential pairwise 
interactions of the component repair proteins {4). Of these, 
only XRCCl and DNA ligase III normally exist as a 
preformed complex in vivo (5). They strongly interact with 
each other via their respective C-terminal sequences forming 
a heterodimer (6); these regions correspond to BRCT 
domains. This provided evidence that BRCT domains 
represent important adaptor units in eukaryotic DNA repair 
proteins and can mediate protein-protein interactions be

^This work was supported by the Imperial Cancer Research Fund.
* To whom all correspondence should be addressed. Phone; +44- 

20-7269-3993. Fax: +44-20-7269-3819. E-mail: lindahl@icrf.icnet.uk.
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‘ Abbreviations: BER, base excision repair; 3D, three-dimensional; 
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NTA, nitrilotriacetic acid; BSA, bovine serum albumin; SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; BCIP, 
5-bromo-4-chloro-3-indolyl phosphate; NBT, nitro blue tétrazolium; 
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tween components of the repair machinery (7).
XRCCl was originally identified by its ability to correct 

a mutant cell line, EM9, hypersensitive to alkylating agents 
and ionizing radiation and unable to rejoin single-strand 
breaks resulting from such damage {8, 9). No enzymatic 
activity has been assigned to XRCCl, and it appears to act 
as a scaffold protein during BER (4). XRCCl was shown to 
be required for maintaining stability and normal levels of 
DNA ligase HI in vivo (5). There are two alternatively spliced 
forms of DNA ligase III detected in mammalian tissues, a 
102 kDa (a) form that is present in all tissues and functions 
in short-patch BER and a 96 kDa ifi) form that occurs only 
in testis and may play a role in meiotic recombination {10, 
11). These two isoforms differ at their C-termini, and the 
shorter form of DNA ligase III does not bind to XRCCl 
{6). A distinct, centrally located BRCT domain in XRCCl 
interacts with poly(ADP-ribose) polymerase (72), while 
XRCCl also binds to both DNA polymerase /3 and nicked/ 
gapped DNA via different contacts in its non-BRCT N- 
terminal domain {13). XRCCl has been shown to have an 
additional S phase-specific role in DNA strand-break repair, 
independently of DNA ligase III (74) and to be essential for 
early embryonic development in mice (75).

Informative insights into the function of the BRCT motif 
have come from the first three-dimensional (3D) crystal 
structure, which was solved for a homodimer of the C- 
terminal BRCT domain of XRCCl (76). The structure 
predicted a compact globular domain for each monomer 
comprised of a core four-stranded parallel /S-sheet surrounded 
by three a-helices (Figure 1). Helices a l  and a3 contain
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F ig ur e  I: Model of the DNA ligase III BRCT domain. Ribbon 
representation of the modeled DNA ligase III BRCT domain (cyan), 
superimposed on the XRCCl BRCT structure (consisting of a four- 
stranded parallel /3-sbeet, surrounded by three a-belices, as shown 
in magenta; surface loops cl and c3 are indicated). N- and C-termini 
are labeled.

residues conserved atnong the BRCT family members that 
are predicted to be essential for the fold, and a  I also 
contributes key residues to the proposed XRCCl homodimer 
interaction surface {16, 17). Perhaps because o f the hydro- 
phobic nature and consequent poor solubility o f isolated 
BRCT domains, attempts to crystallize this dotiiain from 
other proteins (including BRCAl itself) have been unsuc
cessful, so the XRCCl BRCT structure provides the proto
type for modeling other BRCT domains. Thus, it was 
possible to predict the structure o f the C-terminal BRCT 
dornain o f BRCAl and interpret various mutations that have 
been reported to predispose to breast cancer (16). In view  
of the limited primary amino acid sequence conservation 
between BRCT proteins, the 3D structure now allows an 
informed approach to targeted mutagenesis experiments with 
the various family members.

Here, site-specific mutagenesis has been used to test the 
predicted XRCCl BRCT domain structure and fold and 
analyze the surface interaction between the BRCT domains 
o f XRCCl and DNA ligase 111. The XRCCl BRCT domain 
structure has also been used to model the DNA ligase 111 
BRCT domain and putative heterodimer interface, which 
were similarly tested.

