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 Members of the Rad52 epistasis group, which includes a 

heterotrimeric complex, formed by Mre11, Rad50 and Nbs1 (Xrs2 in 

yeast) helps in the protection of cell’s genetic content from DNA double-

strand breaks.  The Rad50 component of the human 

Mre11/Rad50/Nbs1 (Xrs2 in yeast) complex (MRN(X)) belongs to the ABC 

superfamily of ATPases and is conserved among all organisms and 

contains Walker A (N-Terminus) and Walker B (C-Terminus) ATPase 

domains connected by a long coiled-coil region.  We show for the first 

time that Rad50 shows adenylate kinase activity (ATP + AMP ↔ 2ADP) 

and that this activity is important for tethering of DNA ends.  We further 

show that Rad50 can catalyze “reverse” adenylate kinase activity (2ADP 
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→ ATP + AMP) and this activity is stimulated in the presence of linear 

DNA ends.  We also show that the signature motif of Rad50 is essential 

for all ATP-dependent activities in vivo and in vitro.   
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CHAPTER 1: INTRODUCTION 

OCCURENCE OF DNA DOUBLE-STRAND BREAKS   

 Cells are constantly challenged with DNA damage that 

affects the integrity of genomic DNA.  Therefore, cells constantly monitor 

their genetic material to ensure normal progression at every stage during 

its life cycle.  The factors that can cause damage to the genetic material 

can be endogenous or exogenous in nature, and the most potent form of 

damage that they can induce to the DNA are double-strand breaks.       

THE CELLULAR RESPONSE TO DNA DAMAGE  

 Double-strand breaks (DSBs) can be generated by 

endogenous factors such as cellular metabolites (free radicals) and can 

arise during replication when a replication fork approaches a single-

strand break and as a result forms a collapsed replication fork.  DSBs 

can also arise during replication when replication forks are stalled at 

specific pause sites in the genome (Helleday, 2003; Rothstein et al., 

2000), or as a result of inhibition of the replication machinery or blocking 

of the replication machinery by DNA-protein complexes.  If the stalled or 

collapsed replication forks are not resolved properly, they can lead to 

chromosomal rearrangements, and ultimately to genomic instability.  
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DNA double-strand breaks can also be caused by external factors, 

including ionizing radiation and chemical agents. 

 DNA DSBs and other forms of damage must be repaired 

appropriately for the normal progression of the cell.  As a result, cells 

have evolved ways to first recognize the damage to DNA by proteins that 

function as “sensors”. The sensors then communicate with another class 

of proteins called “transducers”, most of which are protein kinases.  

These transducers relay the information to downstream “effectors” by 

means of protein phosphorylation.  The effectors finally process the 

signal by activating cell cycle checkpoints, repairing DNA or in certain 

instances cause cell death (Figure 1.1).  These damage responses are 

crucial for cell survival because DNA if left unrepaired can be mutagenic, 

cytotoxic and/or carcinogenic (Barzilai and Yamamoto, 2004; Zhou and 

Elledge, 2000).   

 Several studies have shown that a heterotrimeric complex of 

three proteins-Mre11, Rad50 and Nbs1 (MRN complex) functions as a 

DSB break sensor (Bressan et al., 1999; Game and Mortimer, 1974; 

Johzuka and Ogawa, 1995; Tsubouchi and Ogawa, 1998).  MRN has 

been implicated in recruitment of transducer proteins to the DSB sites in 

addition to being necessary for the processing of DNA ends to induce 

recombinational repair (Petrini and Stracker, 2003). 
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Figure 1.1:  A model for the cellular DNA damage response.  Figure adapted from Zhou 
and Elledge, 2000. 
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 The major protein factors that function as signal transducers 

of DNA DSBs are the phosphatidylinositol 3-kinase-like kinases (PIKKs)-

Ataxia Telangiectasia Mutated (ATM), ATM- and Rad3-related (ATR) and 

DNA-dependent protein kinase (DNA-PK).  Activation of these transducer 

proteins can trigger the phosphorylation of several targets either directly 

or through the regulation of its downstream effectors.  Several effectors 

are now known, including the tumor suppressors BRCA1, p53, 53BP1, 

MDC1, Chk2, Chk1, γH2AX, Mre11 and Nbs1, although the list of new 

effectors continue to grow (Kurz and Lees-Miller, 2004).  ATM is a 

Ser/Thr kinase that plays a central role during the initial stages of the 

cell’s response to DNA DSBs.  ATM is recruited to sites of DSB by the 

MRN complex, and MRN is required for ATM autophosphorylation and 

activation (Lee and Paull, 2004; Lee and Paull, 2005; Uziel et al., 2003). 

MECHANISMS OF DOUBLE-STRAND BREAK REPAIR 

 DNA DSBs are repaired by one of two pathways of 

recombination: homologous recombination (HR) or non-homologous end-

joining (NHEJ).  The homologous recombination pathway uses the intact 

homologous DNA as a template for repair synthesis to restore the broken 

regions and is therefore the most conservative form of DNA repair.  In 

contrast to homologous recombination, the NHEJ pathway essentially 
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religates the broken ends and can alter the sequences at the break site, 

thus NHEJ is an error-prone pathway of repair.   

NON-HOMOLOGOUS END JOINING PATHWAY 

 NHEJ-related processing of DNA ends often involves 

deletions at the break site, because resection of ends occurs until regions 

of microhomology are exposed.  Further resection is terminated once the 

region of microhomology is found and the complementary strands are 

annealed in order to repair the break (Lewis and Resnick, 2000).  The 

major pathway of break repair in S. cerevisiae is the homologous 

recombination pathway, although NHEJ has also been observed. 

However, higher eukaryotes differ in their mode of double-strand break 

repair, and use NHEJ extensively.     

 Since the preferred pathway of recombinational repair in 

yeast is the homologous recombination pathway, identities and roles of 

different genes involved in the NHEJ pathway were revealed only after 

inactivating the HR pathway.  These studies revealed that at least 10 

genes were required for efficient and accurate repair by NHEJ: YKU70 

(HDF1), YKU80 (HDF2), DNL4 (LIG4), LIF1, SIR2, SIR3, SIR4, RAD50, 

MRE11, and XRS2 (Figure 1.2).   
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Figure 1.2:  Non-homologous end joining pathway of DNA DSBs. Figure adapted from 
Krogh and Symington, 2004. 
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HOMOLOGOUS RECOMBINATION 

  Homologous recombination specifically refers to the transfer 

of information between two DNA molecules with identical or similar 

sequences.  This form of recombination is the predominant pathway used 

by S. cerevisiae to repair broken DNA molecules when double-strand 

breaks occur.  Therefore, most of our current understanding of the 

homologous recombination pathway was made possible by using S. 

cerevisiae as the model organism.  Homologous recombination can be 

carried out by at least two different mechanisms: double-strand break 

repair (DSBR) through a double-Holliday junction intermediate or by 

synthesis-dependent strand annealing (SDSA) (Figure 1.3) (Paques and 

Haber, 1999).  Meiotic DSBR results in both crossover and non-crossover 

products, whereas mitotic recombination usually results in gene 

conversion associated with non-crossover recombination.  In order to 

explain the recombination events that take place during mitosis, another 

model called the synthesis-dependent strand invasion (SDSA) was 

proposed.  The fundamental difference between the Szostak model and 

the SDSA model is that, in SDSA, once the template strand primes itself 

on to the target strand and there is de novo DNA synthesis, the two 

newly synthesized DNA strands are displaced from the template strand 

and are returned to the broken DNA molecule (Krogh and Symington, 
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2004).  A third mechanism of HR was proposed, called Break-Induced 

Replication (BIR), and this pathway involves repair synthesis similar to 

SDSA but is much more extensive and may extend to the end of the 

chromosome. 

RAD52 EPISTASIS GROUP 

  Irrespective of the mode of repair, all homologous 

recombination events require a resection of 5’ ends of a DSB (Krogh and 

Symington, 2004).  These 3’ single-stranded DNA tails can extend from 

several hundreds to several thousands of nucleotides on both ends of the 

meiotic and mitotic breaks.   

  Genes classified under the Rad52 epistasis group play a 

central role in homologous recombination.  Deletion of the RAD52 gene 

results in the loss of all forms of homologous recombination events in S. 

cerevisiae.  Thus, the Rad52 gene product plays a central and crucial 

role in the homologous recombination pathway.  Moreover, RAD52 

strains were as radiation sensitive as a double mutant of RAD52 with 

any of the other proteins that belong to the Rad52 epistasis group.  

These genes were identified in S. cerevisiae based on their importance in 

ionizing radiation-induced DNA damage repair and include RAD50, 

RAD51, RAD52, RAD54, RDH54/TID1, RAD55, RAD57, RAD59, MRE11 

and XRS2 (Krogh and Symington, 2004; Paques and Haber, 1999).  
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Figure 1.3:  Models for the repair of double-strand breaks. Figure adapted from Paques 
and Haber, 1999.   
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   The general pathway of homologous recombination involves 

resection at the break site to create 3’ single-stranded overhangs.  Exo1 

is a processive exonuclease that has been implicated in the resection of 

DSBs (Fiorentini et al., 1997; Tsubouchi and Ogawa, 2000).  Three 

members of the Rad52 epistasis group in yeast: Mre11, Rad50 and Xrs2 

(Nbs1 in higher eukaryotes) form a functional complex and have also 

been implicated in the processing of the break.  However, it is still not 

clear which enzyme is primarily responsible for resection in vivo.   

 Rad51 forms nucleoprotein filaments on single-stranded and 

double-stranded DNA and promotes strand exchange between two 

homologous DNA molecules, similar to RecA in prokaryotes (Ogawa et al., 

1993).  Rad52 interacts with Rad51 and stimulates its ability to form 

filament formation by the removal of Replication Protein-A (RP-A) 

(Shinohara et al., 1998; Sung, 1997).  Rad51 filaments form structures 

called Displacement-Loops (D-loops) by displacing the homologous 

regions in the sister chromatid or the homologous chromosome.  The 

strand displacement results in the annealing of the homologous regions, 

and the 3’ single strand then acts as a primer for DNA synthesis.  Several 

factors help in this process, for instance Rad54, is involved in chromatin 

remodeling to facilitate strand invasion by the Rad51 nucleoprotein 

filament into chromatin (Alexiadis and Kadonaga, 2002; Solinger et al., 
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2002).  Rad55 and Rad57 are also involved in the recombination process 

and, although their roles in the repair process are not very well 

understood, they are implicated in the efficient loading of Rad51 on to 

single-stranded DNA regions.  The process culminates in the formation 

and resolution of Holliday junctions (Krogh and Symington, 2004; 

Symington, 2002). 

ROLE OF THE MR COMPLEX  

 The Mre11/Rad50 complex is highly conserved and is 

present in all kingdoms of life.  The complex is required for repair of 

DSBs through both the homologous and nonhomologous pathways.  In 

eukaryotes, Mre11 and Rad50 also associate with a third component 

called Xrs2 in S. cerevisiae and Nbs1 in mammals.  Xrs2/Nbs1 

contributes to the signaling functions of the Mre11 complex through ATM 

(Tel1/Mec1 in budding yeast).  MR family members in bacteria and 

archaebacteria and the MRX(N) complex in eukaryotes exist as a tightly 

associated complex in vivo.  Mre11, Rad50 and Xrs2 (or Nbs1) are the 

only components of the Rad52 epistasis group that play a role in both 

homologous recombination and non-homologous end joining pathways 

(D'Amours and Jackson, 2002; Paques and Haber, 1999).   

 Null mutants of Mre11, Rad50, or Xrs2 in S. cerevisiae have 

similar phenotypes: poor vegetative growth, extreme sensitivity to 
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ionizing radiation and other DNA damaging agents, defects in meiosis, 

and defects in telomere maintenance (Symington, 2002).  Deletion of any 

of these three genes also causes defects in the nonhomologous end-

joining pathway (Moore JK, 1996; Schiestl et al., 1994).  Mutations in the 

ATP-binding motifs of Rad50 resulted in a 70-fold decrease in the 

efficiency of end-joining.  However, mutations in the nuclease domain of 

Mre11 did not cause any defects in the end-joining pathway, suggesting 

that the complex does not act in resection of DNA ends during end 

joining (Zhang and Paull, 2005).  In contrast to yeast, deletion of MRE11, 

RAD50 or NBS1 genes is lethal in vertebrate cell lines, and each of the 

genes is essential for early embryonic development in mice.  Conditional 

knock-out of MRE11 gene in the chicken DT40 cell-line caused increased 

radiation sensitivity, increased levels of spontaneous recombination 

events and arrest in the G2 phase of the cell cycle (Yamaguchi-Iwai et al., 

1999).  

 Genetic studies in yeast suggest that the sister chromatid is 

the preferred substrate for recombinational repair.  Synchronized haploid 

yeast strains containing wild-type Mre11 are 100-fold more sensitive to 

ionizing radiation during G1 phase of the cell cycle than G2 phase, 

although mre11∆ strains show similar sensitivity towards ionizing 

radiation in both G1 and G2 phases (Bressan DA, 1999).  This suggests 
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that sister chromatids are used for recombinational repair and that the 

MRX complex is essential for the process.  In diploid cells, analysis of the 

recombination events reveals that the lesions also use the homologous 

chromosome for repair.  mre11∆, rad50∆ and xrs2∆ yeast strains exhibit 

a mitotic hyper-recombination phenotype from interhomolog 

recombination (Gonzalez-Barrera S, 2003; Ivanov et al., 1992), likely 

caused by the inability to use the sister chromatid pathway.    

 The first evidence that human Mre11 and Rad50 localize at 

sites of double-strand breaks was shown by the Petrini lab (Maser RS, 

1997).  They showed discrete foci of Mre11 and Rad50 when 180BR 

primary fibroblasts were exposed to IR.  They also show that foci 

formation by Mre11 and Rad50 is significantly reduced in cells that lack 

functional ATM protein.  ATM is an effector protein that helps in the 

recognition of double-strand breaks and as a result activates cell cycle 

checkpoints by the phosphorylation of several downstream targets.  Paull 

et al also observed that laser-induced double-strand breaks caused the 

co-localization of Rad50 with γ-H2AX, a phosphorylated form of the 

histone H2A variant, H2AX, which occurs only at DSB.  Co-localization of 

Rad50 at DSB sites was a further indication of its role in the repair 

process.  Furthermore, when phosphorylation of H2AX was prevented by 
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using wortmannin, a PI-3 kinase inhibitor, co-localization of Rad50 with 

H2AX was not observed (Paull TT, 2000).   

 In vitro biochemical analyses suggest that both yeast and 

human complexes can process DNA substrates exonucleolytically and 

endonucleolytically through the Mre11 component of the complex 

(Furuse et al., 1998; Paull and Gellert, 1999; Paull TT, 1998; Trujillo KM, 

2001; Usui T, 1998).  Mre11 by itself can perform 3’→5’ exonuclease 

activity when incubated with different dsDNA substrates, which is 

enhanced in the presence of Rad50.  In addition, Mre11 can open 

hairpins with a preference for substrates that have mismatches at the 

loop region.  When present as a complex with Rad50 and Nbs1, Mre11 

can cut hairpins with/without mismatches at the loop and, in the 

presence of ATP, can partially unwind linear dsDNA.  Interestingly, MRN 

in the presence of ATP can recognize 3’ overhang dsDNA substrates and 

cleave at the single-strand/double-strand junction.  Although MRN can 

recognize dsDNA with 3’ overhangs and blunt-ends in the presence of 

AMP-PNP, the complex fails to cut and unwind the substrates, 

suggesting that ATP hydrolysis is necessary for the endonuclease and 

unwinding activities of the complex. 

 MRN(X) was initially implicated in the initial processing step 

of DSB repair because Mre11 contains phosphoesterase motifs 



 15 

characteristic of a nuclease.  In addition, a group of Mre11 and Rad50 

mutants were isolated from yeast that formed DSBs but were unable to 

process them.  These mutants of Rad50 (Rad50S) and Mre11 (Mre11S) 

were termed “separation of function” mutants since they showed defects 

only in meiotic recombination but not in mitotic repair (Nairz and Klein, 

1997).  Although evidence suggests a role for the MRN complex in the 

DSB processing, the 3’→5’ polarity of the Mre11 exonuclease activity 

(Paull TT, 1998; Trujillo KM, 2001) is not consistent with the generation 

of 3’ ssDNA overhangs during DSB repair.  Moreover, Mre11 nuclease-

deficient mutants show no defects in processing of DNA ends in 

vegetative yeast cells (Bressan and Petrini, 1999; Moreau et al, 1999).  As 

mentioned earlier, the S. cerevisiae Exo1 protein is a 5’→3’ exonuclease 

and has been shown to take part in mitotic recombination in vivo.  exo1∆ 

deletions increase the radiation sensitivity of mre11∆ and mre11-H125N 

(nuclease-deficient Mre11 mutant) yeast strains, but the kinetics of 

mating-type switching was only defective in exo1∆mre11∆ mutants and 

not in the exo1∆mre11-H125N (Fiorentini et al., 1997; Moreau et al., 

2001).  This suggests that other nucleases can compensate for the loss of 

the nuclease function of Exo1 and Mre11, but cannot compensate for the 

function of the MRX complex.  Redundancy in nuclease function is 

further supported by the observation that overexpression of Exo1 can 
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partially complement for mre11∆ sensitivity to MMS (Chamankhah et al., 

2000). 

  In summary Mre11, Rad50 and Xrs2 (MRX), a subset of the 

Rad52 epistasis group, namely form a stable complex that is essential for 

DSB repair, telomere maintenance and S phase checkpoint control in S. 

cerevisiae (Haber, 1998).  The MRX complex plays diverse set of roles in 

the break repair process (Figure 1.4).   

PATHOLOGICAL RELEVANCE OF THE MRN COMPLEX 

 The human Mre11/Rad50/Nbs1 complex plays a crucial role 

in the repair of DNA double-strand breaks.  Disruption of the 

mammalian MRE11 or RAD50 genes results in inviable cells (Luo et al., 

1999; Xiao and Weaver, 1997).  Hypomorphic mutations in the human 

NBS1 gene cause Nijmegen breakage syndrome (NBS), an autosomal 

recessive disorder characterized by phenotypes similar to ataxia 

telangiectasia (A-T), which is caused by defects in functional ATM protein 

(Ito et al., 1999; Matsuura et al., 1998; Shiloh, 1997; Varon et al., 1998; 

Xiao and Weaver, 1997).  The ATM protein kinase regulates the primary 

signaling response to DSBs and activates many effector proteins that 

function in DNA damage-induced checkpoints and DNA repair.  Non-null 

mutants of human MRE11 gene have also been linked to Ataxia 

Telangiectasia-Like Disorder (A-TLD).  Patients with A-T, NBS and A-TLD 
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are hypersensitive to DSB-inducing agents and show severe 

radioresistant DNA synthesis after exposure to ionizing radiation, as well 

as deficiencies in DNA damage-induced cell cycle checkpoints.   

THE COMPONENTS OF THE MRE11/RAD50/NBS1(XRS2) COMPLEX 

Mre11 Protein 

  Mre11 is central to the stability of the complex and co-

expression of recombinant human proteins suggested that Rad50 and 

Nbs1 express efficiently only in the presence of Mre11 (D'Amours and 

Jackson, 2002; Paull and Gellert, 1999).  Mre11 has four 

phosphodiesterase motifs responsible for its Mn2+-dependent 3’→ 5’ 

exonuclease activities and dsDNA endonuclease activity with a preference 

at the junction of ssDNA/dsDNA regions (Figure 1.5A) (Paull and Gellert, 

1998).



 18 

   

Figure 1.4. Multiple roles played by the  MRX complex in Saccharomyces.  Figure adapted 
from Haber, 1998.   
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  The Nbs1/Xrs2 protein  

 The Nbs1 or Xrs2 component of the complex is only present 

in eukaryotes.  The N-terminus of both Nbs1 and Xrs2 contain the Fork-

Head Associated (FHA) domain and BRCT domains that enables its 

interaction with phosphorylated proteins.  This component of the MRN(X) 

complex helps in co-ordination of the checkpoint signaling cascade and 

in recruitment of ATM/Tel1 to DSB sites.  Nbs1 is phosphorylated by 

ATM kinase, which is necessary for the intraS phase checkpoint 

activation upon DNA damage (Figure 1.5A) (D'Amours and Jackson, 

2001).   

The Rad50 protein 

  Rad50 has a unique architecture among all the proteins in 

the Rad52 epistasis group and this feature of Rad50 facilitates its role in 

structural and catalytic functions of the MRN complex during DNA DSB 

repair. The catalytic domains of Rad50 belong to the ATP-Binding 

Cassette (ABC)-transporter family of ATPases.  Other well-known 

members that belong to this superfamily of proteins are the Structural 

Maintenance of Chromosome (SMC) proteins that coordinate 

chromosome condensation and sister chromatid cohesion.  
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  The N- and C-Termini of Rad50 contain Walker A and Walker 

B domains responsible for ATP-binding and hydrolysis respectively, and 

also contain the signature motif and Q-loop regions that are conserved 

among ABC ATPases.  They are brought together to form the catalytic site 

for binding ATP and DNA by means of the coiled-coil domain, which folds 

at the zinc-hook motif to form an antiparallel structure (Figure 1.5B) 

(Hopfner KP, 2000).   

  The catalytic domains of Rad50 are disrupted by a long 

coiled-coil domain that folds intramolecularly to bring the N-terminal and 

C-terminal catalytic domains together.  The coiled-coils of Rad50 can 

range from 600 to 900 residue-long-heptad repeats that is about 40-50 

nm long coiled-coil (de Jager M, 2001; Hopfner KP, 2000).   

  Rad50 also contains a Cys-X-X-Cys “hook” motif that is 

conserved among all organisms and was originally proposed to function 

as a protein-protein interaction module (Hopfner KP, 2002).  This half-

zinc-finger motif was found to co-ordinate Zn2+ to mediate its 

dimerization with the hook domain from another Rad50 molecule, thus 

forming a zinc hook-mediated dimer (Figure 1.6) (Sharples and Leach, 

1995).
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A 

  

B

 

Figure 1.5:  Components of the MRN complex.  A) Domain organization of the components 
of the Mre11 complex.  Figure adapted from D’Amours and Jackson, 2002.  B)  
Schematic representation of the Rad50 enzyme in its folded state.  The regions 
represented by ribbon are parts of the protein that were already crystallized and the 
dotted lines represent the coiled-coils that are yet to be crystallized (Figure adapted 
from van Noort et al, 2003). 
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  Mutation of the conserved ATP-binding motifs in Rad50 in 

budding yeast is equivalent to a null mutation with respect to DNA 

damage survival, end-joining and meiosis (Alani E, 1990).  However, the 

relationship between Rad50 ATPase activity and its functions in DNA 

repair is still not well understood.  Rad50 exhibits very slow Mg2+-

dependent ATP hydrolysis and thus is hypothesized to use ATP-binding 

and hydrolysis to function as a switch rather than a motor.  pfRad50 

catalytic domains exhibit ATP-dependent dimerization, creating a DNA-

binding surface that is not available in its monomeric state and 

sedimentation analysis data also suggest that pfRad50 catalytic domains 

undergo ATP-dependent dimerization (Hopfner KP, 2001; Hopfner KP, 

2000).  Human Rad50 does not exhibit ATP-dependent dimerization, but 

does show nucleotide-dependent DNA binding in gel mobility shift assays 

(Lee et al, 2003) suggesting that ATP-dependent DNA binding is a 

conserved feature of Rad50 molecules from different organisms.  

Mutational analysis suggest that the Mre11-binding site is at the base of 

the coiled-coil domain of Rad50 (Hopfner KP, 2001).  Taken together, this 

data suggests that the ATP-binding and likely hydrolysis is necessary for 

Rad50 catalytic function.   

  Several biophysical studies have been carried out to 

determine the stoichiometry of the entire complex.  hMre11, hNbs1 and 
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hRad50 have molecular masses of 80kDa, 95kDa and 150kDa 

respectively.  However, gel filtration analysis of the MRN complex, co-

expressed using a baculovirus expression system, was excluded from a 

Superdex-200 column with a void volume of 1.3MDa.  This suggests that 

the MRN complex exhibits stoichiometry other than a simple 1:1:1 ratio 

of the components (Paull and Gellert, 1999; Trujillo KM, 1998).  More 

detailed sedimentation analysis of the complex shows that it is a large 

and discrete complex of 1.24MDa, whose mass was similar to that of the 

MR subcomplex, thus making it difficult to predict the stoichiometry (Lee 

JH, 2003).  Several hypothetical models of the MRN complex have been 

proposed, a few of which are shown in Figure 1.6A-C.  Several Electron 

Microscopy studies have revealed the architecture of the MRN(X) 

complex, however, the mode of its interaction with DNA is still not clear.  

A few models have been proposed that shows the mode of interaction of 

the MRN complex with DNA through the coiled-coils of the Rad50 

component (Figure 1.6D). 

STRUCTURAL FEATURES OF RAD50 

  The crystal structure of pfRad50 catalytic domain revealed 

the nucleotide-binding site and the proposed DNA-binding surface 

(Hopfner KP, 2000).   The Rad50 catalytic domain (Rad50cd) is a dimer  
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Figure 1.6:  Hypothetical models of MRN stoichiometry. A) Mre11, Nbs1, and Rad50 are 
symbolized by a circle, a hexagon, and an intramolecular coiled coil bringing the 
catalytic domains A and B together.  Figures (B and C) Representations of the 
stoichiometries of the different MR and MRN complexes with the respective molecular 
weights (Figure A, B &C were adapted from Moncalian et al, 2004) D) Models for the 
function of MRN complex in bridging DNA ends or linking two DNA molecules or 
enveloping sister chromatids. 
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formed by the N-terminal Walker A and C-terminal Walker B motifs.  

When bound to ATP, the Rad50cd forms a dimer of dimers with 2 ATP 

molecules bound at the dimer interface.  The ATP-bound form of 

Rad50cd takes the shape of a shallow ellipsoid bowl and forms a 12 Å 

deep by 22 Å wide by 65 Å long groove.  The two ATP molecules are 

buried at the dimer interface with one ATP molecule sandwiched between 

the Walker A domain of one Rad50 and signature motif from the other 

Rad50cd.  The Rad50cd crystal structure reveals a positively charged 

DNA-binding groove at the dimer interface (Figure 1.7).      

  The crystal structure of pfRad50 bound to ATP showed that 

the signature motif binds to the ATP γ-phosphate O through the S793 

sidechain O and the G795 mainchain N.  Therefore, these two residues in 

the signature motif are critical for ATP-binding, consistent with their 

conservation among all ABC-ATPases.  The signature motif is located 

immediately adjacent to the Walker B domain, which is responsible for 

ATP hydrolysis.  Mutations in the signature motif have been known to 

impair the ATP-mediated functions of several ABC transporter proteins.  

For instance, the S549R mutation in the signature motif of Cystic 

Fibrosis Transmembrane Regulator (CFTR) protein, known for channel  
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Figure 1.7:  Structure of the ATP-bound Rad50cd dimer.  Reprinted from Cell, 101(7), 
Hopfner KP, Karcher A, Shin DS, Craig L, Arthur LM, Carney JP, Tainer JA, “Structural 
biology of Rad50 ATPase: ATP-driven conformational control in DNA double-strand 
break repair and the ABC-ATPase superfamily” Page no, 794, (2000) with permission 
from Elsevier. 
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gating of chloride ions, causes Cystic Fibrosis (Gadsby and Nairn, 1999; 

Jones and George, 1999; Zielenski and Tsui, 1995).ATP hydrolysis is 

mediated by Mg2+ ion that binds to the ATP β- and γ-phosphate O’s and 

to Ser-37 and Gln-140 sidechain Os (Hopfner KP, 2000).  In addition, 

there are two water molecules, one of which binds to Asp-822 and Glu-

823 in the Walker B motif.  This water molecule forms hydrogen bonds 

with Gln-140 N and Tyr-827 main chain O.  ATP hydrolysis is proposed 

to occur only upon a slight conformational change triggered by Glu-823 

and His-855 by polarizing the attacking water molecule. 

HYPOTHESIS AND GOALS 

  The human, S. cerevisiae and P. furiosus Rad50 proteins and 

their bacterial homolog SbcC are implicated in double-strand break 

repair and in the maintenance of genomic integrity. Rad50 or SbcC 

together with Mre11 in human, S. cerevisiae, P. furiosus and bacterial 

SbcD, play a vital role in many biological processes including sensing 

and signaling of DNA DSBs, homologous and non-homologous 

recombination, meiosis, and the maintenance of telomeres (Connelly et 

al., 1999; Connelly and Leach, 2002; de Jager et al., 2004; Tsukamoto et 

al., 2001).  Many reports propose a role for MRN(X) complexes in bridging 

broken DNA ends and linking in sister chromatids and homologous 
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chromosomes through the long coiled-coil structures of Rad50, which 

extend up to 50nm. 

 Rad50 binds ATP and exhibits very weak ATPase activity; 

however, the relationship between Rad50 ATPase activity and its 

functions in DNA repair is still not well understood.  To investigate the 

mechanistic basis of Rad50 function in DSB repair we created a set of 

mutants of the human Rad50, which are deficient in specific aspects of 

Rad50 structure.  These included proteins with mutations of key 

residues in the ATPase domain based on the pfRad50 structure as well 

as structural mutants containing deletions of the hook domain and/or 

coiled-coil regions.  These mutants were expressed with human Mre11 

and characterized using biochemical assays for MRN function to 

determine which structural or catalytic domains are necessary for each 

activity.  In addition to looking at the point mutants of Rad50, we also 

wanted to determine if the coiled-coil domains as well as the zinc-hook 

motif are essential for Rad50 catalytic function.  It was shown using B. 

subtilis SMC1/SMC3 complex that the interaction of DNA with hinge 

domains leads to opening of the SMC arms by triggering ATP hydrolysis 

(Hirano and Hirano, 2006).   

 The CFTR protein, another member of the ABC-ATPase 

family, was recently shown to exhibit adenylate kinase activity.  
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Moreover, it was demonstrated using patch-clamp assays that adenylate 

kinase activity, and not ATPase activity, was responsible for chloride ion 

gating (Randak C, 2003; Randak and Welsh, 2005b).  Based on the 

significant similarity in the biochemistry of this family of enzymes, we 

wanted to determine if Rad50 also exhibits adenylate kinase activity.  We 

characterized this activity in vitro, and also investigated the biological 

function of this activity using specific adenylate kinase inhibitors and 

mutants of Rad50 that are deficient in this process.  
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CHAPTER 2:  MATERIALS AND METHODS 

PLASMID EXPRESSION CONSTRUCTS 

 Yeast Mre11/Rad50: The S. cerevisiae Mre11 gene was 

amplified from a cDNA (Research Genetics) and cloned with a C-terminal 

6xhistidine tag into pFastBac1 (Invitrogen) to make pTP391. This was 

made into a bacmid, pTP404, in DH10bac cells (Invitrogen) and used to 

make a recombinant baculovirus according to the manufacturer’s 

instructions. The S. cerevisiae Rad50 gene was amplified from a cDNA 

(Research Genetics) and cloned into pVL1393 (BD Pharmingen) to make 

pTP684. The clone contains 4 differences in amino acid sequence 

compared to the database sequence: M598T, H667R, L757H, and V913A, 

but fully complemented a rad50 deletion strain for MMS and bleomycin 

resistance  (Moncalian G, 2004).  pTP684 was modified with the S1205R 

mutation using Quikchange mutagenesis (Stratagene) to make pTP687. 

pTP684 and pTP687 were used to make recombinant baculovirus 

according to the manufacturer’s instructions. Baculovirus prepared from 

pTP404 and pTP684 (or pTP404 and pTP687 for the S1202R mutant 

complex) were used to coinfect Sf21 cells. 

 Human Mre11/Rad50: The human Mre11 gene was modified 

with a C-terminal FLAG tag (Sigma) by PCR from pTP17 (Paull TT, 1998), 
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to make pTP813. This was used to make a recombinant bacmid, pTP814, 

which was used to make baculovirus according to the manufacturer’s 

instructions. The S1202R form of hRad50 was constructed in pFastBac1 

(Invitrogen) (Moncalian G, 2004) to make pTP140. This was used to make 

a recombinant bacmid, pTP141, which was used to make baculovirus 

according to the manufacturer’s instructions. Baculovirus prepared from 

pTP814 and pTP11 (for wild-type complexes) or from pTP814 and pTP141 

(for S1202R mutant complexes) were used to coinfect Sf21 cells. 

 The P. furiosus expression construct was a gift from Jim 

Carney. The pfMR expression construct for E. coli expression was 

modified to make a S793R mutant version, pTP817. 

YEAST CONSTRUCTS AND STRAINS 

 To integrate the rad50-S1205R allele into the genome, the 

gene was cloned into pRS306 (Sikorski and Hieter, 1989) to make 

pTP659. This construct was cut with NheI and transformed into wild-

type W303alpha, selecting for URA+ colonies. A yeast strain was isolated 

with the integrated mutant allele, TP1990, which was verified by 

southern blotting analysis. 5-FOA-resistant colonies were isolated from 

TP1990, and the correct strain retaining the rad50-S1205R allele, 

TP1991, was confirmed by PCR, southern blotting, and DNA sequencing. 
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 Wild-type, rad50, or rad50-S1205R haploid yeast strains 

(W303MATalpha background; W303alpha (TP1218), KRY78 (TP1219), 

and TP1991, respectively) were mated with wild-type or rad50 haploid 

strains (BY4741MATa background). W303MATalpha and KRY78 were 

gifts from Tom Petes; the BY4741MATa wild-type and rad50 strains 

(TP1153 and TP1769, respectively) were obtained from the S. cerevisiae 

deletion collection. Diploid strains generated: TP2219 (W303 wild-

type/BY4741 wild-type), TP2311 (W303 rad50/BY4741 wild-type), 

TP2221 (W303 rad50-S1205R/BY4741 wild-type), TP2222 (W303 rad50-

S1205R/BY4741 rad50), and TP2223 (W303 rad50/BY4741 rad50). 

Each diploid strain is a CAN1/can1 heterozygote. 

PROTEIN PURIFICATION 

 Human Mre11/Rad50:  hsMR complexes were expressed 

from pTP814 and pTP11 baculovirus constructs in Sf21 insect cells as 

previously described (Paull TT, 1998) but with the following 

modifications. The proteins were eluted from the Nickel-NTA column 

(Qiagen) in Buffer NiB (50 mM KCl, 50 mM sodium phosphate (pH 7.0), 

10% glycerol, 20 mM β-mercaptoethanol and 125 mM imidazole). 

Fractions containing hsMR were pooled and loaded on to a 1 ml column 

of anti-Flag M2 agarose resin (Sigma) at a flow rate of 0.2 ml/min and 

then washed with buffer A (20 mM Tris pH 8.0, 100 mM NaCl, 10% 
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glycerol, and 1 mM DTT). The protein was eluted with buffer A containing 

Flag peptide (Sigma) at a concentration of 100 µg/ml.  

 scMR complexes were expressed from pTP404 and pTP684 

prepared similar to the human complexes except that the fractions from 

the Nickel column were loaded onto a 1 ml Hitrap Q column (G.E.) and 

washed with buffer A. scMR complexes were eluted from the Mono Q 

column with buffer A containing 0.6 M NaCl.  The peak fraction from the 

Hitrap Q column was loaded on to a Superose 6 HR10/30 gel filtration 

column (G.E.) in buffer A.  The scMR complex eluted at an apparent 

molecular weight of 1000 kDa. pfMR complexes were purified as 

previously described (Hopfner KP, 2000). 

NUCLEOTIDE-BINDING ASSAYS 

 Binding reactions (50 µl) contained 0.6 µM pfRad50 ATPase 

or 0.7 µM S793R pfRad50cd, 100 nM BODIPY FL AMP-PNP (Molecular 

Probes), 50 mM Tris–HCl (pH 7.4), 1 mM DTT, 70 mM NaCl, 5 mM MgCl2, 

and various amounts of unlabeled AMP-PNP as indicated. Reactions were 

incubated for ten minutes at room temperature before filtering through a 

nitrocellulose membrane. Samples (20 µl) from each reaction were 

filtered in parallel using a BioRad Bio-Dot apparatus. The membrane was 

then washed three times with 100 µl of binding buffer (50 mM Tris–HCl 

(pH 7.4), 70 mM NaCl, 5 mM MgCl2), dried, and analyzed by fluorimager 
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(Amersham Pharmacia). Reactions containing no protein were also 

analyzed, and used to determine the background level of AMP-PNP 

association with the membrane. These values were subtracted from the 

values derived from the reactions containing protein. Protein 

concentrations were determined by quantitative amino acid analysis 

(Scientific Research Consortium, Inc.). Data points from the binding 

curves were fit by non-linear regression using Graphpad Prism software, 

and the curves resulting from this analysis.  

DNA SUBSTRATES AND IN VITRO ASSAYS 

 The substrate in the gel mobility-shift assays and in the 3′ 

overhang cutting assay consisted of TP423 

(CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATC

) annealed to TP424 

(CACAGTGCTACAGACTGGAACAAAAACCCTGCAGTACTCTACTCATCTC). 

TP423 was labeled with 32P at the 5′ end for the gel mobility-shift assays, 

or at the 3′ end for the 3′ overhang cutting assay. Labeling was 

performed with phage T4 polynucleotide kinase on the 5′ end (New 

England Biolabs) using [γ-32P]ATP or with terminaldeoxytransferase on 

the 3′ end (Boehringer) using [α-32P]cordycepin. The substrate used in for 

the exonuclease assay consisted of TP74 annealed to TP124 with TP74 

labeled with 32P at the 5′ end. The hairpin substrate consisted of TP355 
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(CATCCATGCCTACCTGAGTACCAGTAGCTACTGGTACTCAGGTAGGCATG

GATGCCAGATCGAC) labeled with 32P at the 5′ end (Paull TT, 1998). Gel 

mobility shift assays were performed in a volume of 10 µl with Mops 

buffer (25 mM 3-(N-morpholino) propanesulfonic acid, pH 7.0), 50 mM 

NaCl, 1 mM DTT, 0.1% (v/v) Tween20, 100 µg/ml of bovine serum 

albumin (BSA), 5 mM magnesium chloride, 0.5 mM AMP-PNP or ATP as 

indicated, and 1 nM oligonucleotide substrate, with MRN complex added 

as indicated at approximately 5 nM (assuming 1.2×106 g/mol for MRN). 

Nuclease assays were performed in a volume of 10 µl with Mops buffer, 

50 mM NaCl, 1 mM DTT, 1 mM manganese chloride, 1 nM 

oligonucleotide substrate, with MRN complex added as indicated at 20–

25 nM (hairpin and 3′ overhang assays) or 2.0–2.5 nM (exonuclease 

assays). MRN was incubated with the DNA and other reaction 

components at 37 °C for 90 minutes (hairpin and 3′ overhang assays) or 

15–30 minutes (exonuclease assays) before the addition of 1 µl of 2% 

(w/v) SDS, 0.1 M EDTA. ATP (0.5 mM) was included in the 3′ overhang 

nuclease assays as indicated. Reactions were lyophilized, resuspended in 

7 µl of formamide loading buffer, separated on a denaturing, 20% 

polyacrylamide sequencing gel, and analyzed by phosphorimager 

(Amersham Pharmacia). 
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ATPASE AND ADENYLATE KINASE ASSAYS 

 ATPase assays: MR complexes were incubated in 10 µl 

reactions containing buffer A (20 mM Tris pH 8.0, 100 mM NaCl, 10% 

glycerol, 1 mM DTT) with 1 mM MgCl2 and 50 µM [γ-32P] ATP. Adenylate 

kinase assays also contained 50 µM cold AMP. Reactions were incubated 

at 37°C (human and archaebacteria) or 30°C (yeast) for 2 hr, 8 hr or 16 

hr and were stopped with the addition of 1% SDS and 10 mM EDTA. 1 µl 

of the reaction was then spotted on a polyethyleneimide (PEI) plate (EMD 

Biosciences) and separated by TLC for ATP, ADP, and Pi using 0.75 M 

KH2PO4 (pH 3.4). The plates were dried and analyzed using a 

phosphorimager (Bio-Rad). The levels of Pi generated were used as a 

measure of the ATPase activity and the levels of [β-32P] ADP were used as 

a measure of adenylate kinase activity. Adenylate kinase activity was also 

measured in some cases using 50 µM [α-32P] AMP and unlabeled ATP, or 

with 50 µM [α-32P] ATP in the absence of AMP.  

XENOPUS EGG EXTRACTS 

 Membrane-free egg cytosols were prepared as described 

(Smythe and Newport, 1991). All extract incubations were performed at 

21°C. Extracts were incubated for 20 mins with buffer, Ap5A or Ap3A 

prior to DNA binding or tethering assays. DNA binding assay: Xenopus 
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egg extracts supplemented with buffer, Ap5A, or Ap3A were incubated 

with 150 bp biotinylated DNA fragments bound to streptavidin beads (10 

ng/µl). Biotinylated DNA was generated by PCR using M13-ssDNA as a 

template (Costanzo et al., 2004). Following incubation, DNA-bound 

streptavidin beads were separated according to the manufacturer’s 

instructions (Dynabeads, M280 Streptavidin, Dynal Biotech) and washed 

in ELB buffer (10 mM Hepes, pH 7.7, 2.5 mM MgCl2, 0.05 mM KCl and 

250 mM sucrose) containing 0.1% Triton X-100. Samples were separated 

on 3-8% Nu-Page gels and analyzed by Western blot using antibodies 

directed against Xenopus Mre11 or ATM (Dupre et al., 2006; Robertson 

et al., 1999). The DNA tethering assay was performed as described 

previously (Dupre et al., 2006). Extracts were incubated with buffer, 

Ap5A or Ap3A and then supplemented with cold streptavidin-bound DNA 

(10 ng/µl) and free radioactive DNA fragments generated by PCR in 

presence of α32P-dCTP (50 ng/µl). Following DNA removal from extracts, 

the radioactivity associated with biotinylated DNA was counted by 

scintillation. 

DNA END-BRIDGING ASSAY WITH PURIFIED COMPONENTS 

 Biotinylated DNA was prepared by the PCR amplification of a 

2.5 kb DNA fragment, separated on a 1% agarose gel, excised in the 

absence of ethidium bromide, and electroeluted into 2 ml of T.E. (10 mM 
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Tris pH 8.0, 1 mM EDTA). The electroeluted DNA was dialyzed against 

water, concentrated to 50 µl, and bound to magnetic beads (Dynal 

Biotech). The radiolabeled DNA was prepared by the PCR amplification of 

an unrelated 2.5 kb fragment in the presence of [α-32P] dATP.  The PCR 

product was purified as described above and stored in T.E. DNA end-

bridging was performed in binding buffer (25 mM MOPS pH 8.0, 2 mM 

dithiothreitol (DTT), 5 mM MgCl2, 0.1% CHAPS, 0.1 mg/ml bovine serum 

albumin) with 12.5 mM NaCl and 1 nM 32P-labeled linear dsDNA. These 

components were combined with scMR complex (30nM) and DNA-bound 

magnetic beads (1 nM) in 9 µl. Reactions were incubated at 37°C for 30 

min +/- 100 µM ATP, followed by 3 washes with binding buffer for 10 

minutes each. Beads were resuspended in 20 µl binding buffer and were 

analyzed by liquid scintillation counting in comparison to the total 

counts used in the reaction. 

DETERMINATION OF KINETIC PARAMETERS 

 Time course measurements with varying concentrations of 

unlabeled ATP (0-350 µM) in the presence of 50 µM [γ-32P] ATP were 

performed to determine the Km and kcat for the Rad50-ATPase activity. 1 

µl aliquots of the reactions were withdrawn at 0, 7.5, 15, 22.5 and 30 

min and the products of the reaction were resolved by TLC. The initial 
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velocities were used to calculate the double-reciprocal plot to obtain the 

Km for ATP. Time course measurements for Rad50 adenylate kinase 

activity were similarly performed using 50 µM [γ-32P] ATP and varying 

concentrations of unlabeled AMP (10-500 µM).  1 µl aliquots of the 

reactions were withdrawn at 0, 2, 4, 8 and 16 hr and the products of the 

reaction were resolved by TLC. The initial velocities were used to 

calculate the double-reciprocal plot to obtain the Km for AMP.  

NUCLEOTIDE-BINDING ASSAY 

 Cross-linking experiments were performed by incubating 

scMR complex with [α-32P]8-azido ATP or [γ-32P]2-azido ATP (ALT Corp).  

scMR complex was dialyzed against Buffer C (25mM Tris pH 7.0, 100mM 

NaCl and 10% glycerol) to remove any trace amounts of DTT because it 

inhibits cross-linking.  The protein complex was incubated with the 

labeled azido derivatives for 30 minutes at 37°C in buffer containing 

25mM MOPS and 5mM MgCl2 in the absence or presence of unlabeled 

ATP, 8-azido ATP, 2-azido ATP, AMP, 8-azido AMP, 2-azido AMP and 

Ap5A at the indicated concentrations.  This was followed by cross-linking 

using a handheld short-wave UV light for 1 minute.  The free nucleotides 

were then removed by passing the reactions through a Micro Bio-Spin 6 

Chromatography Columns (Bio-Rad) and the cross-linked products of the 

reactions were separated on 6% SDS-PAGE.  The gels were dried and 
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exposed to a phosphor screen.  The image was analyzed by 

phosphorimager (Bio-Rad). 