EXPERIMENTAL PROCEDURES

XRCCl and DNA ligase HI Mutations. Minimal XRCCl 
and DNA ligase 111 constructs containing the respective 
BRCT domains were as previously described (6). Briefly, 
the XRCCl construct was comprised o f the C-terminal 96 
amino acids o f the full-length protein (residues 5 3 8 -6 3 3 )  
fused to a C-terminal FLAG marker octapeptide (N-Asp- 
TyrLysAspAspAspAspLys-C; Eastman Kodak Co.). The 
D NA  ligase 111 construct was comprised o f the C-terminal 
149 amino acids o f DNA ligase I l ia  (residues 7 7 4 -9 2 2 )  
fused to an N-terminal lOx histidine tag. Residues in these 
two interacting BRCT domains were numbered 1 - 9 6  and 
1 — 149, excluding the tags, to conform with the numbering 
system  used previously for the 3D structure o f the XRCCl 
BRCT domain (16). All mutations were introduced using 
the QuickChange Site-Directed Mutagenesis Kit, according

to the manufacturer’s instructions (Stratagene). Up to four 
base changes were introduced with one mutagenic primer. 
Sense primers are shown in coding triplets with mutated 
bases underlined: (a) for XRCCl mutants, Thr3()Ala31 to 
ArgArg, 5'-CTC ATC CGA TAG GTC CGA CGC TTC 
AAT GGG GAG CTC GAG-3'; Leu2 to His, 5'-CC ATG  
GCT GAG CAC CCA GAT TTC TTC CAG G-3'; 
Arg23Arg27 to GluGlii, 5'-GGG GAG GAG GGG GAG 
AAA CTC ATC GAA TAG GTC ACA GCC-3'; Trp74 to 
Leu, 5'-GCA TTC GTT CGT CCC CGA TTG ATC TAG 
AGT TGC-3'; Trp74 to Asp, 5'-CC CTG GCA TTC GTT 
CGT CCC CGA G ^  ATC TAG AGT TGC-3'; lle48 to 
Glu, 5'-C CGG GTT CAG TTT GTG G ^  ACA GCA CAG 
GAA TGG G-3'; Leu85 to His, 5'-G AAG CAG AAG TTA  
CAT CGT CAC CAG CTC TAT GGG-3'; Asp20 to Ala, 
5'-G TTC CCT GGG GÇC GAG CGG CGG AAA CT C-3'; 
Glu59 to Lys, 5'-G GAT CCC AGC TTT GAG AAG GCC 
CTG ATG GAC-3'; (b) for DNA ligase 111 mutants, Trp63 
to Leu, 5'-CAG GTC TCC CCA GAG TTG ATT TGG GCA 
TG-3'; Leu2 to His, 5'-CG CTG TGG CAA ACA AAG GTA 
CAC CTG GAG ATC TTC ACT GGG-3'; Asp 19 to Ala, 
5'-CCC TCC ACA CCA GCC TTC AGC CGT CTC-3'. All 
constructs were sequenced to check for the presence o f the 
desired mutation(s) and the absence of any additional changes 
due to PGR errors.

Purification of Recombinant BRCT Domains. All con
structs were transformed into the E.scherichia coli strain 
BL2K DE3) and recombinant BRCT domains overexpressed 
by IPTG induction. BRCT domains were affinity purified 
using either anti-FLAG M2 affinity gel (Eastman Kodak Co.) 
in the case o f XRCCl mutants or Ni-NTA-agarose (Qiagen) 
in the case o f DNA ligase 111 mutants, as previously described 
(6). Centricon microconcentrators (Amicon Inc.) were pre
blocked in 1 % dried milk and used to concentrate and buffer 
exchange (in the case o f DNA ligase 111 constructs) BRCT  
domains produced. In the case o f XRCCl constructs, the 
FLAG peptide used for the elution o f these BRCT domains 
was also removed at this stage. Amino acid changes were 
confirmed by mass spectrometric analysis o f tryptic digests 
of the recombinant BRCT domains, as described by van Ham 
et al. (18).