RANDOM SPORE ANALYSIS 

 Diploid strains were sporulated by incubation in 1% KOAc 

and 0.025% glucose for 10 days, then analyzed for viable spores as 

previously described (Alison Adams, 1997). The percent sporulation is 

calculated as a comparison with the wild-type homozygote TP2219, 

which exhibited 1.4% ± 0.3% sporulation. The strains expressing the 

rad50-S1205R allele did not show any viable spores on any of the 

dilution plates, thus the sporulation rate was at least 1000-fold reduced 

compared with the wild-type strain. 

TELOMERE LENGTH ASSAYS 

 Haploid strains TP1218 (wild-type), TP1219 (rad50), and 

TP1991 (rad50-S1205R) were streaked onto YEPD for single colonies. 

Five colonies from each strain were used to examine telomere length. In 

each strain, the five isolates exhibited identical telomere phenotypes (two 

are shown in Fig. 4B). The strains were grown to log phase in YEPD at 

30°C, and telomere length was analyzed by Southern blot of genomic 

DNA digested with XhoI and PstI, run on a 1% gel. DNA from 

approximately the same number of cells was loaded in each lane. The 
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blot was hybridized with a C1-3A telomere probe (Alexander and Zakian, 

2003), which detects all telomeric fragments. This blot was stripped and 

reprobed with a CEN4 probe (Conrad et al., 1990) to verify loading. In all 

cases, telomere length in TP1219 and TP1991 strains was very short; 

reproducibly, telomeres in TP1991 were even modestly shorter than in 

TP1219. 
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CHAPTER 3: THE RAD50 SIGNATURE MOTIF: ESSENTIAL 

TO ATP BINDING AND BIOLOGICAL FUNCTION 

Previously published in Journal of Molecular Biology (Moncalian et 

al, 2004). Reprinted from Journal of Molecular Biology, 335(4), 

Moncalian G,Lengsfeld B,Bhaskara V,Hopfner KP,Karcher ,Alden E, 

Tainer JA, Paull TT. “The rad50 signature motif: essential to ATP 

binding and biological function.” Page nos 937-951, (2004) with 

permission from Elsevier. 

SUMMARY 

  The repair of double-strand breaks in DNA is an essential 

process in all organisms, and requires the coordinated activities of 

evolutionarily conserved protein assemblies. One of the most critical of 

these is the Mre11/Rad50 (MR) complex, which is present in all three 

biological kingdoms, but is not well-understood at the biochemical level. 

Previous structural analysis of a Rad50 homolog from archaebacteria 

illuminated the catalytic core of the enzyme, an ATP-binding domain 

related to the ABC transporter family of ATPases. Here we present the 

crystallographic structure of the Rad50 mutant S793R. This missense 

signature motif mutation changes the key serine residue in the signature 

motif that is conserved among Rad50 homologs and ABC ATPases. The 
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S793R mutation is analogous to the mutation S549R in the Cystic 

Fibrosis Transmembrane Conductance Regulator (CFTR) that results in 

cystic fibrosis. We show here that the serine to arginine change in the 

Rad50 protein not only prevents ATP binding but also disrupts the 

communication among the other ATP-binding loops. This structural 

change in turn alters the communication between Rad50 monomers and 

thus prevents Rad50 dimerization. The equivalent mutation was also 

made in the human Rad50 gene, and the resulting mutant protein did 

form a complex with Mre11 and Nbs1, but was specifically deficient in all 

ATP-dependent enzymatic activities. This signature motif structure-

function homology also extends to yeast, because the same mutation 

introduced into the S. cerevisiae RAD50 gene generated an allele that 

failed to complement a rad50 deletion strain in DNA repair assays in 

vivo. These structural and biochemical results extend our understanding 

of the Rad50 catalytic domain and also validate the use of the signature 

motif mutant to test the role of Rad50 ATP binding in diverse organisms. 
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INTRODUCTION 

  Double-strand breaks in chromosomal DNA can arise during 

the course of DNA replication, and can also be introduced by ionizing 

radiation and genotoxic chemicals. Effective repair of DNA double strand 

breaks (DSBs) is essential for the genetic integrity of cells, and can be 

addressed by at least two distinct mechanisms: homologous 

recombination (HR) and non homologous end-joining (NHEJ) (Haber, 

2000). HR requires pairing of the broken DNA strands with an 

undamaged homologous template, followed by DNA replication across the 

break point, and resolution of strand exchange intermediates. In NHEJ, 

the broken ends are ligated together, usually requiring processing of the 

ends by small deletions, and thus a homologous template is not required. 

The Mre11/Rad50 complex (MR) is conserved in all three biological 

kingdoms and has been shown to play important roles in both the HR 

and NHEJ pathways of DSB repair (D'Amours and Jackson, 2002; 

Gonzalez-Barrera S, 2003; Paques and Haber, 1999; Stewart GS, 1999). 

Much of the evidence for this comes from budding yeast, in which the 

Mre11 and Rad50 gene products have been studied extensively and 

found to also be required for meiotic recombination and telomere 

maintenance. MR associates with a third component in eukaryotic cells 

(Nbs1 in mammals, Xrs2 in S. cerevisiae) that links MR to DNA damage-
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induced cell cycle checkpoints (D'Amours and Jackson, 2001; Grenon et 

al., 2001; Petrini, 2000; Usui et al., 2001). 

  The Mre11 protein contains a nuclease domain that is highly 

conserved and related to the lambda phosphatase family of 

phosphoesterases. The crystal structure of an Mre11 homolog from P. 

furiosus shows five conserved motifs within the N-terminal half of Mre11 

that coordinate two Mn2+ ions for catalysis and also form a DNA-binding 

groove that can accommodate a double-stranded DNA end (Hopfner KP, 

2001). In vitro, Mre11 homologs exhibit 3’ to 5’ exonuclease activity on 

DNA substrates, as well as endonuclease activity on constrained 

structures such as hairpin ends (Connelly et al., 1999; Furuse et al., 

1998; Paull and Gellert, 1999; Paull TT, 1998; Trujillo KM, 1998; Usui T, 

1998).  

  In every organism studied to date, Mre11 forms a high 

affinity complex with Rad50, another well-conserved factor with an 

overall structure similar to that of the Structural Maintenance of 

Chromosomes (SMC) family of proteins involved in chromosome 

condensation and sister chromatid cohesion (Hirano, 1998). All of these 

family members contain Walker A and Walker B ATP-binding domains 

located at the extreme N- and C-termini of the proteins, respectively. The 

ATP-binding motifs are separated by two heptad repeat regions that form 
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a long (600 to 900 amino acids) antiparallel coiled-coil structure, most 

likely within each monomer. Each Rad50 molecule also contains a 

conserved Cys-X-X-Cys motif. This motif separates the coiled-coil regions 

and binds a metal ion. A combination of crystallographic evidence, 

electron microscopy, and biochemical data indicate that these hooks can 

join oppositely protruding Rad50 coiled-coil domains into a flexible 

bridge up to 1200 Å long (Hopfner KP, 2002). 

  Sequence analysis and structural studies of the P. furiosus 

Rad50 catalytic domains (Rad50cd) showed that Rad50 is related to the 

ABC transporters superfamily (Gorbalenya and Koonin, 1990; Hopfner 

KP, 2000). ABC transporters are membrane-spanning transport proteins 

that contain two ATP-Binding Cassettes (ABC) that power the transport 

of specific substrates through membranes using ATP hydrolysis. ABC 

transporters comprise a large superfamily that includes several proteins 

of medical relevance, including the CFTR protein associated with cystic 

fibrosis. 

  The catalytic domains of Rad50 are similar to the ATP-

binding cassette of ABC transporters (Hyde et al., 1990) but are not 

associated with membrane-spanning domains. The conserved ATP-

binding motifs common to Rad50 and the ABC transporter family include 

the Walker A and Walker B motifs, the Q loop, a histidine residue in the 
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switch region, a D-loop, and a conserved LSGG sequence (Holland and 

Blight, 1999; Hopfner KP, 2001; Schneider and Hunke, 1998; Walker et 

al., 1982). This conserved sequence LSGG is the most specific and 

characteristic motif of this family and is thus known as the ABC 

signature sequence. 

  To investigate the effects of this mutation and a Q loop 

mutation on the enzymatic functions of human MRN, we expressed the 

hsRad50 mutants S1202R and Q159H together with Mre11 and Nbs1 

using a baculovirus expression system. These MR(S1202R)/N and 

MR(Q159H)/N mutant complexes exhibited normal exonuclease and 

endonuclease activities, while all of the ATP-dependent activities of the 

complex were completely abrogated, confirming the importance of the Q 

loop and signature motif in the function of the human Rad50 complex. 

RESULTS 

ATP-binding mutants in the human Rad50 protein 

  The Q loop and the signature motif of pfRad50 are also 

conserved among the Rad50 homologs, including human Rad50 (Figure 

3.1A). To test the functions of the Q loop and the signature motif in the 

context of the human enzyme, two different mutations were made. The 

conserved glutamine in the Q loop was mutated to a histidine, and the 
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conserved serine in the signature motif was changed to an arginine, 

equivalent to the S793R mutant described above. The resulting protein 

complexes, MR(S1202R)/Nbs1 and MR(Q159H)/Nbs1, were expressed in 

a baculovirus system and purified by sequential nickel affinity, ion-

exchange, and gel filtration column chromatography. The 3-component 

complexes are shown in Figure 3.1B on a Coomassie-stained SDS-PAGE 

gel. The mutant complexes appear to be similar in overall mass and 

stoichiometry compared to the wild-type enzyme, to the extent that we 

can determine using these methods. 

Functional characterization of the hsRad50 mutant complexes 

  Wild-type MRN complex exhibits nucleotide-dependent DNA 

binding in the presence of non-hydrolyzable ATP analogs (Lee JH, 2003). 

This binding is also dependent on Nbs1 and is specific for double-

stranded DNA. The MR(Q159H)/N and MR(S1202R)/N mutant complexes 

were tested in the gel mobility shift assay to examine the effects of the 

mutations on nucleotide-dependent DNA binding. Neither mutant MRN 

complex bound DNA stably, either in the presence of ATP or AMP-PNP 

(Figure 3.1C, lanes 4 to 7). This result is consistent with the conservation 

of the Q159 and S1202 amino acids in the Rad50 gene family, and the 

importance of these residues in facilitating magnesium binding and ATP-

dependent dimerization in the P. furiosus Rad50 structure. All of the 
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binding assays shown here were performed in the presence of Mg2+, so 

the Mre11 nuclease is not active and the DNA substrates are not 

degraded during the course of the binding reaction. 

  Wild-type MRN exhibits manganese-dependent exo- and 

endo-nucleolytic activities on DNA substrates that are independent of 

ATP (Paull and Gellert, 1999; Paull TT, 1998). To test the mutant 

complexes for these activities, the complexes were incubated with 32[P]-

labeled double-stranded DNA and were found to exhibit wild-type levels 

of exonuclease activity on 3’ recessed ends (Figure 3.2A). The mutant 

complexes also showed endonuclease activity on a hairpin substrate 

which was at least as high as the wild-type enzyme (Figure 3.2B). Thus, 

nucleotide-independent Mre11 nuclease functions do not appear to be 

affected by the Q159H or S1202R mutations in Rad50.  

  It was previously demonstrated that the MRN enzyme 

partially unwinds DNA ends in the presence of ATP or dATP nucleotides 

(Paull and Gellert, 1999). This unwinding was postulated to facilitate 

access of the enzyme to the single-strand/double-strand junctions 

present at 3’ overhangs, which are cleaved by MRN only in the presence 

of manganese and ATP.  Wild-type MRN showed increasing cutting 

activity stimulated by ATP (Figure 3.2C, lane 4), while neither the Q loop 

nor the signature motif mutant cut the 32[P]-labeled 3’ overhang 
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Figure 3.1:  Site-directed mutations in the Q loop and the signature motif abrogate ATP-
dependent DNA binding by human MRN. (A). Sequence alignment of the Q loop (top) and 
signature motif (bottom) regions of Pyrococcus furiosus Rad50 (pfRad50), Homo sapiens 
Rad50 (hsRad50), Saccharomyces cerevisiae Rad50 (scRad50), and Homo sapiens 
Cystic Fibrosis Nucleotide-binding domains 1 and 2 (CFTR-NBD1, CFTR-NBD2). (B). 
Coomassie-stained SDS-PAGE of human MRN complexes containing wild-type (wt), 
S1202R (SR), or Q159H (QH) Rad50 molecules. (C). Gel mobility shift assays with wild-
type, S1202R, and Q159H MRN complexes. Proteins were mixed with a 32[P]-labeled 
double-stranded DNA substrate containing 3’ overhangs at each end, and incubated for 
15 min. at room temperature before electrophoresis in a 0.7% 1/2X TBE agarose gel. 
Reactions included either ATP or AMP-PNP, as indicated. 
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efficiently (Figure 3.2C, lanes 6 and 8).  These findings are consistent 

with previous results demonstrating that the Rad50 catalytic motifs are 

essential for this reaction (Paull and Gellert, 1999). The inability of the 

MR(S1202R)/Nbs1 and MR(Q159H)/Nbs1 mutants to catalyze the 3’ 

overhang cutting show that the Q loop and signature motif, in addition to 

the Walker A and Walker B motifs, are essential for Rad50-catalyzed 

unwinding of DNA ends and subsequent cutting of 3’ overhangs by 

Mre11. 

DISCUSSION 

  The signature motif in the Rad50 protein plays a critical role 

in ATP binding and hydrolysis. As shown in this work, mutation of the 

conserved serine residue in the LSGG signature loop to an arginine 

(S793R) results in several conformational changes in the C-terminal 

domain of pfRad50 that distort the organization of the Walker B motif, 

the P loop, and the Q loop in the catalytic ATP-binding site. The wild-type 

pfRad50 protein has previously been shown to dimerize upon ATP 

binding, and this association is mediated by the interaction of serine 793 

in trans with the γ phosphate of ATP bound to another Rad50 catalytic 

domain (Hopfner KP, 2000). In the structure of the S793R mutant, the 

absence of the serine residue blocks not only this dimerization but also 

stable ATP binding, as evidenced by the absence of the ATP analog in the  
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Figure 3.2: Site-directed mutations in the Q loop and the signature motif specifically 
inhibit ATP-dependent nuclease activities of human MRN. (A) Exonuclease assays were 
performed with wild-type (“WT”), MR(S1202R)/N (“SR”), and MR(Q159H)/N (“QH”) 
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complexes on a 50 bp 32[P]-labeled oligonucleotide substrate containing a recessed 3’ 
end (diagram). Exonuclease activity by MRN proceeds in the 3’ to 5’ direction (arrow). 
Reactions were incubated for 30 min. (B). Endonuclease assays were performed with 
wild-type (“WT”), MR(S1202R)/N (“SR”), and MR(Q159H)/N (“QH”) complexes on a 50 bp 
32[P]-labeled oligonucleotide substrate containing a hairpin on one end and a 3’ 
overhang on the other (diagram). The predominant sites of cleavage by MRN are 1 and 2 
nt 3’ of the hairpin tip (arrows). Reactions were incubated for 90 min. (C). Endonuclease 
assays were performed in the presence of ATP as indicated with wild-type (“WT”), 
MR(S1202R)/N (“SR”), and MR(Q159H)/N (“QH”) complexes on a 50 bp 32[P]-labeled 
oligonucleotide substrate with 3’ overhangs on each end (diagram). The predominant 
site of cleavage by MRN in the presence of ATP is at the single-strand/double-strand 
junction (arrow). Lane 1 contains an oligonucleotide marker for the approximate 
position of the reaction product. MRN reactions were incubated for 90 min. All of the 
exo- and endo-nuclease assays were performed in the presence of 1 mM manganese, 
and the reaction products were separated on denaturing polyacrylamide gels. The 
location of the 32[P] label is indicated with an asterisk (*) in all of the diagrams. 
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crystal. The arginine residue in place of the serine further distorts the 

surface of the C-terminal domain by making hydrogen bonds with a 

nearby glutamate residue that are not observed in the wild-type 

structure.Overall, the serine to arginine mutation results in large 

conformational changes in the ATP-binding and dimerization surfaces of 

Rad50 that completely abrogate catalytic activity by the mutant protein. 

The CFTR gene contains two nucleotide-binding domains (NBD), and a 

serine to arginine change at residue 549 of NBD1 (equivalent to S793R in 

pfRad50) generates a non-functional transporter protein and 

consequently the cystic fibrosis disorder (Sangiuolo F, 1991), suggesting 

that the same mutation may have similar effects in other proteins 

containing ABC domains. Interestingly, a few different missense 

mutations in serine 549 of CFTR have been identified in cystic fibrosis 

patients, all of which exhibit a severe form of the clinical phenotype 

(Kerem BS, 1990; Sangiuolo F, 1991). The structural consequences of the 

S793R mutation shown in this study would predict that the equivalent 

mutations in the CFTR signature motif would similarly distort the ATP-

binding region and lead to loss of catalytic activity.  

  The conserved serine in the signature motif of an SMC 

protein from B. subtilis was also mutated to an arginine, and in this case 

the mutant protein still bound ATP, but was deficient for ATP hydrolysis 
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(Hirano et al., 2001). The S1090R BsSMC protein was found to act as a 

dominant negative with the wild-type protein, an activity we have looked 

for with the human Rad50 mutants but have not yet observed (data not 

shown). The possibility of signature motif mutants acting as dominant 

negative alleles is currently being tested in vivo in S. cerevisiae. 

Effects of catalytic domain mutations on the activities of human 

MRN 

  The catalytic motifs in the N-terminal and C-terminal 

domains of Rad50 have been evolutionarily conserved, suggesting not 

only that the Mre11/Rad50 (MR) complex is fundamental to the 

maintenance of genomic stability but that ATP binding and hydrolysis 

are likely to be essential to its function. While the human MR complex 

has not shown ATP-dependent changes in multimeric state, it does 

exhibit nucleotide-dependent DNA binding like its counterparts in 

archaebacteria and lower eukaryotes (Lee JH, 2003). The S1202R mutant 

allele of the human enzyme, equivalent to the S793R mutant in pfRad50, 

encodes a protein that still binds normally to the Mre11 and Nbs1 

components of the complex, as shown in this work. This S1202R mutant 

complex is completely deficient in all of the known ATP-dependent 

activities of the human complex, indicating that the serine to arginine 
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change likely has a similar effect on the conformation of the active site of 

the human enzyme as it does in pfRad50.  

  As shown in Figure 3.1A, several residues in the signature 

motif and Q loop are conserved among Rad50 proteins and ABC 

transporters. In addition, the glutamate residue adjacent to the D loop 

that makes inappropriate contacts with Arg 793 in the mutant structure 

(E831) is conserved in the human and yeast Rad50 genes, as well as in 

SbcD from E. coli. Other elements of the pfRad50 active site are not 

conserved, however, including Phe 791, which makes stacking 

interactions with the adenine bases in the pfRad50 structure. The 

equivalent position in the human and yeast genes contain an asparagine, 

which would clearly not play an equivalent structural role.  

  The S1202R MRN complex is very useful for functional 

analysis of the enzyme because its association with the other 

components of the complex is indistinguishable from the wild-type 

protein. Previous analysis of MRN complexes with the K42E and D1231A 

Rad50 mutants did form complexes that were isolated and analyzed in 

vitro but the overall level of expression was significantly below the wild-

type level and the complexes appeared to be less stable than wild-type in 

the insect cell expression system (data not shown). 
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CHAPTER 4: RAD50 ADENYLATE KINASE ACTIVITY 

REGULATES DNA TETHERING BY MRE11/RAD50 

COMPLEXES 

SUMMARY 

  Mre11 and Rad50 are the catalytic components of a highly 

conserved DNA repair complex that functions in many aspects of DNA 

metabolism that involve double-strand breaks. The ATPase domains in 

the Rad50 protein are related to the ABC Transporter family of ATPases 

which have previously been shown to share structural similarities with 

adenylate kinases. Here we demonstrate that Mre11/Rad50 complexes 

from 3 organisms catalyze the reversible adenylate kinase reaction in 

vitro. Mutations in the signature motif of Rad50 reduce the adenylate 

kinase functions of Rad50 but do not affect ATPase activity, and these 

mutants are functionally dead for meiosis and telomere maintenance in 

vivo. An adenylate kinase inhibitor blocks Mre11/Rad50-dependent DNA 

tethering in vitro, indicating that adenylate kinase activity is required for 

DNA-DNA association by Mre11/Rad50 complexes. We propose a 

catalytic cycle for Rad50 that incorporates both ATPase and adenylate 

kinase reactions as critical activities that regulate Rad50 functions. 
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INTRODUCTION 

  The Mre11/Rad50 (MR) complex plays an important though 

still largely undefined role in DNA double-strand break (DSB) repair. 

Mre11 is an exo/endonuclease that associates in a tight complex with 

Rad50, an ATPase with a large coiled-coil domain similar in overall 

structure to the Structural Maintenance of Chromosomes family of 

cohesin and condensin molecules. In eukaryotes, MR also associates 

with a non-enzymatic component known as Nbs1 (nibrin) in mammals 

and in fission yeast, and as Xrs2 in budding yeast. Studies in S. 

cerevisiae clearly show that the Mre11/Rad50/Xrs2 (scMRX) complex is 

required for the repair of DNA double-strand breaks through homologous 

recombination pathways as well as through non-homologous end joining 

(Krogh and Symington, 2004). In vertebrates, each component of the 

Mre11/Rad50/Nbs1 complex (MRN(X)) is essential, and loss of any single 

component rapidly leads to chromosome instability and cell death 

(Stracker et al., 2004). The MRN(X) complex plays an important role in 

telomere maintenance and is essential for the processing of Spo11-

generated DNA breaks during meiotic recombination. In addition, the 

complex acts as a DSB sensor to initiate DNA damage signaling 

pathways in eukaryotic cells through the ATM/Tel1 family of 
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serine/threonine protein kinases that are essential for damage-induced 

checkpoint signaling (Lavin, 2004). 

 The catalytic motifs in Mre11 and Rad50 are evolutionarily 

conserved from archaea to humans, indicating that the enzymatic 

activities of these proteins are integral to their function. In budding 

yeast, the nuclease activity of Mre11 is required for scMRX function 

during meiosis, but is largely dispensable for the other activities of the 

complex (Lee SE, 2002; Moreau et al., 1999; Zhang and Paull, 2005). In 

contrast, the ATPase motifs in Rad50 appear to be essential for all known 

activities of scMRX and human Mre11/Rad50/Nbs1 (hsMRN), including 

activation of ATM by DNA DSB’s in vitro (Alani E, 1990; Lee and Paull, 

2005; Zhang and Paull, 2005). 

 MR complexes from several different organisms exhibit DNA 

binding activity that is stimulated by ATP or nonhydrolyzable ATP 

analogs (Hopfner KP, 2000; Lee JH, 2003; Moncalian G, 2004; Paull and 

Gellert, 1999; Raymond WE, 1993), although the complexes also show 

significant ATP-independent DNA-binding activity (V.B., T.P., 

unpublished data). ATP-dependent DNA binding is consistent with the 

model based on the crystal structure of the pfRad50 catalytic domain 

(Hopfner KP, 2000). This work showed that ATP induces dimerization of 

the Rad50 catalytic domain, and that the surface created by this 



 60 

dimerization interface forms a cleft with the size and electrostatic 

potential appropriate for DNA binding. We have also shown that ATP 

(and dATP) promote unwinding of DNA by hsMRN in vitro such that 15 to 

30 base pairs at the DNA end becomes at least transiently unwound 

(Paull and Gellert, 1999), and that this activity is important for 

stimulating ATM activity through hsMRN (Lee and Paull, 2005).  

 In vivo, the scMRX complex is one of the first protein 

complexes to localize at the site of a DNA DSB (Lisby and Rothstein, 

2004; Unal et al., 2004) and has been shown to play a major role in 

holding chromosomal fragments together to prevent missegregation and 

loss of genomic DNA after DNA breakage (Kaye et al., 2004; Lobachev et 

al., 2004). Consistent with this biological function, scMRX and hsMR 

complexes have been shown to bind to and bridge together DNA ends in 

vitro (Chen et al., 2001; Chen et al., 2005; de Jager M, 2001; Trujillo et 

al., 2003). Rad50 catalytic activity has been implicated in this process, 

but the exact role of the ATPase domain or ATPase activity in end-

bridging is not yet clear. 

 Rad50 contains Walker A and Walker B motifs at either end 

of the protein that associate intramolecularly and are responsible for ATP 

binding and hydrolysis. Rad50 also has a conserved loop in its C-

terminal catalytic domain known as the signature motif, which is specific 
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to the ABC transporter family of ATPases. The vast majority of the 

proteins in this family are integral membrane proteins responsible for the 

gating of ions or transport of small molecules across a membrane 

(Holland and Blight, 1999). The role of ATPase activity in this gating 

process has been controversial, particularly in the case of the Cystic 

Fibrosis Transmembrane Regulator (CFTR) protein, a well-known 

member of the ABC Transporter family. ATP hydrolysis has not been 

strongly correlated with ion channel gating by CFTR, although recent 

evidence suggests that ATP binding rather than ATP hydrolysis may 

control transport through its effects on the dimerization of the nucleotide 

binding domains (Higgins and Linton, 2004).  

 Randak and Welsh have proposed an alternative model for 

CFTR function by showing that, in addition to its ATPase activity, CFTR 

catalyzes the reversible adenylate kinase reaction: ATP + AMP ↔ ADP + 

ADP (Randak C, 2003). This activity has now been demonstrated for both 

nucleotide binding domains in CFTR (Randak et al., 1997; Randak C, 

2003; Smith et al., 2005). The 2003 study further showed that CFTR 

channel activity could be controlled by both ATPase and adenylate kinase 

reactions and argued that the adenylate kinase activity drives the 

channel gating cycle under physiological conditions.  
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 Considering the structural similarities between the 

nucleotide binding domains of CFTR and Rad50, we investigated the 

ability of MR complexes to perform the adenylate kinase reaction. Here 

we show that purified MR complexes from P. furiosus, S. cerevisiae, and 

H. sapiens all exhibit adenylate kinase activity. Mutation of the signature 

motif in the yeast and human Rad50 proteins generates complexes that 

are specifically impaired in adenylate kinase activity but are proficient in 

ATPase activity. These mutant complexes show no activity in vivo, 

suggesting that, like CFTR, the adenylate kinase activity of Rad50 is 

integral to its biological functions. Tethering of DNA molecules in vitro is 

blocked by a specific inhibitor of adenylate kinase activity, suggesting a 

role for this activity in maintaining chromosomal associations in cells. 

We propose a model for Rad50 catalytic activity that incorporates both 

ATPase and adenylate kinase activities and establishes a framework to 

understand the mechanism of Rad50 catalytic functions. 

RESULTS 

Mre11/Rad50 complexes exhibit adenylate kinase activity 

  Recombinant purified MR complexes from Homo sapiens 

(hsMR), Saccharomyces cerevisiae (scMR) and Pyrococcus furiosus (pfMR) 

(Figure 4.1) were tested for adenylate kinase activity: the reversible 
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transfer of the terminal phosphate from ATP to AMP to form two 

molecules of ADP (Figure 4.2A). Varying amounts of each MR complex 

was incubated with [γ-32P]ATP, either in the absence or presence of 

unlabeled AMP, and the reaction products were analyzed using thin-layer 

chromatography. All of the MR complexes hydrolyzed ATP, as shown by 

the release of [32P] inorganic phosphate (Figure 4.2B-D, lanes 2-4), when 

incubated with ATP only. In the presence of both ATP and AMP, all of the 

MR complexes also catalyzed the adenylate kinase reaction, which was 

evident from the generation of [32P]-labeled ADP (Figure 4.2B -D, lanes 6-

8). Other ATPases unrelated to the ABC transporter family such as RecA 

and Rad54 do not exhibit adenylate kinase activity (Figure 4.2E), 

indicating that the adenylate kinase activity is specific to Rad50 

molecules and related ATPases.  

  Most nucleoside monophosphate kinases require a specific 

base in the acceptor monophosphate binding site but are not specific to a 

particular base in the donor triphosphate binding site (Yan and Tsai, 

1999). To analyze the requirements for the donor binding site we used [α-

32P]AMP and unlabeled ATP with scMR and found that the enzyme 

generated labeled ADP as expected from the adenylate kinase reaction 

(Figure 4.3B). We also observed labeled ATP in these reactions (Figure  
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Figure 4.1:  SDS-PAGE gel of MR complexes. A) scMR complexes B) hsMR complexes and 
C) pfMR complexes. 
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Figure 4.2. Human, yeast, and archaeal MR complexes exhibit adenylate kinase activity. 
(A) Diagram of adenylate kinase reaction. (B). hsMR complexes incubated with [γ-
32P]ATP +/- AMP as indicated and the reactions separated by TLC. Positions of the [γ-
32P]ATP substrate and the [β-32P]ADP and [32Pi] products are shown. (C) scMR complexes 
assayed as in (B). (D) pfMR complexes assayed as in (B). (E) RecA (150 nM), BSA (150 
nM), and hsRad54 (100 nM) incubated with [γ-32P]ATP and AMP and characterized as in 
(B). 
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4.3B, lanes 3 and 4), indicating that the reverse adenylate kinase 

reaction occurred (see Figure 4.3A). 

  Using [α-32P]AMP, we also tested all of the nucleotide and 

deoxynucleotide triphosphates and found that only ATP and dATP could 

function as phosphate donors in this reaction (Figure 4.3C), indicating 

that the base on the donor nucleotide must be an adenine. Moreover, in 

the presence of [γ-32P]ATP, we observed that only AMP could function as 

phosphate acceptor and that the deoxyribonucleoside monophosphate 

dAMP was not functional in this assay (Figure 4.3D). The adenine 

nucleotide specificity has also been observed for human, yeast, and E. 

coli MR complexes in DNA binding, nuclease activity, and DNA 

unwinding (Connelly et al., 1997; Lee JH, 2003; Paull and Gellert, 1999; 

Raymond WE, 1993), suggesting that the same active sites are likely 

responsible for the adenylate kinase reaction.  

 Kinetic measurements of the ATPase and adenylate kinase 

activities of hsMR and scMR indicate that both enzymes show relatively 

low affinity for ATP: 230 µM for scMR and 320 µM for hsMR, and slightly 

higher affinity for AMP: 130 µM for scMR and 44 µM for hsMR (Figure 

4.4). We also determined the cation requirements for the adenylate 

kinase activity of scMR, which showed that both adenylate kinase and 

ATPase activities are maximal in the presence of magnesium but that the  
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Figure 4.3: MR adenylate kinase activity is adenine-specific and reversible. (A) Diagram 
of the adenylate kinase reaction with [α-32P]AMP. (B) scMR complexes incubated with 
[α-32P]AMP and ATP and the reactions separated by TLC. Positions of the [α-32P]AMP 
substrate and the [α-32P]ADP and [α-32P]ATP products are shown. (C) scMR complexes 
assayed as in (B) except that various nucleotides were used in place of ATP as indicated. 
(D) scMR complexes assayed with [γ-32P]ATP and various nucleotides as indicated and 
characterized as in (B). (E) scMR complexes assayed as in (D) with varous metal cations 
(10 mM) as indicated; the amounts of [32Pi] product are shown. (F) scMR complexes 
assayed as in (E); the amounts of [β-32P]ADP product are shown.  
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Figure 4.4:  Representative double-reciprocal plots of the rate of ATP hydrolysis versus 

variable ATP concentrations.   A) wild-type scMR (5 µM) and C) wild-type hsMR (150 nM).  
Representative double-reciprocal plots for the rate of adenylate kinase reaction versus 
variable AMP concentrations and constant concentration of ATP (50 µM) for B) wild-type 
scMR and D) wild-type hsMR.  The data were fitted to the equation 1/v0 = Km/vmax (1/ 
[ATP]) + 1/vmax for ATPase reactions and 1/v0 = Km/vmax (1/ [AMP]) + 1/vmax for 
adenylate kinase reactions. From this data, the Km of scMR for ATP and AMP are 230 
µM and 130 µM, respectively, and the Km of hsMR for ATP and AMP are 317 µM and 44 
µM, respectively. 
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reaction is also supported by manganese or calcium ions (Figure 4.3E, 

F). 

Ap5A inhibits the Rad50 phosphoryl transfer reaction but not ATP 

hydrolysis 

  Adenylate kinases are specifically inhibited by bifunctional 

molecules that contain 2 adenine nucleotides connected through 5’ 

linkages to varying numbers of phosphate groups (Lienhard and 

Secemski, 1973). These molecules mimic the transition state of the 

phosphoryl transfer reaction between ATP and AMP and are thus very 

specific to adenylate kinase enzymes. We used four of these compounds: 

Ap3A, Ap4A, Ap5A and Ap6A, which contain 3, 4, 5, or 6 phosphates, 

respectively, to test the sensitivity of MR adenylate kinase activity. Our 

results show that none of the inhibitors affected the ATPase activity of 

scMR, irrespective of the concentration or the number of phosphates 

linking the adenine nucleotides (Figure 4.5A, C). In contrast, all of the 

inhibitors with the exception of Ap3A decreased the adenylate kinase 

activity of scMR, with Ap5A and Ap6A showing the greatest inhibition 

(Figure 4.5B, D). We also tested the effects of Ap5A on the activities of 

pfMR and hsMR complexes and observed that the inhibitor completely 

abolished adenylate kinase activity but did not affect ATPase activity 

(Figure 4.5E, F). With these assays as well as the quantitative data 
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shown in other figures, assays were performed at least three times and 

representative data is shown. Collectively, these results show that the 

adenylate kinase reaction performed by these MR complexes is 

structurally similar to the reaction performed by canonical adenylate 

kinases, and that the distance between the two nucleotide binding sites 

must be ~16 Å – the length of 5 phosphate groups. 

Mutation of the Rad50 signature motif specifically disrupts 

adenylate kinase activity 

  The signature motif in ABC transporter ATPases is conserved 

among all of the members of this large family of enzymes and is thought 

to play an important role in catalysis by binding to the gamma phosphate 

on ATP and thus stabilizing the ATP-bound form of the enzyme (Hopfner 

KP, 2002). A mutant pfMR complex containing a serine to arginine 

mutation in the signature motif (S793R) was found to be deficient in 

ATP-dependent dimer formation and DNA binding (Hopfner KP, 2002), 

and also exhibits very low affinity for ATP (Moncalian G, 2004). This 

mutation in pfMR was modeled after an analogous mutation in CFTR 

(S549R) that results in cystic fibrosis (Kerem et al., 1989). In our assays, 

this mutant shows lower levels of both ATPase and adenylate kinase 

activity relative to the wild-type enzyme (Figure 4.6A), consistent with an 

overall deficiency in ATP binding.
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Figure 4.5: Adenylate kinase inhibitors block the adenylate kinase activity of MR 

complexes. (A) scMR complexes incubated with [γ-32P]ATP and AMP plus Ap4A, Ap5A, or 
Ap6A as indicated, and ATPase activity measured by the release of [32Pi]. (B) scMR 
complexes assayed as in (A) and adenylate kinase activity measured by the production 
of [β-32P]ADP. (C) scMR complexes assayed as in (A) plus Ap3A or Ap5A as indicated. (D) 
scMR complexes assayed as in (B) plus Ap3A or Ap5A as indicated. (E) pfMR and hsMR 
assayed as in (A) with 5 µM Ap5A as indicated. (F) pfMR and hsMR assayed as in (B) 
with 5 µM Ap5A as indicated. 
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  In contrast to the pfMR mutant, the equivalent mutations in 

hsMR and scMR do not inhibit ATPase activity (Figure 4.6B, lanes 5 to 7; 

5.6C, lanes 5 to 7; 5.6D, E, G, H). In fact, the levels of phosphate release 

from [γ-32P]ATP with hsMR(S1202R) are 2-3-fold higher than with wild-

type hsMR. However, the levels of adenylate kinase activity exhibited by 

the hsMR(S1202R) and scMR(S1205R) mutants are 2 to 10-fold lower 

than the wild-type complexes (Figure 4.6B, C, F, and I), thus these 

signature motif mutants are specifically impaired in adenylate kinase 

activity. Inclusion of AMP in the reactions with [γ-32P]ATP lowers the level 

of ATP hydrolysis (Figure 4.6D vs. 4.6E, 4.6G vs. 4.6H), suggesting that 

AMP may utilize the same binding site as ATP. 
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Figure 4.6: Mutation of the Rad50 signature motif reduces adenylate kinase activity by 
hsMR and scMR. (A) pfMR wild-type and mutant (Rad50 S793R) complexes incubated 
with [γ-32P]ATP and AMP, and the reactions separated by TLC as in Figure 1B. (B) 
hsMR wild-type and mutant (Rad50 S1202R) complexes assayed as in (A). (C) scMR 
wild-type and mutant (Rad50 S1205R) complexes assayed as in (A). (D) Time course of 
ATPase activity by hsMR complexes (300 nM) in the absence of AMP. (E) Time course of 
ATPase activity by hsMR complexes as in (D) but in the presence of AMP. (F) Time 
course of adenylate kinase activity by hsMR complexes in the presence of AMP. (G), (H), 
and (I) show the equivalent reactions as in (D), (E), and (F), respectively, except 
performed with scMR (2.5 µM). 
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Rad50 signature motif mutants do not function in vivo 

  We have previously shown that the S1205R mutation in 

scRad50 is equivalent to a Rad50 deletion in vivo in yeast with respect to 

MMS and bleomycin resistance (Moncalian G, 2004). In addition, the 

mutant fails to complement a deletion strain in assays of non-

homologous end joining in vivo (Zhang and Paull, 2005). Here we also 

looked at the effects of the S1205R mutation in meiosis, and found that 

the mutant does not support spore viability (Figure 4.7A). A 

deletion/S1205R heterozygote did not yield any viable spores while a 

deletion/wild-type heterozygote showed spore viability similar to a wild-

type homozygote. Interestingly, the S1205R mutant also acts as a 

dominant negative in meiosis, as evidenced by the complete loss of spore 

viability in the wild-type/S1205R heterozygote. In contrast, we have not 

observed any dominant negative effects of the mutant allele during 

vegetative growth when we measure MMS resistance (data not shown). 

We have confirmed that the S1205R Rad50 mutant protein is expressed 

in yeast and that it forms a complete complex with Mre11 and Xrs2 when 

coexpressed in insect cells, thus the mutation does not block Xrs2 

association with the MR (data not shown). 

 scMRX is important for the maintenance of telomere length 

by telomerase in budding yeast (Boulton and Jackson, 1998; Diede and 
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Gottschling, 2001; Moore JK, 1996; Tsukamoto et al., 2001). Genetic 

analysis has placed the complex in the same epistasis group as 

telomerase, suggesting that the complex may act on telomere ends to 

prepare them as a substrate for telomerase or may recruit telomerase to 

its substrate. Here we analyzed several colonies of the strain expressing 

Rad50 S1205R and found that the telomeres were as severely shortened 

as in a rad50 deletion strain (Figure 4.7B). The S1205R mutation in 

Rad50 thus completely abrogates the functions of scMRX at telomeres in 

vivo. 

Rad50 adenylate kinase activity is required for DNA end-bridging 

  scMRX and hsMR complexes have been shown by atomic 

force microscopy (AFM) to bridge DNA molecules in vitro (Chen et al., 

2001; Chen et al., 2005; de Jager M, 2001; Trujillo et al., 2003), and 

Xenopus MRN complexes catalyze an analogous DNA tethering reaction 

in Xenopus egg extracts (Costanzo et al., 2004). Furthermore, scMRX has 

been implicated as an important component of the cellular machinery 

that prevents broken chromosomal fragments from separating in vivo 

(Kaye et al., 2004; Lobachev et al., 2004). 
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Figure 4.7: Mutation of the Rad50 signature motif inhibits meiosis and telomere 
maintenance. (A) Diploid S. cerevisiae strains with combinations of Rad50 wild-type (wt), 
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rad50 deletion (∆), or rad50-S1205R (S1205R) alleles were induced to sporulate. The 
efficiency of sporulation was measured by random spore analysis; values shown relative 
to the wild-type diploid. (B) Telomere length was measured in haploid strains expressing 
wild-type, rad50, or rad50-S1205R alleles (left panel). Genomic DNA from the wild-type 
strain was loaded undiluted (lane 1), diluted 1:5 (lane 2), or diluted 1:10 (lane 5). 
Genomic DNA from the rad50 and rad50-S1205R strains are loaded in lanes 3 and 4, 
respectively. Lanes 6 to 10 contain the same pattern of samples from a second group of 
isolates. The blot was probed with a telomere-specific probe. The same blot (right panel) 
is shown after stripping and re-probing with CEN4 to confirm equivalent gel loading. 
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   To determine the importance of adenylate kinase activity for 

DNA tethering we employed the Xenopus egg extract system which 

contains functionally active MRN complexes. Biotinylated DNA molecules 

were added to the extracts in the presence of radiolabeled DNA, and the 

level of DNA tethering was measured by the association of the labeled 

DNA with streptavidin-coated magnetic beads. A 20-fold increase in 

DNA-DNA association was observed over background levels, the majority 

of which has previously been shown to be dependent on MRN (Costanzo 

et al., 2004). The level of DNA tethering was reduced 2-fold and 5-fold by 

the addition of 0.5 or 1.0 mM Ap5A, respectively, indicating a role for 

Rad50 adenylate kinase activity in the DNA tethering process (Figure 

4.8A). In contrast, the Ap3A compound which is structurally similar to 

Ap5A but does not inhibit Rad50 adenylate kinase activity did not inhibit 

DNA tethering in extracts. Note that the high levels of inhibitor used in 

this assay are necessitated by the high levels of endogenous ATP 

(estimated 1 to 4 mM) in Xenopus extracts. 

 The effect of Ap5A in Xenopus extracts is specific to the DNA 

tethering reaction, as the binding of MRN and ATM to DNA was not 

affected by Ap5A (Figure 4.8B). This result is consistent with our 

observations of purified MR complexes which have not shown any effect 

of adenylate kinase activity on the association of MR or MRN(X) 
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complexes with DNA molecules in binding assays in vitro (data not 

shown). 

  To examine the effects of Rad50 adenylate kinase activity on 

DNA end bridging in a purified system, we used a similar DNA tethering 

assay that measures association of a [32P]-labeled 2.5 kb DNA molecule 

with an unlabeled, biotinylated DNA molecule attached to streptavidin-

coated magnetic beads. After incubation of the DNA-bound magnetic 

beads with scMR, ~10% of the labeled DNA was associated with the 

biotinylated DNA on the beads, and this level increased to ~22.5% in the 

presence of ATP (Figure 4.8C). The addition of AMP to these reactions did 

not have any effect (data not shown), although the Ap5A inhibitor 

reduced the level of end-bridging to ~14%, close to the level observed in 

the absence of ATP. No association of the labeled DNA was seen with 

scMR in the absence of the biotinylated DNA.  The adenylate kinase 

activity of Rad50 therefore does contribute to DNA end bridging as 

measured in this vitro assay.  

 To further test whether the end-bridging activity requires the 

adenylate kinase function of Rad50, we used the signature-motif 

mutation (S1205R) containing scMR complex. Surprisingly, this mutant 

scMR complex was able to bridge DNA ends more efficiently than the 

wild-type, although the presence of ATP did not increase the end-bridging 
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any further (Figure 4.8D). We also used a mutant scMR complex that 

contained a mutation in the Rad50 Walker A domain (K40A). This 

mutant complex completely lacked the ability to bridge DNA ends, either 

in the presence or absence of ATP (Figure 4.8D). 

Rad50 catalyzes the reverse adenylate kinase reaction 

 As shown in Figure 4.8, we have observed inhibitory effects 

of the Ap5A adenylate kinase inhibitor in reactions that contain only ATP, 

no AMP. This suggests that the presence of AMP is not essential for 

adenylate kinase activity by Rad50. We have also consistently failed to 

observe any effect of AMP on the ATP-dependent activities of hsMR, 

hsMRN, pfMR, scMR, or scMRX in vitro (data not shown).  Considering 

these results, we hypothesized that Rad50 could enter the adenylate 

kinase cycle through the reverse reaction, starting with ATP hydrolysis 

(see Figure 4.9A).
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Figure 4.8: Adenylate kinase activity is required for MR-mediated DNA tethering. (A) 
Xenopus egg extracts incubated for 20 min with buffer, Ap5A or Ap3A as indicated. 
Biotinylated DNA (0.6 x 1011 ends/µl) and non-biotinylated radioactive DNA (DNA*; 
3x1011 ends/µl) was added, then biotinylated DNA was isolated and the associated 
radioactivity counted by scintillation. (B). ATM and Mre11 association with DNA was 
monitored by western blot in DNA-bound fractions using specific antibodies directed 
against ATM or Mre11. The equivalent of 100 ng of DNA was loaded on the gel. (C) scMR 
complexes (30 nM) incubated with [32P]-labeled linear DNA (2.5 kb, 1 nM) in the 
presence of an unlabeled, biotinylated DNA fragment attached to streptavidin-coated 
magnetic beads. The percentage of labeled DNA associated with the beads is shown as 
an average of 2 experiments. (D) Reactions performed as in (C) except with 
scMR(S1205R) and scMR(K40A) mutant complexes as indicated. 
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  To test this model, we used [α-32P]ATP in the absence of AMP 

and found that both scMR and hsMR generated labeled [32P]-AMP (Figure 

4.9B, C), indicating that the enzymes can initiate the cycle with ATP 

hydrolysis followed by the reverse adenylate kinase reaction. 