Co-Affinity Precipitation As.say. Binding o f His-DNA  
ligase 111 and X R C C l-F L A G  BRCT domains was detected 
as described previously (6). Briefly, the DNA ligase 111 
BRCT domain (2 ug) was incubated with the XRCCl BRCT  
domain (2 pg) and BSA ( 1 pg) in a reaction ( 11 /<L volume) 
containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% 
glycerol, 1 mM EDTA, 1 mM DTT at 20 °C for 20 min. 
Ni-NTA-agarose beads (25 pL  bed volume) at pH 8 were 
added to the reaction and incubated for a further 20 min. 
Beads were washed six times with 105 pL  o f 25 mM 
imidazole followed by two 35 pL  elutions o f 250 mM 
imidazole. Thirty pL  of each o f the six washes and two 
elutions were fractionated by S D S -P A G E . Recovery o f the 
His-DNA ligase 111 BRCT domain on Ni-NTA-agarose beads 
was monitored by silver staining or immunoblotting with 
anti-peptide antibodies against amino acids 8 8 2 -8 9 7  o f DNA  
ligase 111a (6); the XRCCl BRCT domain was detected by 
immunoblotting with the anti-FLAG M2 monoclonal anti
body (Eastman Kodak Co.). Alkaline phosphatase-conjugated 
secondary antibodies (Bio-Rad) and BCIP/NBT substrate 
(Sigma) were employed in all cases.
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Comparative Modeling of the BRCT Domain of DNA 
ligase III. The model of the DNA ligase III BRCT domain 
was constructed using the C-terminal XRCCl BRCT domain 
crystal structure as a template (16). The amino acid sequence 
alignment of the DNA ligase III and XRCCl BRCT domains 
was derived manually, taking into consideration the align
ment of all BRCT family members in the Pfam database 
(www.sanger.ac.uk/cgi-bin/pfam) and features of the XRCCl 
BRCT domain crystal structure, e.g., conserved and buried 
hydrophobic residues. The program, 3D-JIGSAW, was used 
to replace loops and regions with incompatible backbone 
angles to the template, and for refinement of side-chain 
rotamers (19). To remove the small number of steric clashes 
remaining in the model, 100 steps of steepest descents were 
run using the program CHARMM (ver. 3.3; Molecular 
Simulations Inc., 200 Fifth Avenue, Waltham, MA). The 
Protein health checks option in the program QUANTA (ver. 
3.3; Molecular Simulations Inc.) was used to check the 
general packing quality of the protein core; the model passed 
all filters, such as excess volume within the core and close 
contacts. The program PROCHECK (20) was also used to 
check stereochemical quality of the model (see ref 21, for a 
detailed assessment of comparative modeling).

Circular Dichroism and Thermal Dénaturation. BRCT 
domain protein concentrations were estimated from absorp
tion spectra using calculated extinction coefficients (22). Far- 
UV circular dichroism (CD) measurements were performed 
using a Jasco J-7I5 spectropolarimeter. The spectra were 
recorded at 20 °C using 1 mm fused silica cuvettes with 
XRCCl BRCT domain concentrations in the range 7-12  
jjtM. For each spectrum, four scans were averaged and the 
baseline subtracted. CD intensities are presented as the CD 
absorption coefficient calculated using the molar concentra
tion of protein (A^m) rather than on a mean residue weight 
(MRW) basis. Values of Acmrw may be calculated as A^mrw 
=  A6m//V (where N should be the appropriate number of 
peptide bonds). For thermal unfolding experiments, the CD 
intensity was monitored at 223 nm on heating XRCCl BRCT 
domain solutions from 10 to 90 °C at ~ I  °C min"'. The 
sample temperature was measured using an immersed 
thermocouple (Comark).

RESULTS

Amino Acid Substitutions in the BRCT Domain of XRCCl 
Affecting the Proposed Dimer Interface and Its Interaction 
with DNA Ligase III. The minimal fragment of XRCCl that 
is sufficient for interaction with DNA ligase III was defined 
as the C-terminal 96 amino acids of the protein (6). The 
BRCT crystal structure was solved for a homodimer of the 
XRCCl domain, formed through interactions between both 
a l  and the N-terminal region of each monomer (16). 
Sequence similarities between the BRCT domains of XRCCl 
and DNA ligase III indicated that some of the interactions 
in the XRCCl dimer interface could be retained in the 
biologically relevant heterodimeric BRCT complex between 
XRCCl and DNA ligase III. This has been tested directly 
here by mutating key residues at the XRCCl dimer interface 
(Table 1 and Figure 2A). The ability of these purified mutant 
BRCT domains to interact with the minimal domain of DNA 
ligase III (C-terminal 149 amino acids) was tested by a co
affinity precipitation assay (6). C-Terminal FLAG-tagged 
wild-type and mutant XRCCl BRCT domains were incu-