Surprisingly, the signature motif mutants scMR(S1205R) and 

hsMR(S1202R) also generated labeled AMP in this reaction, thus the 

mutations do not inhibit the reverse adenylate kinase reaction (2ADP → 

ATP + AMP) yet they are specifically deficient in the forward adenylate 

kinase reaction (ATP + AMP → 2 ADP). Moreover, the hsMR(S1202R) 

complex generated 7.5 to 10-fold more labeled AMP compared with the 

wild-type enzyme (Figure 4.9C). The overproduction of labeled AMP by 

the hsMR(S1202R) mutant compared with the wild-type was also 

observed when we used [14C]ADP to directly measure the reverse 

adenylate kinase reaction independently from ATP hydrolysis (Figure 

4.10). 

 The ATPase and adenylate kinase assays shown above were 

performed in the absence of DNA, thus DNA is not essential for either of 

these catalytic activities. However, we did observe that the presence of 

linear DNA stimulated the adenylate kinase activity of scMR by 5.5-fold, 

as measured by the production of labeled AMP (Figure 4.9D), while there 

was only an 1.5-fold stimulation of the ATPase activity under the same 
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conditions (Figure 4.9E). In contrast, supercoiled DNA did not have any 

effect on either the ATPase or the adenylate kinase activities of Rad50 

(data not shown).  

DISCUSSION 

  We show in this study that MR complexes from 3 different 

species catalyze the reversible adenylate kinase reaction: the transfer of a 

phosphate from ATP to AMP to generate two molecules of ADP. The 

relationship between adenylate kinases and the ATPase domains in ABC 

transporter enzymes was first noted in a sequence comparison analysis 

(Hyde et al., 1990). The nucleotide binding domains of the CFTR ion 

channel, also a member of the ABC transporter family, were 

subsequently shown to catalyze adenylate kinase activity in vitro (Randak 

et al., 1997; Randak C, 2003; Smith et al., 2005). Furthermore, the 

gating of the channel was inhibited by Ap5A, an inhibitor specific to 

adenylate kinases because of its similarity to the transition state of the 

reaction, demonstrating that adenylate kinase activity is important for 

the function of CFTR (Randak C, 2003).  
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Figure 4.9: Proposed catalytic cycle of Rad50. (A) Diagram of the catalytic cycle starting 
with ATP hydrolysis (k1), followed by the reverse adenylate kinase reaction (k2) and 
exchange of AMP for ATP to start the hydrolysis of ATP again. The forward adenylate 
kinase reaction (k3) also occurs as part of the reversible reaction. The Rad50 catalytic 
domain is proposed to exist in at least two different conformations (see text): the ATPase 
conformation (squares) vs the adenylate kinase conformation (rounded). (B) wild-type or 
scMR(S1205R) complexes incubated with [α-32P]ATP as indicated and analyzed by TLC. 
The positions of the [α-32P]ATP substrate and [α-32P]ADP and [α-32P]AMP products are 
shown. (C) wild-type or hsMR(S1202R) complexes assayed as in (B). (D) scMR 
complexes (2.5 µM) assayed with [α-32P]ATP in the presence of varying amounts of 
linear DNA as indicated. The moles of [α-32P]AMP produced, indicating adenylate kinase 
activity, are shown in (D) and the moles of [α-32P]ADP produced, indicating ATP 
hydrolysis, shown in (E). 
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Figure 4.10. Measurement of reverse adenylate kinase reaction.  Assays were performed 
with S. cerevisiae Mre11/Rad50 and human Mre11/Rad50 wild-type and S to R 
mutants as indicated. Reactions were performed with [α-14C]ADP  instead of [32P]-
labeled nucleotides. The appearance of [14C]-labeled AMP and ATP products indicate the 
reverse adenylate kinase reaction. 
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  Here we demonstrate that MR complexes catalyze the 

“forward” adenylate kinase reaction (AMP + ATP → ADP + ADP) as well as 

the “reverse” reaction (ADP + ADP → AMP + ATP). Furthermore, Rad50 

can enter the adenylate kinase reaction through ATP hydrolysis, because 

incubation of MR complexes with α-32P-ATP generates α-32P-AMP in 

addition to α-32P-ADP. Both the forward and reverse reactions are 

blocked by Ap5A (Figure 4.5 and data not shown), an indication that a 

bona fide adenylate kinase reaction is responsible for these products. 

  We have observed that, in the presence of equimolar AMP 

and ATP, MR complexes catalyze both ATP hydrolysis as well as the 

forward adenylate kinase reaction. The presence of AMP reduces the level 

of ATP hydrolysis by ~2-4-fold depending on the species of MR, indicating 

that AMP acts competitively with ATP. However, the intracellular pool of 

AMP has been estimated at ~1 to 2% of the ATP pool (Dean and Perrett, 

1976; Menze et al., 2005) so it is unlikely that Rad50 molecules in vivo 

will be exposed to sufficient concentrations of AMP to enter the forward 

adenylate kinase reaction, considering that the Km values of hsMR and 

scMR for AMP are 44 µM and 130 µM, respectively (Figure 4.4). 

Alternatively, we propose that Rad50 complexes more likely enter the 

adenylate kinase reaction through ATP hydrolysis as shown in Figure 

4.9.  This is consistent with our observation of Ap5A inhibition of DNA 
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tethering in the absence of AMP, and the fact that none of the activities 

of the MR complexes appear to be affected by AMP in vitro (data not 

shown).  We hypothesize that the Rad50 in a cell may be cycling back 

and forth in the adenylate kinase reaction between the ADP/ADP and the 

AMP/ATP-bound states.  This is logical energetically because Rad50 

ATPase activity is not dependent on DNA and would consume ATP 

unnecessarily if it were not engaged in the energetically neutral adenylate 

kinase reaction.  

 Rad50 adenylate kinase activity exhibits strict adenine 

specificity for both the donor triphosphate nucleotide as well as the 

acceptor monophosphate nucleotide, identical to the specificity observed 

for Rad50 ATPase activity. The simplest explanation for this data is that 

the original ATP binding sites visualized in the structural analysis of 

pfRad50 (Hopfner KP, 2000) are also the sites that catalyze adenylate 

kinase activity. One complication with this model, however, is the fact 

that the ATP molecules present in the two active sites in the crystal 

structure are too far apart (~ 35 Å) to accommodate the adenylate kinase 

reaction. The specificity of the Ap5A inhibitor strongly suggests that the 

distance between the nucleotides in the adenylate kinase reaction is ~16 

Å. To explain this discrepancy, we propose two alternative models. In the 

first model, Rad50 enters the adenylate kinase cycle through ATP 
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hydrolysis, but then undergoes a significant conformational change after 

ATP hydrolysis such that the ATP binding sites move closer together. 

Such a large conformational change would likely also affect the coiled-

coil domains of Rad50, which are connected to the ATP-binding domains. 

This type of conformational switch may be analogous to the transport 

cycle proposed for ABC transporters in which ATP-dependent changes in 

the nucleotide binding domains induce a conformational change in the 

orientation of the transmembrane domains that open or close the 

channel (Higgins and Linton, 2004).  

The biological importance of Rad50 adenylate kinase activity 

  The signature motif mutation used in this study was 

originally made on the basis of a mutation found in CFTR that causes 

severe cystic fibrosis (Kerem et al., 1989). This mutant protein that 

carries a serine to arginine change in NBD1 of CFTR has not been 

characterized biochemically as far as we know, but leads to a significant 

loss of gating function in vivo. The same mutation made in P. furiosus 

Rad50 (S793R) causes a substantial decrease in ATP-binding, ATP-

induced dimerization, and ATP hydrolysis (Hopfner KP, 2000; Moncalian 

G, 2004).  

 Mutation of the conserved serine to arginine in human 

Rad50 generates a complex that behaves like wild-type with respect to 
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complex formation but is completely deficient in all ATP-dependent 

activities in vitro, including AMP-PNP-dependent DNA binding and ATP-

dependent effects on Mre11 nuclease activity (Lee JH, 2003). 

Furthermore, the hsMRN S1202R mutant complex fails to stimulate ATM 

kinase activity in vitro, a deficiency that stems at least in part from its 

inability to perform ATP-dependent DNA unwinding (Lee and Paull, 

2005). These results led us to initially assume that the analogous 

mutations in yeast and human Rad50 reduces ATP binding and 

hydrolysis as the S793R mutation does in pfMR; however, it is clear that 

both scRad50(S1205R) and hsRad50(S1202R) mutant proteins retain the 

ability to hydrolyze ATP. We further show in this work that the yeast and 

human Rad50 mutants are specifically impaired in the forward adenylate 

kinase reaction. 

 In budding yeast, the Rad50 S1205R mutant fails to 

complement a rad50 deletion strain for MMS or bleomycin resistance and 

is equivalent to a null strain for non-homologous end joining of cohesive 

or mismatched DNA ends (Moncalian G, 2004; Zhang and Paull, 2005). 

Here we show that the mutant also does not support telomere 

maintenance or spore viability in meiosis. Interestingly, the Rad50 

S1205R mutation also acts as a dominant negative in meiosis. It is 

possible that this mutation may block Spo11 processing similarly to the 
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rad50S mutants that were previously identified (Alani E, 1990), although 

this question has not been specifically investigated. It is clear that 

S1205R is not a separation of function mutant, however, because it 

shows a severe phenotype in vegetative cells as well as in cells 

undergoing meiosis.  

 The in vitro end-bridging assays described in this study show 

that MR complexes utilize adenylate kinase activity in DNA tethering 

reactions. This reaction is particularly robust in Xenopus egg extracts, 

which support MRN-dependent DNA tethering and double-strand break 

signaling in this cell-free system (Costanzo et al., 2004; Costanzo et al., 

2001). It is not yet clear what step in DNA tethering is dependent on 

Rad50 adenylate kinase activity, but it must be a step that is distinct 

from DNA binding, which is not affected by Ap5A either in Xenopus 

extracts or in DNA-binding assays with purified proteins. A previous 

study demonstrated that the majority of DNA tethering activity in 

Xenopus extracts is MRN-dependent, and that a mutant complex 

containing the Rad50 S1202R mutation was unable to complement 

extracts immunodepleted for Xenopus MRN (Costanzo et al., 2004). 

 Using recombinant proteins, we also show that the wild-type 

scMR complex catalyzes ATP-stimulated association of two DNA 

molecules. A mutation in a conserved lysine of the Walker A motif (K40A) 



 91 

completely blocks all end-bridging, consistent with a previous report that 

analyzed end bridging by AFM (Chen et al., 2005). In contrast, the 

S1205R mutant complex shows high levels of end-bridging but it is not 

stimulated by ATP. It is not yet clear why the S1202R complex behaves 

differently in the purified system vs. the Xenopus extract. One possibility 

is that DNA tethering in the extract requires multiple catalytic cycles 

while the purified system does not. Alternatively, the mutant may exhibit 

a higher level of nonspecific DNA binding, which could be more 

pronounced in the absence of other cellular factors. 

The role of adenylate kinase activity in Rad50 functions 

  What is the functional relationship between Rad50 ATPase 

and adenylate kinase activities? One possibility is that the forward 

adenylate kinase reaction is the mechanistically important reaction 

carried out by MR complexes independent of ATP hydrolysis, as proposed 

for CFTR (Randak C, 2003). While the similarities with CFTR are 

compelling, several observations argue against this hypothesis for Rad50. 

First, unlike CFTR, the addition of AMP to in vitro reactions with MR or 

MRN(X) complexes does not have any effect even though ATP is required 

in these reactions (data not shown). While we demonstrate here that MR 

can enter the adenylate kinase reaction through ATP hydrolysis, one 

would expect that the addition of AMP would increase the functional 
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activity of the enzyme if the forward adenylate kinase reaction was the 

critical catalytic step. Second, the addition of Ap5A to in vitro assays with 

MR or MRN(X) complexes has no effect on the exonuclease activity of 

pfMR or on the endonuclease activity of hsMRN on 3’ overhangs (data not 

shown), even though these activities are clearly ATP-dependent. This 

suggests that ATP binding and ATP hydrolysis are functionally important 

apart from any relationship to adenylate kinase activity.  

 As an alternative model, we propose that Rad50 Figureenters 

the adenylate kinase reaction through ATP hydrolysis but that, different 

functions of the enzyme may require different nucleotide-bound states. 

For instance, there may be at least three different classes of Rad50 

functions: ones that only require ATP binding, others that require 

binding and hydrolysis, and others that require binding, hydrolysis, and 

adenylate kinase activity.  

 DNA binding by MR complexes is stimulated by ATP binding, 

not by hydrolysis, as shown with scRad50, pfRad50, hsMR, and hsMRN 

(de Jager M, 2002; Hopfner KP, 2000; Lee JH, 2003; Raymond WE, 

1993), since nonhydrolyzable ATP analogs stimulate DNA binding as 

efficiently or more efficiently than ATP. In contrast, the partial unwinding 

of DNA duplexes by hsMRN requires ATP hydrolysis (Paull and Gellert, 

1999), and hydrolysis is also required for scMRX to induce changes in 
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DNA topology (Trujillo et al., 2003). Lastly, ATP stimulation of end-

bridging by scMR and Xenopus MRN requires both ATP hydrolysis and 

adenylate kinase activity, as this activity is sensitive to Ap5A. In vivo, 

MRN(X) complexes are very likely engaged in all of these activities: DNA 

binding, unwinding, and end-bridging, which are likely to be coordinated 

by Rad50 molecules in different catalytic states. The difficult challenge 

for future studies is to determine how each nucleotide-bound state alters 

the conformation of the Rad50 catalytic domains and coiled-coils, and 

how these changes translate into changes in DNA structure.  

 The evidence shown here and previously with CFTR suggests 

that adenylate kinase activity may be common to all of the enzymes in 

the ABC transporter ATPase family. It is clear that the relationship 

between ABC ATPases and adenylate kinases is not merely a structural 

similarity but is a functional and mechanistic connection that may 

govern how these enzymes respond to their respective substrates, and 

may also control their activities in response to alterations in nucleotide 

pools that occur with changes in the intracellular environment.  
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CHAPTER 5:  ROLE OF COILED-COIL DOMAINS ON RAD50 

CATALYTIC FUNCTION 

INTRODUCTION 

  Eukaryotic Rad50, E. coli SbcC and archaeal Rad50 belong 

to the same family as the SMC proteins and share similar structural 

features, including the long coiled-coil and the Walker A and Walker B 

ATP-binding domains at the N- and the C-termini respectively.  The 

hsRad50 coiled-coil domain spans a length of about 900 amino acids 

made of heptad repeats, which is interrupted by the zinc-hook motif.  

The Mre11-binding site is at the base of the coiled-coil where it meets the 

N- and the C-Termini (Hopfner KP, 2001; Hopfner KP, 2000).  Both 

Rad50 and SMC proteins fold intramolecularly at the zinc-hook/hinge 

region.  The zinc-hook/hinge also serves as a dimerization domain to link 

two Rad50 or SMC molecules together.  However, Rad50 contains a 

significantly smaller half zinc-hook motif compared to the hinge domain 

in SMC proteins (Figure 5.1A) (Hopfner KP, 2002).   

  Wiltizius et al studied the importance of the zinc-hook motif 

in scRad50 by deleting it and replacing it with an FKBP dimerization 

module.  FKBP can dimerize only in the presence of a small molecule, 

AP20187 (Wiltzius et al., 2005).  The authors observed that the scMRX 
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Figure 5.1:  Rad50 coiled-coil mutants.  A) Ribbon diagram representing the Rad50 
molecule folded at the zinc-hook to form antiparallel coiled-coils to bring the N- and C-
termini together (Figure adapted from van Noort et al, 2003).  B) Cartoon 
representations of the different coiled-coil Rad50 mutants.  Dark blue boxes represent 
the N- and the C-termini.  The light blue box represents the Walker A domain and the 
pink box represents the Walker B.  Green and brown boxes represent the Q-loop and 
the signature motifs respectively.  The orange box at the center of the Rad50 molecule 
represents the zinc-hook motif.  Yellow and black boxes are the insertion of “PPAAAGG” 
linker sequence replacing the zinc-hook domain.  The numbers below the Rad50 
cartoon representation are the amino acid residues at which the coiled-coils terminate 
at the N-terminus or commence at the C-terminus.   
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complex was defective in DNA repair, telomere maintenance and 

initiation of double-strand breaks during meiosis in the absence of 

AP20187, but that the cells showed normal phenotypes in the presence 

of AP20187.  These results indicate that dimerization of Rad50 through 

the zinc-hook is essential for its function in vivo.   

  In order to understand the role of the zinc-hook and Rad50 

dimerization in a mechanistic way, we designed a set of coiled-coil 

deletion and zinc-hook mutants.  Here, we present the initial results of 

this structure-function analysis of Rad50 and its effect on the catalytic 

role of the MRN complex is discussed. 

RESULTS  

Construction and Expression of Rad50 mutants 

  Four hsRad50 mutants deleted for the coiled-coil and zinc-

hook domains were constructed such that they contained enough coiled-

coil to retain the Mre11-binding site as well as to preserve the heptad 

repeats at the base of the coiled-coil where it meets the N- and C-termini.  

These four mutants varied only in the number of heptad repeats retained 

at either side of the coiled-coil domains as shown in Figure 5.1B.  The 

zinc-hook motif was replaced by a “PPAAAGG” linker sequence in all of 
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the coiled-coil mutants to bring the N- and the C-termini together (Figure 

5.1B).     

  We observed that although Rad50∆CC0 associated with full-

length Mre11 and Nbs1 when coexpressed, gelfiltration analysis revealed 

that the peak of Rad50∆CC0 and that of Mre11/Nbs1 did not coincide 

(Figure 5.2A, top panel).  Gelfiltration profile of MR∆CC1N complex 

showed that the peaks of the three components overlapped however, the 

complex was not stoichiometric (Figure 5.2A, bottom panel).  The fourth 

mutant complex, MR∆CC4N, failed to express.  When coexpressed with 

full-length Mre11 and Nbs1, only Rad50∆CC2 formed a stable complex 

(Figure 5.2B).  Therefore, MR∆CC2N complex will be used in all of the 

subsequent analysis to compare the mutant complex with the wild-type.      

Sedimentation Analysis of MR∆∆∆∆CC2N complex 

  Sedimentation equilibrium analysis of the MRN complex 

containing the “mini” Rad50 showed that the complex existed primarily 

in two forms: one with a buoyant molar mass of 54.2kDa corresponding 

to a 1:1:1 stoichiometry and the second with a buoyant molar mass of 

225kDa corresponding to a 4:4:4 stoichiometry (R. Ghirlando, personal 

communication).   
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Figure 5.2: Expression of MRN complexes containing coiled-coil mutants of Rad50.  A)  
The top panel represents the Superdex-200 gelfiltration profile of MR∆CC0N complex, 
while the bottom panel represents the profile of MR∆CC1N complex.  B) SDS-PAGE of 
the co-expresion of Rad50∆CC2 mutant with Mre11 and Nbs1. 
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MR∆∆∆∆CC2N Complex Exhibits Adenylate Kinase and ATPase activities 

  To determine if the coiled-coil or zinc-hook domains affect 

the adenylate kinase or ATPase activities of Rad50, we tested the ∆CC2 

MRN complex for these activities in vitro using 50µM each of [γ-32P]ATP 

and AMP.  We observed that the ∆CC2 complex exhibited both ATPase 

activity, which was measured by the release of [32P] inorganic phosphate, 

and adenylate kinase activity, which was measured by the generation of 

[β-32P]ADP.  Both activities increased with increasing concentrations of 

the complex (Figure 5.3A).   

  To determine if the mutant MRN complex exhibits adenylate 

kinase activity, we used cold ATP in the presence of [α-32P]AMP.  Like the 

wild-type complex, the complex generated [α-32P]ADP and [α-32P]ATP, 

which is an indication that the complex exhibits adenylate kinase activity 

(Figure 5.3B).      

MR∆∆∆∆CC2N Complex is Deficient in DNA End-bridging Activity 

  To test the role of the coiled-coil and zinc-hook domains in 

DNA tethering, we purified recombinant hsMre11, hsMN and hsMRN and 

compared these complexes in the DNA end-bridging assays described in 

Chapter 4.  This assay measures the association of a labeled DNA 

molecule with an unlabeled DNA that is attached to magnetic beads 
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through a biotin-streptavidin linkage.  We established that the end-

bridging depends on the presence of Rad50 because recombinant Mre11 

and MN did not exhibit any retention of radiolabeled DNA on the beads 

(Figure 5.4A).  When we compared wild-type MRN with the MR∆CC2N 

complex in this assay, we observed that the wild-type complex retained 

nearly 14% of the radiolabeled DNA on the beads bound to biotinylated 

DNA.  In contrast, the mutant complex exhibited only about 2% retention 

of radiolabeled DNA (Figure 5.4B) (our unpublished data), suggesting 

that dimerization of Rad50 through the coiled-coil and zinc-hook 

domains is necessary to bridge DNA ends.
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Figure 5.3:  ATPase and adenylate kinase activities of MR∆CC2N complex.  A) In vitro 
assay to measure ATPase and adenylate kinase activities of the MR∆CC2N complex in 
the presence of [γ-32P]-ATP and AMP.  B) In vitro assay to measure adenylate kinase of 
MR∆CC2N complex in the presence of [α-32P] AMP and ATP. 
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Figure 5.4:  DNA end-bridging assay to measure the ability of MRN complexes to bridge 
DNA ends.  A) The presence of Rad50 is necessary for the MRN complex to bridge DNA 
ends.  B)  Rad50 coiled-coil is necessary for MRN complex to bridge DNA ends. 
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CONCLUSIONS 

Characterization of Rad50 coiled-coil mutants   

  We generated four coiled-coil Rad50 mutants that differ only 

in the number of heptad repeats at the base of the coiled-coil as shown 

in Figure 5.1B.  Only Rad50∆CC2 formed a stable stoichiometric complex 

with Mre11 and Nbs1 and that it exhibits normal ATPase and adenylate 

kinase activities.  However, the mutant complex lacks the ability to 

bridge DNA ends.  We had initially performed a gel mobility shift assay 

using in vitro reconstituted MR∆CC0N to determine if the mutant 

complex exhibits nucleotide-dependent DNA binding, similar to the in 

vitro assay performed in Chapter 3.  This assay measures the retardation 

of a radiolabeled 3’ overhang DNA substrate as a result of its binding to 

the MRN complex in the presence of AMP-PNP, a non-hydrolyzable ATP 

analog.  To our surprise, we found that the nucleotide-dependent DNA 

binding was observed in the presence of both ATP and AMP-PNP (data 

not shown).  Taken together, the gel shift and DNA end-bridging assays 

suggest that the inability of MR∆CC2N to tether DNA ends was due to a 

loss of the coiled-coil domains and not because of a loss in DNA binding.  