Table 1; Mutations Introduced in the BRCT Domain of XRCCl 
and Their Effects on the Interaction with DNA Ligase III

proposed role location in interaction with
XRCCl of the mutated XRCCl BRCT DNA ligase III

mutations® residue(s) domain BRCT domain
wild-type N/A N/A +
Thr30Ala31 to hydrophobic, a l -

ArgArg dimer interface
Leu2 to His (as above) N-terminus -
Arg23Arg27 to salt-bridge, al -

GluGlu dimer interface
Trp74 to Leu most conserved, a3 -

hydrophobic core
Trp74 to Asp (as above) a3 -
Ile48 to Glu hydrophobic core /33 -
Leu 85 to His positioning 

C-terminus 
onto core

C-terminus -1-

Asp20 to Ala equivalent to 
BRCAl mutation

al -1-

Glu59 to Lys (control) a2 +

“ Amino acid residues are numbered within the BRCT domain (7(5); 
N/A = not applicable.

bated with the N-terminal His-tagged DNA ligase III BRCT 
domain, then the DNA ligase III and any interacting XRCCl 
were recovered on nickel agarose beads. Recovery of the 
DNA ligase III BRCT domain was confirmed by silver 
staining (Figure 3 A) and co-affinity precipitation of the 
XRCCl BRCT domain detected by immunoblotting with an 
anti-FLAG antibody (Figure 3B), after separation of samples 
by SDS-PAGE.

Thr30, Ala3I, and Leu2 in the XRCCl BRCT domain 
were mutated to basic residues (Table 1 and Figure 2A) to 
disrupt hydrophobic dimer surface interactions revealed in 
the 3D structure (16). The heterodimer appears to be 
coordinated by such hydrophobic interactions, forming more 
efficiently at 20 °C than at 0 °C in vitro and is resistant to 
2 M salt (23). However, the heterodimer interaction is not 
perturbed by nonionic detergent (Nonidet P40 < 2% v/v; 
data not shown). Substitution of Thr30 and AIa3I abrogated 
the interaction with the DNA ligase III BRCT domain, as 
indicated by inability to recover the mutant XRCCl BRCT 
domain (Figure 3, panels C and D). Similar results were 
obtained for the Leu2 mutant. Mutations altering the charge 
of 7krg23 and 7krg27 by replacements with Glu (Table 1 and 
Figure 2A) also abolished interaction between the BRCT 
domains of XRCCl and DNA ligase III; in the XRCCl 
BRCT domain homodimer, these residues were thought to 
coordinate salt bridges across the a l - a l  dimer interface 
through hydrogen bonds (Arg23***Glu35; Arg27***Asp4, 
Asn33) with the other monomer (16, 17).

The absence of detectable mutants in elutions here 
indicates that the amount bound to DNA ligase IE was 
greatly reduced compared to the wild-type XRCCl BRCT 
domain (compare Figure 3, panels B and D, elutions). 
However, estimation of a dissociation constant for the 
XRCCl-DNA ligase III interaction is not possible, as it is 
unclear whether all molecules are accessible for heterodimer 
formation. This may be particularly true for XRCCl as, even 
for the wild-type BRCT domain, only ~10% binds the DNA 
ligase III BRCT domain in the in vitro co-affmity precipita
tion assay (6; compare Figure 3B, washes 1 and 2 vs 
elutions). This is most likely due to formation of an XRCCl 
BRCT homodimer (16), which compromised attempts to 
quantify the XRCCl-DNA ligase III BRCT-BRCT inter-

http://www.sanger.ac.uk/cgi-bin/pfam
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F i g u r e  2: Structural model of the XRCCl-DNA ligase III BRCT domain heterodimer. (A) Proposed model of the XRCCl-DNA ligase III 
interaction. Key residues indicated here in green were targeted in site-directed mutagenesis experiments. (B) Salt-bridge interactions between 
the two different monomers al the a l-a l  heterodimer interface. Amino acid side-chains are colored; acidic (red), basic (blue), polar (yellow). 
Residues are numbered within the BRCT domains {16).  Single letter amino acid code is used here due to restricted space.

action by surface plasmon resonance measurements using 
the Biacore 3000 system (Biacore AB).

Effects of Site-Specific Mutations of Core Residues in the 
BRCT Domain of XRCCl. Trp74 in the XRCCl BRCT 
domain is the most invariant residue among the BRCT family 
members (2, 5) and is located in a3 at the center of a highly 
conserved hydrophobic pocket, interacting with other con
served residues in the /Tsheets, as well as the C-terminal 
tail (/6; Figures I and 2A). Substitution of this residue with 
either Leu (maintaining hydrophobicity) or an acidic residue. 
Asp, yielded mutant domains that were unable to bind to 
DNA ligase III, giving analogous results to those obtained 
for the XRCCl dimer interface mutants (see Figure 3, panels

C and D). Similarly, the interaction was abolished when IIe48 
in the XRCCl BRCT domain was mutated to Glu (Table I, 
Figure 2A). IIe48 is also located in the hydrophobic core of 
the domain and was shown previously to affect the interaction 
with DNA ligase 111 when mutated to an acidic residue (24). 
Surprisingly, in the same study, Taylor et al. (24) reported 
that substitution of Trp74 with Asp did not affect the 
interaction of XRCCl with DNA ligase 111, in conflict with 
the present results, although expression of the Trp74 to Asp 
XRCCl protein failed to restore repair in noncycling .xrcci 
mutant cells (25).

Additional Informative Amino Acid Substitutions in the 
XRCCl BRCT Domain. Further amino acid substitutions
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F i gure 3: Analysis of the effects of mutations in the BRCT domain of XRCCl on the interaction with DNA ligase III. Typical results are 
shown for the binding, or absence of detectable binding, between the BRCT domain of XRCCl (A and B), or an XRCCl mutant (Thr30Ala31 
to ArgArg; C and D), and the DNA ligase 111 BRCT domain in the co-affinity precipitation assay. The tagged BRCT domains, XRCCl- 
FLAG and His-DNA ligase 111, were incubated in the presence of BSA and further incubated with Ni-NTA-agarose beads. Beads were 
washed six times with 25 mM imidazole to remove nonspecifically associated protein, and bound DNA ligase 111 was eluted (2x) in 250 
mM imidazole (as indicated). Protein domains were fractionated by SDS-PA(3E. Recovery of the bound His-DNA ligase 111 in elutions 
was monitored by silver staining (A and C); co-alTinity precipitation of XRCCl-FLAG (arrowed) was monitored by Western blot with the 
anti-FLAG M2 antibody (B and D). BSA (69 kDa) was removed from the beads in the washes (A and C).

were made in the XRCCl BRCT domain (Table 1, Figure 
2A) to test various other features of the 3D structure. 
Mutation of Leu85 did not disrupt binding to DNA ligase 
111; this surface residue was proposed to be involved in 
positioning the C-terminal tail of the XRCCl BRCT domain 
onto the hydrophobic core {16) but is not important for the 
heterodimer interaction. Interestingly, substitution of Asp20 
in the XRCCl BRCT domain, equivalent to Met 1775 in 
BRCAl that is commonly mutated in breast cancer (/6), does 
not grossly affect interaction with DNA ligase III. BRCAl 
interacts with different proteins to XRCCl and the Met 1775 
residue is apparently involved in specific binding to these 
partners (26, 27). The integrity of the two BRCT domains 
in BRCAl is also crucial for transcription activation, and 
random mutagenesis with screening for loss of function 
preferably targeted hydrophobic residues in this region of 
the protein (28). Finally, substitution of Glu59 in the XRCCl 
BRCT domain with Lys was included as a control (Table 
1 ). This residue is located in a2, on the opposite face of the 
XRCCl BRCT domain to the dimer interface (Figure 2A), 
thus would not be predicted to affect the interaction between 
XRCCl and DNA ligase III, and results here confirmed this 
notion.