Unlike the scMR complex, we have not observed any dependence of ATP 

by the human MRN complex in our end-bridging assays.   
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Relevance of Stoichiometry of the complex to its catalytic functions 

  Lee et al showed using sedimentation equilibrium analysis 

that MR complexes exist as a ~1.2MDa complex, which could mean that 

MR dimers are held together by means of a zinc-mediated hook 

interaction or through the head-to-head association causing the coiled-

coils to face outwards (Figure 5.5) (Hopfner KP, 2002; Lee JH, 2003).  

This was consistent with earlier scanning force microscopic images that 

showed both kinds of structures (Hopfner KP, 2002).  However, Lee et al 

were unable to resolve the stoichiometry of the triple complex because 

the molecular mass of the complex was similar to the MR complex 

(Hopfner KP, 2002; Lee JH, 2003).   

  We recently analyzed pfMR full-length complex stoichiometry 

and found that it exists predominantly as a 2:2 complex, consistent with 

previous reports (de Jager et al., 2004).  These data suggest that the base 

unit of MR stoichiometry is M2R2, but that in humans the complexes 

further dimerize into M4R4.  Our results for the first time show 

stoichiometries with the triple complex, although it was with the “mini” 

MRN complex.  As mentioned earlier, the “mini” MRN complex primarily 

exists as a M1R1N1 complex with minor amounts of a M4R4N4 complex.  It 

is not surprising that the complex exists in a 1:1:1 stoichiometry, since 

we previously found that MN exists as a 1:1 heterodimer (Lee JH, 2003).  
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However, we did not expect a 4:4:4 complex because Rad50 lacks the 

zinc-hook motif, which is responsible for its dimerization (Hopfner KP, 

2002; Wiltzius et al., 2005).  Such a stoichiometry is possible only if 

Rad50 monomers form multimers through its head-to-head interactions.   

Relationship between MRN structure and DNA binding vs DNA 

Tethering  

  While head-to-head association of the complex seems to be 

sufficient for nucleotide-dependent DNA binding, it is quite possible that 

tethering DNA ends after the creation of a DSB or in keeping sister 

chromatids/homologous chromosomes in close proximity might require 

hook-mediated dimerization of Rad50 during DSB repair.  Our results 

with the mini MRN complex in DNA end bridging are consistent with this 

idea.  Further studies with specific deletions of the coiled-coil or the zinc-

hook domains are necessary to establish their roles in the interactions of 

the MRN complex with DNA.   
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Figure 5.5: Diverse arrangements of the MRN complex: a,c: Human M2R2 tetramer; b, d, 
P. furiosus M2R2 tetramer; e, f, hook-linked human (M2R2)2 octamer; g, hook-linked P. 
furiosus (M2R2)2 octamer; h, single-linkage (M2R2)2 octamer; i, circular human M2R2 
tetramer; j, circular P. furiosus M2R2 tetramer; k, circular P. furiosus M2R2 tetramer 
bound to DNA. hd, head domain comprising two Rad50 ATPases (red and yellow 
spheres in the diagrams) and two Mre11 molecules (blue spheres); cc, coiled coil (single 
red or yellow line); hk, Zn2+-hook. l, Architecture of the Zn2+-linked (M2R2)2 Mre11 
complex and its interaction with DNA. An Mre11 dimer (blue spheres) binds to the 
coiled coils of two Rad50 molecules adjacent to the ATPase domains (red/yellow 
spheres), forming the DNA-binding head of the Mre11 complex. The two binding heads 
are joined by a Zn2+-mediated tail-to-tail linkage between the coiled-coil hooks of Rad50, 
providing a bridge between sister chromatids before recombination. Zn2+ is shown as a 
magenta sphere (Figure adapted from Hopfner et al, 2002). 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

 Mutagenesis of the ATP-binding domains of Rad50 results in 

a null phenotype with respect to DNA damage survival and meiotic 

recombination, indicating that the ATP-binding motifs are crucial for its 

function in vivo.  Crystallographic studies with P. furiosus (pfRad50) 

showed that the catalytic domains dimerize only in the presence of a 

nucleotide and that this dimerization forms a DNA-binding groove.  

Further studies using pfRad50cd and the pfMre11 nuclease domain 

showed that ATP induces a significant conformational change in Rad50 

that is postulated to bring the Mre11 nuclease domains closer to the 

DNA binding groove of Rad50 and thus stimulates the nuclease activity 

of Mre11 (Hopfner KP, 2001; Hopfner KP, 2000).  The MRN(X) complex 

has also been shown to process different kinds of DNA substrates in vitro 

utilizing the ATP-dependent activity of Rad50 (Connelly et al., 1999; 

Connelly et al., 1997; Connelly and Leach, 2002; Hopfner KP, 2000; 

Paull and Gellert, 1999).  Previous studies have shown that the MRN 

complex exhibits unwinding of short duplex DNA regions in a reaction 

that requires Rad50 ATP hydrolysis (Paull and Gellert, 1999).  Taken 

together, it is suggested that Rad50 utilizes ATP hydrolysis to unwind 

short regions of duplex DNA to prepare DNA substrates for cleavage by 
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Mre11, as well as to stimulate DNA damage-induced signaling pathways 

through ATM/Tel1 (Lee and Paull, 2005). 

 Our data with recombinant proteins in vitro shows that the 

signature motif of Rad50 is essential for all ATP-dependent catalytic 

functions of Rad50, which includes nucleotide-dependent DNA binding 

and endonucleolytic cutting of 3’ overhang substrates by Mre11.  Our 

results also show that Rad50 from humans, S. cerevisiae and P. furiosus 

exhibits adenylate kinase activity, the reversible transfer of γ-phosphate 

from ATP to AMP.  Using purified recombinant yeast protein complexes 

and a X. laevis cell-free system, we found that adenylate kinase activity is 

important for efficient DNA end-bridging by MR in vitro.  Rad50 mutants 

specifically deficient in adenylate kinase activity fail to complement yeast 

rad50 null strains for DNA damage survival, telomere maintenance, or 

meiosis, suggesting that adenylate kinase activity is essential for Rad50 

function in cells. 

CYSTIC FIBROSIS TRANSMEMBRANE REGULATOR (CFTR) PROTEIN 

 The catalytic domain of Rad50 is a member of the large ABC 

transporter family of ATPases, most of which are integral membrane 

proteins that regulate movement of small molecules across a membrane.  

CFTR is one of the most well-known members of the ABC transporter 

family.  Mutations in the CFTR gene are responsible for Cystic Fibrosis, a 
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pleiotropic disease that becomes lethal due to secondary bacterial 

infections and inflammation in the lung.  It was established that 

improper functioning of the CFTR protein leads to defective chloride ion 

transport (Riordan et al., 1989; Rommens et al., 1989).   

 A model for the ATP-driven transport of chloride ions across 

the CFTR channel was proposed, although many details are yet to be 

resolved (Figure 6.1).  CFTR contains two nucleotide binding domains 

(NBDs) that bind two molecules of ATP in trans, with the two ATPs 

sandwiched in the NBD1–NBD2 interface. This intramolecular 

heterodimerization-like interaction transmits signals to the 

intramembrane domains that open or close the channel for transport of 

chloride ions.  The channel remains open until a molecule of ATP is 

hydrolyzed.  ATP hydrolysis causes the release of NBD1 and NBD2, 

resulting in channel closing (Gadsby et al., 2006).   
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Figure 6.1:  Model for the transport of ions through the nuclear membrane by CFTR.  
(Figure adapted from Gadsby et al, 2006). 
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ATP HYDROLYSIS BY CFTR 

  It has been shown that CFTR NBDs bind a wide range of 

nucleoside triphosphates, including ATP, GTP, ITP, CTP, UTP, AMP-CPP 

and 8-azido ATP (Anderson et al., 1991; Basso et al., 2003).  Non-

hydrolysable ATP analogs such as AMP-PNP and ATP-γS show that the 

channel opened inefficiently, while ADP completely inhibited channel 

opening (Gadsby et al., 2006).  Photo cross-linking experiments using 8-

azido ATP showed that NBD1 and NBD2 both exhibited ATP-binding 

separately, and that the rate of ATP hydrolysis was greater at NBD2 than 

at NBD1 (Aleksandrov et al., 2002; Ostedgaard et al., 1997).  The 

difference in the rates of ATP hydrolysis suggested that there could be 

alternating opening/closing cycles rather than a rapid concerted process 

(Figure 6.1).   

 Using Patch-clamp assays to measure the current generated 

as a result of chloride transport, Berger et al showed that the nucleotide-

binding at the two NBD sites is co-operative (Berger et al., 2005).  They 

also showed that channel opening was reduced when the ATP-binding at 

NBD2 was blocked by mutating a Ser1248 to Phe (Walker A domain of 

NBD2).  In order to further understand the mechanism of channel gating, 

they changed a Lys1250 residue in Walker A domain of NBD2 to Ala.  

Earlier studies with this mutant showed that the CFTR lacked ATP 
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hydrolysis but it was unclear whether the decreased levels of ATP 

hydrolysis was due to defective binding or due to normal binding but the 

inability to hydrolyze ATP (Ramjeesingh et al., 1999).  Berger et al, 

showed by photo cross-linking using [α-32P] azido ATP that the K1250A 

mutant is proficient in ATP-binding (Berger et al., 2005; Ramjeesingh et 

al., 1999) thus the K1250A was able to bind ATP but was unable to 

hydrolyze it.  They further demonstrated that the channel remained 

predominantly open and it closed after extended periods of time, possibly 

due to weak ATP hydrolysis activity of the K1250A mutant.   It is still 

unclear as to the role of NBD1, other than providing positive 

cooperativity towards ATP-binding at NBD2.  It was believed that ATP 

binding and hydrolysis at these two NBDs was responsible for channel 

gating of CFTR until recently when work by Randak and Welsh provided 

convincing evidence showing the role of adenylate kinase activity. 

CFTR EXHIBITS ADENYLATE KINASE ACTIVITY IN ADDITION TO ATPASE 

ACTIVITY 

 Randak and Welsh showed that CFTR can also catalyze the 

adenylate kinase reaction, which involves a reversible transfer of 

phosphate between ATP and AMP, in addition to its ATPase activity.  

They not only showed that the adenylate kinase activity is preferred over 

the ATPase reaction, but also that this reaction is primarily responsible 
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for channel gating of chloride ions (Randak et al., 1997; Randak C, 2003; 

Randak and Welsh, 2005b). 

 Randak and Welsh found that the presence of AMP and ADP 

in their assays inhibited ATP hydrolysis by CFTR, suggesting a 

competition between the adenylate kinase and ATPase activities.  The 

authors demonstrated by mutating the Walker A Lys and Walker B Asp 

(responsible for ATP-hydrolysis) of NBD2 that both adenylate kinase and 

ATPase activities are disrupted.  However, the N1303K mutation, which 

lies just outside of the catalytic site of NBD2, resulted in a loss of only 

adenylate kinase activity but not the ATPase activity (Berger et al., 2002; 

Randak C, 2003).  In contrast to the wild-type CFTR, the N1303K mutant 

did not generate AMP-stimulated current.  Moreover, Ap5A was able to 

inhibit the current in wild-type CFTR but not in the N1303K mutant, 

suggesting that the adenylate kinase activity is essential for the proper 

channel opening/closing states of the CFTR transporter. 

 Randak and Welsh also show that in the presence of ATP 

alone, the channel opening shows simple Michaelis-Menten kinetics with 

a Hill coefficient of 1.0 indicating non-cooperative binding (Berger et al., 

2002; Randak C, 2003).  However, these results contradict earlier 

published data that show cooperativity with respect to ATP-binding at 

both NBDs is responsible for channel opening.  Therefore, the ATP-
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dependent cooperativity of CFTR has been a subject of considerable 

debate.  Nevertheless, the studies published by Randak and Welsh show 

convincing data that in the presence of both ATP and AMP, at 

concentrations of 1mM each, exhibit positive two-site cooperativity for 

ATP with a Hill coefficient of 1.6.  Furthermore, in the presence of Ap5A, 

an inhibitor of adenylate kinase activity, the Hill coefficient for ATP was 

0.63, suggesting that Ap5A shows negative cooperativity with ATP-

binding (Randak C, 2003) and that the adenylate kinase activity plays a 

role in nucleotide-dependent heterodimerization of CFTR NBDs.   

 Randak and Welsh further showed that the Km value for AMP 

is ~70µM (Randak C, 2003).  A few studies show that the intracellular 

[AMP] concentrations are highly variable ranging from 10 to 700µM 

(Bozzi et al., 1994; Olson et al., 1996).  Based on all this information and 

the fact that the Km for AMP is well within the range of intracellular AMP 

levels, they propose that adenylate kinase activity regulates the chloride 

channel gating of CFTR (Randak and Welsh, 2005a).   

COMPARISON OF RAD50 WITH MEMBERS OF ABC-ATPASE FAMILY  

   Rad50 shows significant similarity in the nucleotide-binding 

regions with other members of the ABC superfamily of ATPases.  All the 

proteins of the ABC superfamily require the Walker A, Walker B, 

signature motif and the Q-loop to implement their biological functions.  
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The signature motif in particular is only found in this family of ATPase 

enzymes.  In fact, an S549R mutation in the signature motif of CFTR 

causes Cystic Fibrosis, suggesting the importance of the signature motif 

in the biological functions of this family.  As discussed earlier, ABC 

transporters use ATP binding and subsequent hydrolysis as a switch 

between open and closed conformations to gate substrates through a 

membrane.  In contrast, Rad50 and SMC proteins are thought to use 

ATP binding to bind DNA and release it upon ATP hydrolysis.    

RAD50 ATP-BINDING IS IMPORTANT FOR MRN COMPLEX ACTIVITIES  

 The Mre11 and Rad50 components of the MRN(X) complex 

are well conserved among all organisms.  In eukaryotes, Mre11 and 

Rad50 associate with a third component, called Nbs1 in mammals or 

Xrs2 in yeast.  Together, they form a tight complex in vivo and play an 

important role in the repair of DNA DSBs.  Mre11 contains 

phosphoesterase domains and functions as exo- and endonuclease.  

Rad50 contains nucleotide-binding domains that coordinate DNA binding 

and DNA unwinding by the complex through ATP binding and hydrolysis.  

Nbs1 (Xrs2 in yeast) primarily functions in the signaling aspect of the 

complex.  The MRN complex was originally thought to catalyze the 

processing of DNA ends through the Mre11 component to initiate 

recombination, although its role in this process is not yet clear. 
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 The earliest evidence that the ATP-binding domains of Rad50 

are essential for its function came from in vivo yeast experiments 

showing that the Walker A domain is required for Rad50 functions in 

meiosis (Alani E, 1990).  Subsequent in vitro studies have shown that the 

human MRN complex can perform ATP-dependent unwinding of short 

DNA duplexes (Paull and Gellert, 1999), and shows increased levels of 

DNA binding in the presence of non-hydrolyzable nucleotide analogs (Lee 

JH, 2003).  Chen et al also mutated S. cerevisiae Rad50 Walker A domain 

Lys40 residue to Ala, Glu or Arg and studied its effect on MRX functions 

(Chen et al., 2005).  Yeast strains that harbored the Lys40 mutant rad50 

lacked the ability to integrate linearized plasmid and exhibited defects in 

DNA end-joining similar to a rad50 null.  In vitro DNA-binding, 

unwinding and ATP-dependent endonuclease activities were also 

defective, consistent with the hypothesis that ATP-dependent activities 

are essential for the functions of this complex (Chen et al., 2005).   

 Zhang and Paull have shown that budding yeast expressing 

rad50 mutant in the signature motif (S1205R) were deficient in all forms 

of end-joining activities.  The authors showed that end joining of cohesive 

ends was reduced by 40-fold in both null and S1205R yeast strains 

compared to the RAD50 wild-type strain.  The Rad50-S1205R mutant 

strain showed very low levels of end-joining activity on mismatched ends, 
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similar to that seen with the null strain, both in the presence or absence 

of microhomologies.  These observations suggested that Rad50 uses 

ATPase activity of Rad50 may use ATP-driven DNA unwinding to facilitate 

end joining (Zhang and Paull, 2005).   

BIOCHEMICAL CHARACTERIZATION OF RAD50 

Rad50 is an adenylate kinase 

 The catalytic domains of Rad50 exhibit significant homology 

with other members of the ABC family of ATPases, although the 

similarity does not extend to rest of the Rad50 molecule.  Most members 

of the ABC Transporter family have two nucleotide-binding domains 

(NBD1 and NBD2).  Each NBD contains a Walker A, Walker B, signature 

motif and a Q-loop; however, there are slight variations in the amino acid 

sequence at the catalytic sites of NBD1 and NBD2 giving rise to 

differences in the rate of ATP hydrolysis.  The asymmetry appears to be a 

characteristic feature among all ABC-ATPases and therefore, has 

attracted considerable attention, leading to the proposal of a step-wise 

model for the transport of substrates between membranes (Figure 6.1) 

(Gadsby et al., 2006; Zaitseva et al., 2006). 

 In contrast to the ABC transporters, Rad50 has a single NBD 

split by the coiled-coil domain in such a way that the Walker A/Q-loop 
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forms the N-terminus, and Walker B/signature motif forms the C-

terminus.  Consequently the bipartite NBD of Rad50 does not permit for 

an asymmetry at the two ATP-binding sites.  The importance of the 

asymmetry at the nucleotide-binding sites in the enzymatic roles of ABC-

ATPases is yet to be understood. 

 Based on these observations and the significant sequence 

similarity that Rad50 shares with CFTR catalytic domain, we studied if 

MR complexes from humans, S. cerevisiae, P. furiosus exhibit adenylate 

kinase activity.  Using in vitro assays, we established for the first time 

that MR complex exhibits adenylate kinase activity and that it requires 

the catalytic domains of Rad50.   

Rad50 catalyzes “forward” and “reverse” adenylate kinase reactions 

 The adenylate kinase reaction is the reversible transfer of 

phosphate between ATP and AMP to generate two molecules of ADP.  We 

observed that recombinant MR complexes from archaebacteria, yeast and 

humans exhibit adenylate kinase reaction when incubated with ATP and 

AMP (ATP + AMP → 2 ADP).  Rad50 can also perform the “reverse” 

adenylate kinase reaction (2ADP → ATP + AMP), i.e., generating ATP and 

AMP from [α-14C] ADP.  Consistent with this result, we also observed that 

Rad50 can enter the “reverse” adenylate kinase reaction through ATP 

hydrolysis by utilizing the ADP molecules generated from ATP hydrolysis.   
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Rad50 exhibits weak ATPase and adenylate kinase activities 

  Earlier studies have revealed that Rad50 is a weak ATPase 

(Hopfner KP, 2000; Trujillo et al., 2003).  We have also observed similar 

rates of ATP hydrolysis for the hsMR and pfMR complexes (~0.111 moles 

of Pi released/mole of Rad50/min); however, scMR exhibits 10-fold lower 

rate of ATP hydrolysis (~0.010 moles of Pi released/mole of Rad50/min).  

The kinetics of ATP hydrolysis for the scMR complex were similar in the 

presence and absence of AMP (~0.010 moles of Pi released/mole 

Rad50/min), whereas hsMR exhibited a 5-fold lower rate of ATP 

hydrolysis in the presence of AMP (Figure 4.6).  In the presence of AMP, 

the human complex (~0.027 moles of ADP generated/mole of 

Rad50/min) showed ~10-fold higher rate of the adenylate kinase reaction 

in comparison to its yeast counterpart (~0.0019 moles of ADP 

generated/mole of Rad50/min).  These data suggested that the yeast and 

the human complexes show some inherent differences.   

  Although scMR exhibits very weak ATPase and adenylate 

kinase activities in comparison to its human and archae counterparts, 

we have observed stimulation of the scRad50 “reverse” adenylate kinase 

reaction by ~6-fold in the presence of linear DNA (Chapter 4, Figure 4.9) 

and that scMR complex can use this stimulation to tether DNA ends 

(Chapter 4, Figure 4.8).  However, hsMR and pfMR complexes have 
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significantly higher rates of ATPase and adenylate kinase activities and 

yet have failed to show ATP-dependence in any of our in vitro assays.  

Our failure to observe an effect of AMP or the reverse adenylate kinase 

reaction in any ATP-dependent activities coupled with the fact that the 

incubation periods for our in vitro assays are extremely long, suggests 

that there might be an additional co-factor missing in our assays.  This is 

further corroborated from the observation that DNA end-bridging is 

inhibited by Ap5A in X. laevis cell-free extracts and that the presence of 

MRN(S1205R) complex showed defective end bridging in this assay 

(Dupre et al., 2006).  Efforts are underway to identify the missing factor 

that could potentially stimulate the catalytic activities of Rad50.  Xrs2 or 

Nbs1 was the clear choice; however, its inclusion did not cause any 

further stimulation of the adenylate kinase activity or DNA tethering.  

Moreover, there is no known functional homolog of Xrs2/Nbs1 in archae.   

Adenine specificity at the donor and acceptor sites 

 Rad50 is a “true” adenylate kinase, which means that both 

the donor and the acceptor phosphate sites require the presence of 

adenine base.  It can use either ATP or dATP at the phosphate donor site, 

but cannot use the other NTPs or dNTPs to catalyze the reaction.  

Similarly, the phosphate acceptor must be AMP.  This adenine specificity 
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could be due to shared active sites for ATP hydrolysis and adenylate 

kinase as discussed below in the cyclic model. 