DNA Ligase III BRCT Domain Model and Effects of Site- 
Specific Mutations of Key Residues on Binding to XRCCI. 
A minimal functional domain of DNA ligase 111, sufficient 
for interaction with the XRCCl BRCT domain in vitro, was 
defined as the C-terminal 149 amino acids (6) and has been 
used in all functional studies. This is larger than the actual 
BRCT domain but shorter forms of the protein (or N- 
terminally extended versions) could not be overproduced, 
in various expression systems, in soluble quantities suitable 
for structural studies (data not shown). Instead, a 3D model

for the BRCT domain of DNA ligase 111 was constructed 
based on the XRCCl structure (76) and the shared 28% 
amino acid sequence identity of these two BRCT domains 
(see Experimental Procedures). Figure 1 shows the DNA 
ligase 111 model, superimposed on the XRCCl BRCT domain 
structure. The four-stranded /5-sheet and a l  and a3 helices 
are readily distinguished in the DNA ligase III domain, but 
not the a2 helix. Sequences corresponding to the a2  region 
are the least conserved within the BRCT family and are 
absent in some members, including DNA ligase III. The 
XRCCl BRCT domain also has an extended C-terminal tail 
relative to that of DNA ligase III (Figure 1).

Two of the most conserved regions of structure in the 
BRCT domains of XRCCl and DNA ligase III are the 
N-termini and the a l  helices; these are also the most 
conserved in primary sequence containing 60% of the amino 
acid identities. As the solved crystal structure of the XRCCl 
BRCT domain showed interaction of a homodimer through 
these regions, this strongly suggested that the XRCCl-DNA 
ligase III heterodimer interface was similar. To test this, the 
model of the DNA ligase III BRCT domain was superim
posed on one member of the XRCCl homodimer (as in 
Figure 1 ) and the interface between the model and the second 
XRCCl domain inspected (Figure 2A). This interface looked 
feasible, and it was clear that key salt-bridge interactions 
observed between XRCCl monomers in the homodimer 
interface (Arg23"'Glu35; Arg27"*Asp4, Asn33; refs 76, IT) 
were maintained in the XRCCl-DNA ligase 111 heterodimer. 
Indeed, only a few side-chain angles needed to be readjusted 
to make good hydrogen-bonding contacts across the het
erodimer interface, particularly between Arg23 of XRCCl* 
•*Asp31, Asp33 of DNA ligase 111 and Arg27***Asp4, but 
also between Asp4, Asn33 of XRCCl•••Arg25 of DNA
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Table 2: Mutations Introduced in the BRCT Domain of 
DNA Ligase III and Their Effects on the Interaction with XRCCI

interaction with
DNA ligase III XRCCIBRCT XRCCl mutations

mutations" domain (equivalent)

wild-type + wild-type
Trp63 to Leu - Trp74 to Leu
Leu2 to His - Leu2 to His
Asp 19 to Ala + Asp20 to Ala
" Amino acid residues are numbered within the BRCT domain (76).

ligase III, and GIu35*"Arg24 (Figure 2B). Disruption of the 
first two salt-bridges, by substitution of Arg23 and A rgil 
in XRCCl with acidic residues, abrogated heterodimer 
formation (see above). The buried surface at the BRCT 
domain heterodimer interface was 1460 Â ,̂ similar to the 
subunit interface of the XRCCl homodimer, 1501 (77),
both of which are significant for a protein-protein interaction 
(29).

Mutations were introduced to test other key residues in 
the DNA ligase IB BRCT domain (Table 2 and Figure 2A), 
including the core residue Trp63 (Trp74 in XRCCl), and 
hydrophobic Leu2 residue at the proposed interaction surface 
(Leu2 in XRCCl). Both these mutations abolished binding 
to XRCCl in the co-affinity precipitation assay (Figure 4, 
panels C and D); interaction of the XRCCl-DNA ligase III 
BRCT domains was in this case monitored by immunoblot
ting of both proteins (Figure 4, panels A and B). Mutation 
of Asp 19 in DNA ligase III, similarly to Asp20 in XRCCl, 
did not affect the heterodimer interaction (see above).

Protein Secondary Structure and Thermal Stability of 
Mutant XRCCl BRCT Domains. The most invariant residue 
in the BRCT domain family (Trp74 in XRCCI, Trp63 in 
DNA ligase III) is not located on the surface but is buried 
inside the highly conserved hydrophobic core, and is 
predicted to hold the domain structure together (76). Trp74 
in the XRCCl BRCT domain is critical for the interaction 
with DNA ligase III (Table 1), substitutions of this residue 
presumably affecting the heterodimer interaction indirectly 
through changes in secondary structure. The CD spectra of 
proteins in the far-UV region of the spectrum (190-250 nm) 
derive principally from the amide chromophore and reflect 
protein a-helical structure. CD measurements have therefore 
been employed to investigate whether mutations (particularly 
substitution of Trp74) would affect this aspect of the 
secondary structure of the XRCCl BRCT domain. All the 
mutants studied gave far-UV CD spectra with similar band 
shape and intensity (Figure 5); the slightly different band 
shape observed for the two Tip mutants is consistent with 
there being a small contribution from a Tip residue to the 
far-UV CD intensity (30). The magnitude of the signal for 
the wild-type XRCCl BRCT domain indicates that some 
25-30 residues are in a helical conformation, consistent with 
the known structure (76). The slight variations in intensity 
for the different mutants might indicate small differences in 
conformation but are probably accounted for by errors of 
< 10% in the determination of protein concentrations. Thus, 
any change in helical content must be small (probably of 
the order of one helical turn) and none of the mutations have 
a major effect on the secondary structure of the XRCCl 
BRCT domain. As some mutations, e.g., the Tip substitu
tions, were predicted to prevent proper folding of the domain,

further measurements were made with the wild-type XRCCl 
BRCT domain and the two Tip mutants to assess any effect 
of the Tip substitutions on thermal lability (Figure 6). The 
wild-type BRCT domain showed a cooperative unfolding 
transition in which the regular secondary structure was lost, 
typical of the conversion of a compactly folded, native 
protein to an unfolded, denatured state; the transition 
midpoint was at approximately 55 °C. The domain refolded 
upon lowering the temperature (data not shown). For the two 
Tip mutants, only small changes in the CD intensity were 
observed at temperatures greater than 50 °C; however, these 
changes were not reversed on lowering the temperature and 
the loss of signal at high temperatures is therefore probably 
due to protein aggregation.

DISCUSSION

The X-ray crystal structure of a BRCT domain had been 
determined but not previously tested by site-specific mu
tagenesis. Furthermore, the structure was solved for an 
XRCCl BRCT domain homodimer, but identified conserved 
elements that might also mediate the BRCT heterodimer 
interaction of XRCCl and its in vivo protein partner, DNA 
ligase III (76). The XRCCl BRCT structure comprised a 
four-stranded parallel /3-sheet surrounded by three a-helices 
(Figure I), helices a l  and a3 containing conserved residues 
proposed to contribute to the BRCT protein fold. The a l  
helix and N-terminus were predicted to form the XRCCl 
BRCT homodimer interaction surface; these regions are the 
most highly conserved, in terms of amino acid sequence, 
between XRCCl and DNA ligase III. Here, residues inferred 
from the XRCCl BRCT domain structure to mediate surface 
interactions at the homodimer interface have been targeted 
by site-specific mutagenesis and shown to be necessary for 
the XRCCl-DNA ligase III heterodimer interaction. On the 
basis of the XRCCl BRCT domain crystal structure and 
amino acid sequence homologies, a 3D model of the DNA 
ligase III BRCT domain has been constructed and similarly 
validated by site-specific mutagenesis. Thus, key residues 
revealed in the XRCCI BRCT domain homodimer structure 
are conserved in the XRCCl-DNA ligase III model and 
had analogous effects on heterodimer formation when 
mutated in either protein. As in the XRCCl homodimer, the 
XRCCl-DNA ligase III interaction is apparently coordi
nated by salt-bridges and key hydrophobic interactions across 
an essentially electrostatic a l - a l  BRCT interface (Figure 
2).