Ap5A inhibits DNA end-bridging activity 

 We also tested inhibitors of adenylate kinase activity that 

contained varying numbers of phosphates between two adenine bases 

and are thought to mimic the transition state during the phosphoryl 

transfer between ATP and AMP.  We used linkers between the two 

adenine bases that ranged from 3 to 6.  The best inhibitor is the one that 

occupies the donor- and acceptor-binding pockets in addition to having 

the right length of phosphates that match the distance between the two 

binding pockets.  Our data suggests that Ap5A fits both these 

requirements and is able to inhibit adenylate kinase activity even at a 

100-fold lower concentration than ATP and AMP used in the reaction.  

Ap4A and Ap6A also inhibit the adenylate kinase reaction to a certain 

extent but not as effectively as Ap5A, while Ap3A is ineffective.      

The Signature Motif is Essential for Normal Biological Processes of 

the MRN(X) Complex 

 We created human Rad50 mutants in the signature motif 

and the conserved Q-loop, because both these regions are responsible for 

stabilizing interactions of ATP at the catalytic site in the crystal structure 
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of pfRad50 bound to ATP (Hopfner KP, 2000).  Our mutant MRN 

complexes containing Rad50-Q159H and Rad50-S1202R formed stable 

complexes when co-expressed.  As was expected, the mutant complexes 

showed no defects in exonuclease activity and hairpin cutting activity.  

However, no gel-shift product was observed with the radiolabeled DNA in 

the presence of either ATP or AMP-PNP, suggesting that the complex was 

deficient in the nucleotide-dependent DNA binding.  It was further 

confirmed that the complex lacked ATP-dependent functions from the 

observation that the mutant complexes were completely deficient in the 

endonuclease cutting of 3’ overhang dsDNA substrates (Moncalian G, 

2004).  These experiments established that the signature motif and Q-

loop residues in Rad50 are essential for the ATP-dependent activities of 

the MRN complex.   

Crystal structure of archaebacteria Rad50 S793R 

 When the P. furiosus Rad50 S793R (signature motif Rad50 

mutant) was crystallized, it revealed that the Arg-793 residue makes an 

inappropriate hydrogen bond with Glu-831, thus preventing the 

conformational change that wild-type Rad50 undergoes upon ATP 

binding (Figure A4, Appendix I) (Moncalian G, 2004).  Our filter binding 

assays further confirmed that the wild-type Rad50 bound to AMP-PNP 

with a stoichiometry of one nucleotide analog per one Rad50 cd monomer 



 123 

(two per Rad50 dimer).  However, there were no detectable levels of 

nucleotide binding shown by the Rad50 S793R mutant. 

MUTATION OF THE SIGNATUE MOTIF PERTURBS ADENYLATE KINASE 

ACTIVITY, NOT ATP HYDROLYSIS 

 We used the pfMR S793R mutant complex and its analogous 

complexes from humans and S. cerevisiae to investigate the effect of 

signature motif mutation on adenylate kinase and ATPase activities.  The 

archaebacteria mutant complex exhibited neither ATPase nor adenylate 

kinase activity, corroborating earlier observations that this complex is 

completely deficient in nucleotide-binding.  To our surprise, the human 

and the yeast mutant complexes showed similar or higher than wild-type 

levels of ATPase activity, while the adenylate kinase activity showed a 2-

fold reduction with the scMR complex and a 10-fold reduction with the 

hsMR complex.  We also made scMR complexes with S1205A, S1205T 

and K40A mutant scRad50 and compared their ATPase activities with 

wild-type and S1205R scMR complexes.  Lys40 is a highly conserved 

amino acid in the Walker A motif that is important for ATP binding.  As 

was expected, scMR (K40A) complex showed very low levels of both 

ATPase and adenylate kinase activities.  Unlike the S1205R mutant 

complex, the S1205A and S1205T complexes showed reduced ATPase 

activity, but not as low as the K40A complex.  These results confirmed 
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that our protein purifications were not contaminated with an ATPase and 

in fact the S1205R mutant complex exhibits a specific reduction in 

adenylate kinase activity (Figure 6.2) (Our unpublished data).  It could be 

possible that the Arg residue in the signature motif of scRad50 and 

hsRad50 is in a different conformation compared to the equivalent 

residue in pfRad50.    

EFFECT OF RAD50 SIGNATURE MOTIF MUTATION IN YEAST 

 Yeast strains with the S1205R mutation in the Rad50 

signature motif showed poor vegetative growth, similar to Rad50 null 

strains (Moncalian G, 2004).  The wild-type scRad50 completely 

complemented for the rad50 deletion in a survival assay when treated 

with Methyl Methanesulfonate and Bleomycin, which are known to 

induce DNA DSBs.  However, the rad50-S1205R did not confer any more 

resistance to MMS and Bleomycin than the vector-only control and it 

showed similarity to rad50 null strain.  Moreover, recent analysis 

suggested that scMR complex containing rad50-S1205R mutation in S. 

cerevisiae was deficient in the repair of DNA with mismatched ends 

containing microhomologies (Zhang and Paull, 2005).  
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Figure 6.2:  ATPase activities of wild-type and mutant scMR complexes. 

 



 126 

   We looked further by analyzing for the effects of rad50-

S1205R mutation in meiosis and in telomere maintenance.  We observed 

that the S1205R mutation does not support spore viability.  In fact, a 

RAD50 heterozygote with wild-type/S1205R showed complete loss of 

spore viability, in contrast to RAD50 heterozygote with wild-type/deletion 

and RAD50 wild-type homozygote.  This was indicative that the rad50-

S1205R functions as a dominant negative allele in meiosis, although 

such an effect was not observed during vegetative growth (data not 

shown).  scMRX complex also plays a role in telomere maintenance by 

recruiting telomerase to telomeres (Diede and Gottschling, 2001; 

Tsukamoto et al., 2001).  When yeast strains harboring rad50-S1205R 

mutation was analyzed for telomere length, it revealed that the length of 

telomeres was significantly shortened, similar to that exhibited by rad50 

null strains.  This suggested that the signature motif of Rad50 is 

important for the normal biological functions of the MRN(X) complex.  At 

this point it is clear that ATP-dependent activities of Rad50 are essential 

for its functions and that loss of adenylate kinase activity is correlated 

with a loss of function in vivo.   

Adenylate Kinase Activity is important for tethering DNA ends 

 We observed that scMR complex tethered linear DNA 

molecules in a manner that was stimulated in the presence of ATP.  We 
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performed in vitro DNA end-bridging assays by using two 2.5kb long 

linear DNA molecules: one that was radiolabeled internally with [α-32P] 

dATP and a second that had a biotin tag at one end.  Using this system 

we found that scMR was capable of bridging DNA ends and that this 

increased ~2.5-fold in the presence of ATP.  We observed no effect of AMP 

in our end-bridging assays, but we did observe an inhibition of the ATP 

stimulation by adding the adenylate kinase inhibitor, Ap5A.  A very 

similar inhibition of DNA tethering was seen with Ap5A in assays 

performed using X. laevis cell-free system. 

 We also performed in vitro end-bridging assays with the 

different scMR complexes.  Our results clearly show that the wild-type 

scMR exhibits stimulation in end-bridging by ATP.  scMR complex 

containing a Rad50-K40A in the Walker A domain showed complete loss 

of end-bridging.  This was consistent with earlier studies, which showed 

by AFM analysis that the scMR complex with a mutation in the Walker A 

of Rad50 could not bridge DNA ends (Chen et al., 2005).  Surprisingly, 

scMR-S1205R complex showed significantly high levels of end-bridging 

that was independent of ATP.  It could be possible that the Arg1205 

residue in the mutant complex somehow exposes a DNA-binding surface 

that was originally absent in the wild-type complex. 
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 The fact that we observed an inhibition of DNA tethering 

with Ap5A in the absence of AMP suggested that AMP was not necessary 

for Rad50 to enter the adenylate kinase reaction.  In addition, we directly 

showed that the ADP generated from ATP hydrolysis could be utilized by 

Rad50 in the adenylate kinase reaction. 

 

PROPOSED MODELS FOR RAD50 CATALYTIC FUNCTION 

A) Cyclic Model for Rad50 ATP hydrolysis and adenylate kinase 

activity 

 Based on this evidence, we propose a model for Rad50 

catalytic function (Figure 6.3) .  In this model, Rad50 would bind two 

molecules of ATP and hydrolyze them to ADP and inorganic phosphate.  

Rad50 would then utilize these 2 molecules in the “reverse” adenylate 

kinase reaction to convert into AMP and ATP.  At this stage, the Rad50 

enzyme could potentially shuttle back and forth between the ATP/AMP-

bound or ADP-bound states through multiple rounds of the forward and 

reverse adenylate kinase reactions.  According to the crystal structure of 

pfRad50, it is known that the distance between the nucleotide-binding 

sites in the Rad50 dimer is ~35Å.  However, for an enzyme to perform as 

an adenylate kinase and be inhibited by Ap5A, the distance between the 
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donor and the acceptor site must be ~16Å.  Therefore, we propose that 

ATP hydrolysis triggers a significant conformational change to bring the 

two ADPs within a distance of 16Å.  Such a conformational change can 

make Rad50 capable of executing the adenylate kinase reaction.  We 

postulate that this conformational change could be coupled to a 

conformational change in the coiled-coil domains, analogous to the 

change in orientation that the transmembrane domains of ABC 

transporters undergo in response to ATP-mediated events of the NBD 

domains.  Consistent with this hypothesis, it has been reported that 

Rad50 contains regions of increased flexibility within their coiled-coil 

domains, although its role is not well understood (van Noort J, 2003).  

Eventually the enzyme could release AMP and bind another molecule of 

ATP.  This causes the enzyme to revert to the original ATP-bound 

conformation and go through the entire cycle again.  The central tenet of 

the model is that the two nucleotides involved in the adenylate kinase 

reaction are bound to the same two ATP binding sites that are known 

from the pfRad50 crystal structure, but that these active sites must be in 

a different, closer configuration.   
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Figure 6.3:  Proposed model for the Rad50 catalytic cycle. 
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B) The additional AMP-binding site model 

  Alternatively, Rad50 could utilize another nucleotide-binding 

site to bind AMP.  In CFTR, mutational analysis showed that an N1303K 

mutation, just outside of the Walker B domain, lacks adenylate kinase 

function but is proficient in ATP hydrolysis, which prompted the 

suggestion of an additional AMP binding site (Berger et al., 2002; Gross 

et al., 2006).  The N1303 residue is not conserved in Rad50, where the 

analogous amino acid is a Glu.  Nevertheless, we created a similar 

mutation in Rad50, E177K and also changed the Glu to an Asn as it is in 

the CFTR (E177N).  The E177K complex exhibited a similar overall 

pattern as that of the S1205R mutant in that it showed ~30% higher 

ATPase activity compared to wild-type and ~36% lower adenylate kinase 

activity (Figure 6.4).  It is possible that this region of the Rad50 C-

terminus may contain a previously unidentified binding site for AMP.       
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Figure 6.4:  Adenylate kinase and ATPase activities of E177K and E177N Rad50 

mutants.  A) Adenylate kinase and B) ATPase activities of wild-type and mutant MR 
complexes. 
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FUTURE DIRECTIONS 

Identification of the AMP-binding site 

  Our data suggests that Rad50 can perform the adenylate 

kinase reaction.  Adenylate kinases are characterized by an asymmetry 

at the nucleotide-binding sites and Rad50, being an adenylate kinase, 

may perhaps exhibit such an asymmetry.  However, unlike ABC 

Transporter ATPases, the asymmetry is not due to differences in the 

amino acid sequences between NBDs, but due to the specificity for ATP 

and AMP at their respective binding sites.  All known adenylate kinases 

have the conserved WalkerA/B domains for binding ATP, however there 

is no consensus AMP binding site.  In crystal structures of E. coli 

adenylate kinases bound to Ap5A, AMP binds either an arginine or lysine 

residue that is within the 16Å-distance to the ATP binding pocket (Muller 

and Schulz, 1992; Randak and Welsh, 2005a; Vonrhein et al., 1998).   

 Our results show that, like most adenylate kinases, the 

acceptor (AMP) binding site is very specific to the adenine base.  To 

further characterize the nature of the AMP-binding site, we used the 

azido derivatives, 2-azido and 8-azido AMP in adenylate kinase assays, in 

vitro cross-linking experiments and Mass Spectrometric analysis.  The 

two AMP derivatives differ from each other in the orientation of the sugar 
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and the purine rings due to the presence of an azide group on the purine 

ring.  If both the rings are on the same side of the glycosidic bond, they 

are in the “syn” conformation, while in the “anti” conformation if they are 

on opposite sides of the glycosidic bond (Figure 6.5A).  Modifications of 

purine nucleotides at the 2 position tend to be in the anti form similar to 

unmodified nucleotides, while modifications at the 8 position tend to be 

in the syn form (Czarnecki, 1984). 

 Our initial studies, using these azido AMP derivatives as 

competitors in adenylate kinase and ATPase reactions, suggested that 

the “syn” conformation inhibits the adenylate kinase activity more than 

the “anti” form of AMP (Figure 6.5B).  However, most adenylate kinases 

prefer the anti form at the AMP-binding site and in fact, AMP in solution 

exists in the anti form.  It is therefore puzzling as to why Rad50 prefers 

the syn form (Czarnecki, 1984; King et al., 1989; Salvucci et al., 1992).   

 We also performed photo cross-linking experiments using a 

32P-labeled azido ATP derivative, and used the various cold azido 

nucleotides as competitors.  The [α-32P]ATP was cross-linked to the 

protein by exposing to ultraviolet light, and then the protein was 

separated by SDS-PAGE and analyzed by phosphor imager.  As expected, 

the cold 2-azido ATP and the 2-azido AMP competed with the 

radiolabeled ATP and reduced cross-linking (Figure 6.5C).  It is not 
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surprising that AMP decreased cross-linking because earlier studies 

using adenylate kinases have shown that AMP competes with the ATP-

binding site (Tsai and Yan, 1991).  In contrast, there was no effect of the 

8-azido ATP, whereas the 8-azido AMP stimulated cross-linking because 

the AMP-binding site is specific to the syn form of AMP whereas the ATP-

binding site prefers the nucleotide to be in the anti conformation.  Taken 

together, the cross-linking experiments suggested that the 8-azido 

modified form of AMP is the most relevant to use in the adenylate kinase 

reaction. 

Analysis of pfRad50-AMP and pfRad50-ATP cross-linked samples by 

Mass Spectrometry  

  Further studies are in progress to identify the AMP-binding 

site.  We have used azido AMP and ATP derivatives to cross-link a 

truncated version of pfRad50 protein, which contains only the N- and the 

C-terminal catalytic domains but is deleted for the entire coiled-coil 

domains.  This protein, as well as the smaller version that was used to 

determine the crystal structure of the pfRad50 catalytic domain, catalyze 

adenylate kinase as well as ATP hydrolysis.  So far, we have confirmed 

that AMP is binding to the pfRad50cd, although only ~10% of the protein 

appears to be modified (M. Moini, personal communication).  However, 

further investigation by tandem MS/MS of the tryptic-digested fragments 
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of nucleotide-bound samples is necessary to determine the location of 

the AMP-binding site of Rad50.  

COILED-COIL DOMAIN OF RAD50 IS NECESSARY FOR TETHERING LINEAR 

DNA MOLECULES 

 As mentioned earlier, SMC proteins and Rad50 share a similar 

architecture.  Several electron microscopic studies have shown that they 

bridge DNA ends or keep sister chromatids/homologous chromosomes in 

close proximity within each other during various cellular processes.  

Recent reports by the Hirano group suggested that the hinge mediates 

interaction of DNA between the catalytic head domains and in fact, the 

SMC hinge domain itself exhibits DNA binding ability (Hirano and 

Hirano, 2006; Hirano M, 2002).  

  Based on the similarities between Rad50 and the SMC 

proteins as well as the recent reports showing DNA-binding property of 

hinge domains of SMC proteins, we wanted to determine if Rad50 coiled-

coils exhibit similar properties.  We constructed a truncated version of 

the Rad50 protein, which lacked the coiled-coil domain and the zinc-

hook motif.  A part of the coiled-coil was retained at the base of the N- 

and the C-termini, just enough so that Rad50 could still bind to Mre11.  

We were able to successfully co-express full-length Mre11 and Nbs1 with 

the “mini-Rad50”.  Initial experiments with the mutant hsMRN complex 
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Figure 6.5:  Rad50 prefers to bind the anti form of ATP and syn form of AMP at the 
nucleotide-binding sites.  A) Structures of the 2-azido AMP and 8-azido AMP.  B) 
Competition assay to show the effect of 2-azido AMP and 8-azido AMP on the adenylate 
kinase activity of scRad50 at 0 and 50µM respectively.  C) Effect of different azido 
derivatives on the UV cross-linking of Rad50 with 2-azido α-32P-ATP. 
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showed that it exhibited DNA-binding, normal adenylate kinase and 

ATPase activities.  However, the complex lacked the ability to bridge DNA 

ends (Chapter 5, Figure 5.4) (our unpublished data).   

  Furthermore, there are regions of increased flexibility in the 

coiled-coil domains of Rad50 (van Noort J, 2003).  What is the 

significance of these flexible regions?  What is the role of zinc-hook motif 

and how does it participate in the complex formation?  Does Rad50 

associate through their head domains or through zinc-mediated linking 

of the Rad50 multimers?  We are currently constructing Rad50 mutants 

that lack the coiled-coil region and/or the zinc-hook replaced with an 

FKBP domain that can dimerize only in the presence of a synthetic 

dimerizer, AP20187 (ARIAD Inc) (Figure 6.6).  

RAD50 ADENYLATE KINASE ACTIVITY AND ATM ACTIVATION  

  As mentioned earlier, it could be possible that our in vitro 

assays lack an additional co-factor present in the Xenopus extracts.  

Recent results from Dupre et al show that presence of low levels of DNA 

ends (1.2x1011 breaks/µl) in Xenopus causes MRN to activate ATM by 

phosphorylating H2AX and thus recruiting it to break sites (Dupre et al., 

2006).  However, ATM activation was still observed in the presence of 

very high levels of DNA ends (3.6x1011 breaks/µl), thus bypassing the 

requirement of MRN in its activation.  Furthermore in the presence of low 
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Figure 6.6: Rad50 coiled-coil mutants.  A) Cartoon diagram representing the various 
Rad50 mutants.  Dark blue boxes represent the N- and the C-termini.  The light blue 
box represents the Walker A domain and the pink box represents the Walker B.  Green 
and brown boxes represent the Q-loop and the signature motifs respectively.  The 
orange box at the center of the Rad50 molecule represents the zinc-hook motif.  Yellow 
and black boxes are the insertion of “PPAAAGG” sequence or FKBP domain respectively 
replacing the zinc-hook domain.  The numbers below the wild-type Rad50 cartoon 
representation are the amino acid residues at which the corresponding Rad50 mutants 
commence or terminate.   
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levels of DNA ends, they show convincingly that MRN-S1202R mutation 

causes lowering in DNA tethering and that this decrease results in an 

inability of the complex to activate ATM.   

 Further analysis suggested that in the presence of Ap5A and 

low levels of DNA ends, DNA tethering was reduced significantly (Figure 

6.7A), suggesting the importance for Rad50 adenylate kinase activity.  

Notably, this decrease in DNA tethering also caused a decrease in the 

H2AX peptide ATM autophosphorylation (Figure 6.7B).  The presence of 

Ap5A caused a decrease in the phosphorylation of ATM at Ser1981 

(Figure 6.7D), consistent with earlier report that DNA tethering by MRN 

complex is essential for ATM activation in the presence of low levels of 

DNA damage (Dupre et al., 2006).  Furthermore, there was no effect of 

Ap5A on the activation of ATM and recruitment of phosphorylated H2AX 

to break sites when there were high levels of DNA ends (Figure 6.7D) (J. 

Gautier, personal communication).   

  It was also shown earlier by Lee and Paull that the 

ATP-dependent DNA unwinding activity of Rad50 is necessary for the 

phosphorylation of ATM substrates (Lee and Paull, 2004; Lee and Paull, 

2005).  Based on these results, we tested the effects of adenylate kinase 

inhibitors using in vitro ATM kinase assays, but have not yet observed 

significant inhibition.  However, we could not show any dependence of       
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Figure 6.7: Effect of Ap5A on DNA tethering and activation of ATM in X. laevis cell-free 
system.  A) Ap5A inhibits DNA tethering in the presence of low levels of DNA ends 
(1.2x1011 ends/µl).  B) Ap5A inhibits H2AX peptide phosphorylation, which is necessary 
for the recruitment of H2AX to sites of DSBs.  C) Presence of Ap5A causes decreased 
levels of ATM phosphorylation at Ser1981, which is involved in the activation of ATM.  
D) High levels of DNA ends (3.6x1011 ends/µl) bypasses the involvement of MRN 
complex in the activation of ATM and therefore, H2AX phosphorylation. 
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Rad50 adenylate kinase function in these assays, other than in tethering 

DNA ends. 

  In conclusion, our experiments significantly added to the 

current understanding of the Rad50 enzyme in double-strand break 

repair.  Our results show that the signature motif of Rad50 is essential 

for the biological function of the MRN complex. Furthermore, we have 

established that MR complexes catalyze the adenylate kinase reaction 

and that this is correlated with all of the known functions of Rad50 in 

vivo in budding yeast.  In vitro, adenylate kinase inhibitors block DNA 

tethering by MR and MRN, suggesting that adenylate kinase activity is 

important for the interactions between Rad50 and DNA ends. 

      Although our experiments have increased our understanding 

of the Rad50 enzyme, it is by no means complete.  We do not understand 

mechanistically what the adenylate kinase reaction does to the 

conformation of the Rad50 protein, or what these changes do to the 

structure of DNA.  We are planning to address this by making more 

separation of function mutants in Rad50 and analyzing these with 

respect to ATPase, adenylate kinase, DNA tethering, DNA unwinding, and 

the biological functions of Rad50 in cells. 
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APPENDIX A: THE RAD50 SIGNATURE MOTIF: ESSENTIAL 

TO ATP BINDING AND BIOLOGICAL FUNCTION 

Previously published in Journal of Molecular Biology (Moncalian et al, 

2004).  Reprinted from Journal of Molecular Biology, 335(4), Moncalian 

G,Lengsfeld B,Bhaskara V,Hopfner KP,Karcher ,Alden E, Tainer JA, Paull 

TT. “The rad50 signature motif: essential to ATP binding and biological 

function.” Page nos 937-951, (2004) with permission from Elsevier. 