The most highly conserved (Tip) residue in the BRCT 
protein family is not located at the interface but is buried in 
the hydrophobic core of the BRCT domain. In the 3D 
structure of the XRCCl domain, the conserved hydrophobic 
clusters that constitute the BRCT sequence motif form the 
core /3-sheet, C-terminal region, and a3 helix that are critical 
to the overall BRCT fold. Trp74 (in a3) was proposed to be 
a key residue essential to the correct folding of this 
hydrophobic core (76, 77). Substitutions of this residue here 
abolished the XRCCl-DNA ligase III BRCT domain 
heterodimer interaction, presumably through changes in 
secondary structure; this was tested directly by biophysical 
techniques. Intriguingly, CD measurements did not detect 
any changes in a-helical structure in the XRCCl Tip 
mutants. Although there was apparently no major disruption 
of the three a-helices, one of which (a l)  forms the dimer
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F i g u r e  4;  Analysis of the effects of mutations in the BRCT domain of DNA ligase 111 on the interaction with XRCCl. Typical results anre 
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F i g u r e  5: Far-UV CD spectra of mutant XRCCI BRCT domains. 
Spectra were measured for XRCCI wild-type and mutant BRCT 
domains as described in Experimental Procedures. The wild-type 
CD spectrum is shown in red. Mutants are designated as follows: 
Thr30Ala3l to ArgArg, orange; Leu2 to His, yellow; Arg23Arg27 
to GluGlu, dark green; Trp74 to Leu, brown; Trp74 to Asp, gray; 
lle48 to Glu, blue; Leu85 to His, light green; Asp20 to Ala, black; 
Glu59 to Lys, pink.

interface, it was still possible that the BRCT structure had 
become distorted within the centrally located /Tsheets, as 
such changes would not be detected by far-UV CD measure
ments. Substitution of the Trp residue did alter the thermal 
unfolding properties of the mutant XRCCl BRCT domains; 
only the wild-type domain showed a major and reversible 
loss of a-helicity on heating. Furthermore, the Trp74 to Asp 
mutant was ~20-fold more sensitive to proteolytic digestion 
by trypsin compared to the wild-type XRCCl BRCT domain 
(data not shown), indicating a less compact fold of the mutant 
BRCT domain to expose further protease-sensitive sites. 
Thus, it would appear that substitutions of the conserved Trp
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F ig u r e  6: Thermal unfolding of XRCCI BRCT domain Trp774 
mutants. XRCCI wild-type and mutant BRCT domains (as indili- 
cated) were heated to 90 °C and unfolding monitored by far-U\V 
CD measurements at 223 nm.

residue cause unfolding of the hydrophobic core of the BRC2T 
domain, which indirectly affects the interaction surface anud 
so perturbs the BRCT interface with other protein molecules;s.

As BRCT domains are found in proteins with diversise 
functions that may participate in multiple overlappinng 
pathways, it remains a possibility that particular BRCTT 
domains may afford other protein-protein interaction sites;s, 
in addition to the interface first identified from the XRCCTl 
homodimer (/6). An alternative crystal form for the XRCC21 
BRCT domain homodimer has been identified {17), showinpg 
an additional packing arrangement formed through the ccl 
and c3 surface loops (Figure 1). A mutation predicted tito 
disrupt this secondary XRCCl BRCT domain interfacee 
(Glu 16 to Lys in loop cl) had no effect on binding to thoe 
DNA ligase III BRCT domain (data not shown). Further r-
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more, we have shown here that the originally identified 
interaction surface in the XRCCl BRCT domain homodimer 
mediates the a l - a l  XRCCl-DNA ligase III heterodimer 
interface. The secondary interface may be involved in 
additional protein-protein contacts with at present unknown 
partners or interactions between BRCT duplicates and tandem 
repeats (77). Tandem BRCT domains have been shown to 
bind directly to DNA strand breaks (37); this is unlikely to 
be relevant to XRCCl-DNA ligase III, where both proteins 
can bind DNA through nonBRCT domains (75, 52).

Many proteins containing BRCT domains interact with 
specific protein partners and these may occur through homo/ 
hetero BRCT-BRCT or BRCT—nonBRCT interactions. 
Here we have identified a heterodimeric BRCT-BRCT 
interface mediating the interaction of the XRCCl-DNA 
ligase III DNA repair proteins. Generally, there is limited 
primary amino acid sequence conservation between BRCT 
family members, although this is more significant between 
XRCCl and DNA ligase III, especially of residues contribut
ing to the heterodimer interface (77). This suggests additional 
evolutionary constraints on the BRCT fold to preserve a 
functional BRCT-BRCT interaction of XRCCl-DNA li
gase III that is required in BER (4-6). Nevertheless, 
modeling/mutagenesis based on the available XRCCl BRCT 
domain structure may allow a more detailed characterization 
of BRCT modules mediating other protein-protein interac
tions. The next challenge will be to understand how such 
interactions are regulated (55,34) in the coordinated cellular 
response to DNA damage.
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