INTRODUCTION 

  The structure of the P. furiosus Rad50cd was solved both 

with and without nucleotides (Hopfner KP, 2000). In the presence of the 

non-hydrolyzable ATP analog AMP-PNP (and with ATP in the absence of 

magnesium), the Rad50cd was found to dimerize into a structure 

containing two nucleotides and two Walker A/Walker B heterodimers in 

a head-to-tail configuration. In the structure, the critical serine residue 

in the LSGG sequence is responsible for protein dimerization upon ATP 

binding by interaction with the γ-phosphate of the ATP molecule bound 

at the Walker motifs of the other subunit. In addition, in vitro assays 

indicated that ATP stimulated DNA binding by pfRad50, an observation 

also made previously with yeast Rad50 (Raymond WE, 1993). The 

mechanism for the stimulation of binding appears to be the creation of a 
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DNA-binding interface found only in the dimerized form of nucleotide-

bound Rad50cd. 

  We have recently shown that human Mre11/Rad50/Nbs1 

(MRN) also exhibits nucleotide-dependent DNA binding, although stable 

binding is only seen with non-hydrolyzable ATP analogs (Lee JH, 2003). 

The Nbs1 protein is required for AMP-PNP-dependent DNA binding by 

human MR, indicating that Nbs1 likely regulates the enzymatic activities 

of Rad50 as well as the activities of Mre11. Nbs1 has previously been 

shown to stimulate and alter the specificity of Mre11 endonuclease 

activity, and also to be required for the ATP-induced DNA unwinding 

catalyzed by the MRN complex (Paull and Gellert, 1999).  

  In this study we further investigate the role of the signature 

motif in Rad50 function by crystallizing a form of the Rad50cd containing 

a serine to arginine mutation in the signature motif (Rad50cdS793R). 

This S793R in the ABC ATPase signature motif of Rad50 is analogous to 

a mutation in the ABC ATPase CFTR (S549R) that results in cystic 

fibrosis (Kerem BS, 1990; Sangiuolo F, 1991; Zielenski and Tsui, 1995). 

The three dimensional structure of this S793R mutant was solved at 2.1 

Å, and shows that the arginine at the 793 position disrupts the ATP 

binding and forms inappropriate contacts with nearby amino acids. The 

effects of the signature motif mutation were also investigated in vivo in S. 
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cerevisiae, where it was found to be equivalent to a null mutation in 

survival assays with various DNA damaging agents, as well as in mating 

type switching at the MAT locus. 

RESULTS 

X-ray Structure of P. furiosus Rad50cdS793R 

  The S793R mutation in the P. furiosus Rad50 catalytic 

domain was previously shown to abrogate ATP-dependent dimerization 

(Hopfner KP, 2000). This mutation is of particular interest because it is 

equivalent to the serine to arginine mutation found in the signature motif 

of CFTR that is known to cause cystic fibrosis (Sheppard and Welsh, 

1999). To determine the structural basis of these deficiencies, we 

crystallized P. furiosus Rad50cdS793R protein in the presence of the 

non-hydrolyzable ATP analog ATPγS and Mg2+. Pf Rad50cdS793R 

contains the same domains (lobe I, amino acids 1 to 147 and lobe II, 

amino acids 739 to 882) as the wild-type Rad50cd protein previously 

resolved (Hopfner KP, 2000). Rad50cdS793R structures were determined 

at 2.1 Å in space group P212121 and at 2.7 Å in space group P41212 by 

molecular replacement (Materials and Methods). Both structures were  
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Table A1. Crystallographic data collection and analysis 
 

Table1. Crystallographic data collection and 
analysis 

 

Space group P212121 
Unit Cell Dimensions (Å) a=67.541 b=67.851 c=69.930 
Data range (Å) 20.0-2.1 
Observations (unique) 200189 (25989) 
Completeness (%) (last shell) 99.2 (98.9) 
Rsyma (last shell) 0.057 (0.279) 
Reflections F>0 (cross valitation) 18606 (908) 
Non-hydrogen atoms (solvent molecules) 2256 (94) 
Rcrystb (Rfreec) 0.220 (0.249) 
R.m.s. bond length (Å) 0.005 
R.m.s. bond angles (o) 1.08 
 

a Rsym is the unweighted R value on I between symmetry mates. 
a Rcryst = Σhkl [[Fobs(hkl)]−[Fcalc(hkl)]]/[Σhkl[Fobs(hkl)] 
a Rcryst is the crossvalidation R factor for 5% of reflections against which 
the model was not refined. 
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similar, but the tetragonal structure was less well determined because 

lobe II was disordered. Thus we focus here on the higher resolution 

orthogonal structure (Table A.1). The protein was also crystallized in the 

presence of ATP but not Mg2+ with similar results (data not shown). 

 As shown in Figure A1, the Rad50cdS793R structure closely 

resembles the wild type Rad50cd structure. The overall r.m.s. deviation 

of the superposition of the alpha carbon common atoms of both 

structures is only 0.77 Å (Figure A1C). However, three loops in 

Rad50cdS793R were not resolved (loop 11, amino acids 54 to 69; loop 

12, amino acids 90 to 93 (also absent in Rad50cd structure but not in 

Rad50cd-ATP structure) and loop 13, amino acids 772 to 775). 

When the wild-type and S793R structures were superimposed, we 

observed three main differences. First, the orientation of the ATP-binding 

motif Walker B is altered relative to the conserved D-loop motif. In wt 

Rad50cd, the D-loop is form by a beta-turn produced by the hydrogen 

bond between the main chain O of Pro826 and the main chain NH of 

Asp829. In the mutant, the carbonyl O of Pro826 is bound by an 

hydrogen bond to the N of His855, disrupting the D-loop (Figure A1 A 

and B). Second, the ATP-binding motif Q loop orientation is also slightly 

altered in the mutant compared to the wt structure. In wt Rad50cd, there 

is a gamma turn formed by the hydrogen bond between the main chain O  
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Figure A1. Wild-type Pyrococcus furiosus Rad50cd versus Rad50cdS793R 
structural comparison. A, Wild-type Rad50cd structure (PDB: 1F2T). Secondary structure elements 
are shown (alpha helices, red; beta sheets, yellow; turns, blue) as well as ATP-binding motifs and alpha 
helix and beta sheet labels as described. B, Rad50cdS793R structure, labeled as in A. C, Rad50cd and 
Rad50cdS793R superposition. The structures are represented as green (Rad50cd) and yellow 
(Rad50cdS793R) ribbons. Superposition was made using InsightII version 2.2.0. The right sides of the 
Figure show the same structures as the left side but rotated by 90°. The position of S793 (or R793) is shown 
with a yellow dot. 
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of Arg139 and the main chain NH of Glu142. In the mutant, there is no 

gamma turn but the alpha helix D is extended to Gln140 (Figure A1 A 

and B). Third, although the protein was crystallized in the presence of 

ATPγS, no ATPγS was found in the ATP-binding site. Interestingly, 

however, there is a SO42- ion bound to the ATP-binding site in the 

tetragonal structure (data not shown). 

  To confirm that the S793R mutant pfRad50cd is impaired in 

nucleotide binding, we analyzed binding of the non-hydrolyzable ATP 

analog AMP-PNP by the mutant and wild-type proteins (Figure A2). 500 

ng aliquots of each of the proteins were incubated with 100 nM 

fluorescent AMP-PNP derivative, BODIPY FL-AMP-PNP, in the presence of 

increasing levels of unlabeled AMP-PNP and 5 mM MgCl2 (see Materials 

and Methods). Levels of bound nucleotide were determined using a filter-

binding assay. The results indicate association of AMP-PNP with the 

wild-type pfRad50 protein but no detectable binding by the S793R 

derivative. The levels of association observed with the wild-type protein 

are consistent with a maximum of 1 nucleotide bound per pfRad50cd (2 

nucleotides bound per pfRad50cd dimer).  

  Upon ATP binding, Rad50 not only dimerizes (Hopfner KP, 

2000), but there is also a substantial rearrangement of the N-terminal 

lobe I relative to the C-terminal lobe II. This conformational change is  
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Figure A2. The S793R mutation in pfRad50cd prevents nucleotide binding. 
Association of BODIPY FL AMP-PNP with wt pfRad50 ATPase and S793R pfRad50cd was determined as 
a function of AMP-PNP concentration (µM) using a filter-binding assay. Binding is expressed as mol 
AMP-PNP bound per mol wild-type pfRad50 protein (▪) or S793R pfRad50 protein ( ). Each binding 
reaction contained 100 nM BODIPY FL AMP-PNP and unlabeled AMP-PNP as indicated, plus either wt 
pfRad50 ATPase (0.6 µM) or S793R pfRad50cd (0.7 µM). Data points show the mean of two 
measurements taken in parallel, and are representative examples among several experiments. 
 

         

Figure A3. Rad50cd dimerization surface. A, One monomer of the Rad50cd/ATP dimer is 
shown with the main residues of the interacting surface of each subunit highlighted. All the highlighted 
residues of the shown monomer interact with the same residues of the other monomer. The green residues 
interact with the blue residues of the oposing monomer and vice versa. The central position of the Ser793 is 
shown in red. The Figure was made using Pymol (http://pymol.sourceforge.net/). B, S793R mutation 
changes Rad50 electrostatic potential. Electrostatic potential (−2 kT/e− (red) to 2 kT/e− (blue)) of the 
accessible surface of Rad50cdS793R (left) and Rad50cd (right). Electrostatic surface potential was 
calculated using UHBD,[50.] mapped onto the solvent-accessible surface calculated using a probe radius of 
1.4 Å and displayed using AVS.[51.] The position of the signature motif is shown with a yellow square. 
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evident in the wild-type protein when lobe I of the Rad50cd protein (PDB: 

1F2T) was superimposed with lobe I of the Rad50cd protein when bound 

to ATP (PDB: 1F2U) (r.m.s.d. 2.49 Å). The Walker B motif, the D-loop, 

His855, and the signature motif are located in the lobe II (C-terminal 

domain of the protein) and they participate in the rearrangements of lobe 

II when ATP is bound. Thus, the ATP-binding site is located between the 

two lobes of one of the molecules with two main amino acid contacts 

coming from the second molecule. The Ser793 from the signature motif 

contacts the ATP γ-phosphate while Phe791 is involved in base stacking 

with the adenine. The binding of Ser793 to the γ-phosphate of ATP bound 

to another Rad50cd in trans allows the adenine stacking with the 

Phe791. This produces the stabilization of the ATP bound form and 

consequently dimerization. After ATP binding, the contacted surface is 

950 Å2, and Ser793 has a central position within this interaction surface, 

as shown in Figure A3. 

  Comparing the potential of the accessible surface in Rad50cd 

(Figure A3A) with the potential in Rad50cdS793R (Figure A3B), it is 

apparent that the signature motif has electronegative character, while it 

is less electronegative in Rad50cdS793R. This change in surface charge 

is likely to contribute significantly to the instability of ATP binding by the 

Rad50cdS793R mutant.    
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Figure A4. A representation of the ATP-binding site of Rad50cdS793R (A), Rad50cd 
(B) and Rad50cd-ATP (C). This Figure was generated using MOLSCRIPT. 
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In addition to the changes in the signature motif itself, there are also 

structural differences between the wild-type and mutant Rad50cd 

proteins in the regions surrounding the Walker B/D-loop, the Q loop, 

and His855. A possible explanation for these changes would be the 

hydrogen bond formed between Arg793 and Glu831 (Figure A4) that 

disrupts the beta turn between Pro826 and Asp829 and pulls the D-loop 

and the Walker B motif apart from the P-loop. Based on this 

interpretation, it is possible that other amino acid changes (for instance 

S793A) might be able to bind ATP, although would likely not be able to 

dimerize. This could be the reason why this mutation is more severe than 

any other mutation in the ATP-binding cassette of ABC transporters. 

S1205R mutations in yeast 

  To test the effects of the signature motif mutation in vivo, we 

constructed an allele of the S. cerevisiae Rad50 gene containing the 

S1205R mutation, equivalent to S793R in Pf Rad50 and S1202R in the 

human gene. The mutant as well as the wild-type allele were cloned into 

a low copy number vector, under the control of the native Rad50 

promoter. The wild-type allele on the vector fully complemented the 

rad50 deletion strain in a survival assay for bleomycin resistance, as 

shown in Figure A5A. Bleomycin induces DSBs, and rad50 deletion 

strains show extreme sensitivity to the drug. The S1205R mutant allele  
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Figure A5. Mutation of the Rad50 signature loop sensitizes S. cerevisiae cells to 
DNA-damaging agents. (A). Complementation of the bleomycin sensitivity of a rad50 
strain with plasmids expressing either wild-type yeast Rad50 or a S1205R mutant 
allele, in comparison to the rad50 strain and a wild-type strain complemented with 
vector only. Symbols: � , rad50∆ with pTP220 (wild-type Rad50); �, rad50∆ with 
pTP245 (S1205R Rad50); �, rad50∆ with pRS313; ∆, wild-type with pRS313. Strains 
were incubated with the indicated concentrations of bleomycin, and viability was 
assessed by plating efficiency relative to untreated strains. (B) Complementation of the 
MMS sensitivity of rad50 strains with wild-type or S1205R Rad50 alleles. Strains and 
symbols are the same as in (A). 
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of Rad50 conferred no additional increase in survival compared to the 

vector only control, indicating that Rad50 ATP binding is absolutely 

necessary for the cellular response to this agent. The same result was 

also obtained with the alkylating agent Methyl methanesulfonate 

(MMS),as shown in Figure A5B. Alkylation damage generates DSBs 

during S phase (Galli and Schiestl, 1999), and strains deficient in the 

Mre11 complex are severely sensitive to MMS (Johzuka and Ogawa, 

1995). The S1205R allele was equivalent to a null strain in response to 

MMS, similar to the result with bleomycin. 

  Budding yeast preferentially use homologous mechanisms of 

DSB repair over non-homologous pathways (Paques and Haber, 1999). 

To investigate the effects of Rad50 mutations on homologous 

recombination specifically, we looked at the rate of mating type switching 

in rad50 deletion strains complemented with either the wild-type Rad50 

allele, S1205R, or vector only. Mating type switching is initiated by the 

HO endonuclease which makes a double-stranded cut at its recognition 

site in the MAT locus. The strains used in these experiments have the 

alpha mating type, so induction of HO transcription induces homologous 

recombination between the broken end at MAT and the mating type 

sequences located at the HMR site on the same chromosome. The rate of 

switching can be monitored using southern blots of genomic DNA.  
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Figure A6. Mutation of the Rad50 signature loop delays mating-type switching in 

S. cerevisiae cells. (A). Diagram of the MAT locus in a MAT cell (top) and a MATa cell 
(bottom). Adapted from (Moreau et al., 1999). The locations of the HO cut site, the StyI 
sites, and the region used for the probe are indicated. After induction with galactose, 
HO endonuclease cuts the MAT locus, and this fragment can be visualized with the 
32[P]-labeled probe as a 0.7 kb fragment after digestion of the genomic DNA with StyI. 
Gene conversion at the MAT locus using the a-type mating sequences at HMR generates 
a MATa locus, which is visualized in the southern blot as a 0.9 kb fragment after StyI 
digestion. 
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It has previously been demonstrated that rad50 deletion strains show a 

marked delay in the rate of HO-induced recombination, although the 

overall efficiency of the reaction is similar to that observed in wild-type 

strains (Ivanov et al., 1994). We observed a delay in the rad50 deletion 

strain even longer than the 1 hour previously reported (Figure A6B) and 

the S1205R mutant showed an equivalent decrease in rate similar to the 

vector only control. The exact role of the MRX complex in mating type 

switching is still being investigated; however, it is clear from these 

experiments that the S1205R mutant is completely deficient in the 

activities of MRX that normally function in this assay. 

DISCUSSION 

  The signature motif in the Rad50 protein plays a critical role 

in ATP binding and hydrolysis. As shown in this work, mutation of the 

conserved serine residue in the LSGG signature loop to an arginine 

(S793R) results in several conformational changes in the C-terminal 

domain of pfRad50 that distort the organization of the Walker B motif, 

the P loop, and the Q loop in the catalytic ATP-binding site. The wild-type 

pfRad50 protein has previously been shown to dimerize upon ATP 

binding, and this association is mediated by the interaction of serine 793 

in trans with the γ-phosphate of ATP bound to another Rad50 catalytic 

domain (Hopfner KP, 2000). In the structure of the S793R mutant, the 
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absence of the serine residue blocks not only this dimerization but also 

stable ATP binding, as evidenced by the absence of the ATP analog in the 

crystal. The arginine residue in place of the serine further distorts the 

surface of the C-terminal domain by making hydrogen bonds with a 

nearby glutamate residue that are not observed in the wild-type 

structure. Overall, the serine to arginine mutation results in large 

conformational changes in the ATP-binding and dimerization surfaces of 

Rad50 that completely abrogate catalytic activity by the mutant protein. 

The CFTR gene contains two nucleotide-binding domains (NBD), and a 

serine to arginine change at residue 549 of NBD1 (equivalent to S793R in 

pfRad50) generates a non-functional transporter protein and 

consequently the cystic fibrosis disorder (Sangiuolo F, 1991), suggesting 

that the same mutation may have similar effects in other proteins 

containing ABC domains. Interestingly, a few different missense 

mutations in serine 549 of CFTR have been identified in cystic fibrosis 

patients, all of which exhibit a severe form of the clinical phenotype 

(Kerem BS, 1990; Sangiuolo F, 1991). The structural consequences of the 

S793R mutation shown in this study would predict that the equivalent 

mutations in the CFTR signature motif would similarly distort the ATP-

binding region and lead to loss of catalytic activity.  
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  The conserved serine in the signature motif of an SMC 

protein from B. subtilis was also mutated to an arginine, and in this case 

the mutant protein still bound ATP, but was deficient for ATP hydrolysis 

(Hirano et al., 2001). The S1090R BsSMC protein was found to act as a 

dominant negative with the wild-type protein, an activity we have looked 

for with the human Rad50 mutants but have not yet observed (data not 

shown). The possibility of signature motif mutants acting as dominant 

negative alleles is currently being tested in vivo in S. cerevisiae. 

Effects of catalytic domain mutations on the activities of human 

MRN 

  The catalytic motifs in the N-terminal and C-terminal 

domains of Rad50 have been evolutionarily conserved, suggesting not 

only that the Mre11/Rad50 (MR) complex is fundamental to the 

maintenance of genomic stability but that ATP binding and hydrolysis 

are likely to be essential to its function. While the human MR complex 

has not shown ATP-dependent changes in multimeric state, it does 

exhibit nucleotide-dependent DNA binding like its counterparts in 

archaebacteria and lower eukaryotes (Lee JH, 2003). The S1202R mutant 

allele of the human enzyme, equivalent to the S793R mutant in pfRad50, 

encodes a protein that still binds normally to the Mre11 and Nbs1 

components of the complex, as shown in this work. This S1202R mutant 



 160 

complex is completely deficient in all of the known ATP-dependent 

activities of the human complex, indicating that the serine to arginine 

change likely has a similar effect on the conformation of the active site of 

the human enzyme as it does in pfRad50.  

  As shown in Figure 3.1A (Chapter 3), several residues in the 

signature motif and Q loop are conserved among Rad50 proteins and 

ABC transporters. In addition, the glutamate residue adjacent to the D 

loop that makes inappropriate contacts with Arg 793 in the mutant 

structure (E831) is conserved in the human and yeast Rad50 genes, as 

well as in SbcD from E. coli. Other elements of the pfRad50 active site are 

not conserved, however, including Phe 791, which makes stacking 

interactions with the adenine bases in the pfRad50 structure. The 

equivalent position in the human and yeast genes contains an 

asparagine, which would clearly not play an equivalent structural role.  

The S1202R MRN complex is very useful for functional analysis of the 

enzyme because its association with the other components of the 

complex is indistinguishable from the wild-type protein. Previous 

analysis of MRN complexes with the K42E and D1231A Rad50 mutants 

did form complexes that were isolated and analyzed in vitro but the 

overall level of expression was significantly below the wild-type level and 
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the complexes appeared to be less stable than wild-type in the insect cell 

expression system (data not shown).  

Mutations in the Rad50 signature motif abrogate in vivo function of 

MRX in yeast 

  In this study we also investigated the functional effects of the 

S1205R mutation in the S. cerevisiae Rad50 gene (equivalent to pfS793R 

and hsS1202R). This allele confers no survival advantage to a rad50 

deletion strain after exposure to the DNA-damaging agents bleomycin 

and MMS, indicating that the conserved residues in the signature motif 

are indeed essential to Rad50 function in vivo. Previous analysis of 

Rad50 alleles containing missense mutations in the Walker A motif also 

showed MMS sensitivity and meiotic lethality similar to that of a rad50 

deletion strain (Alani E, 1990). 

  In budding yeast, the MRX complex has been shown to be 

important for NHEJ as well as homologous recombination specific to 

sister chromatid exchange (Gonzalez-Barrera S, 2003; Stewart GS, 

1999). The biochemical role of the MRX complex in homologous 

recombination has been controversial, in part because null mutants 

show no impairment in standard assays of homologous recombination in 

yeast, particularly the assay for mating type switching at the MAT locus. 

Yeast strains lacking the MRX complex show no overall reduction in the 
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efficiency of mating type switching, a process which requires a highly 

regulated, DSB-induced gene conversion event. Analysis of the rate of 

mating-type switching has shown, however, that MRX mutants do exhibit 

a lag in the rate of the DSB repair process that is distinct from any 

differences in growth rate (Ivanov et al., 1994). In this study we show 

that the S1202R Rad50 mutant exhibits a lag in the rate of MAT 

switching equivalent to the null mutant, suggesting that the normal 

activity of the MRX complex in this situation requires ATP binding by 

Rad50. The exact biochemical role of MRX at the break site is still not 

understood, although it is possible that the ATP-dependent DNA 

unwinding activities of the complex may be important in this process. 

The most plausible explanation for the subtlety of the phenotype of MRX 

mutants in mating type switching is that other cellular enzymes can 

compensate for their activities. Overexpression of the Exo1 enzyme, for 

instance, can compensate for the absence of Mre11 and partially reverse 

the delay in processing (Moreau et al., 2001).  

  In summary, the structural, biochemical, and functional 

results shown in this work demonstrate that the signature motif in 

Rad50 plays an essential role in coordinating the conformational changes 

that accompany ATP binding by Rad50. Given that the analogous 

mutation in CFTR (S549R) that results in cystic fibrosis (Kerem BS, 
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1990; Sangiuolo F, 1991; Zielenski and Tsui, 1995), the important role of 

the signature motif in coupling ATP interactions to ABC ATPase functions 

characterized here may be general to all ABC ATPase proteins.  In any 

case, the specific deficiencies of the human Rad50 S1202R signature 

motif mutant and its wild-type level of association with the other 

components of the complex make it an important tool to use in our in 

vitro and in vivo investigations of this highly-conserved DNA repair 

enzyme. 

MATERIALS AND METHODS  

Yeast strains, expression constructs, and growth conditions 

  All of the S. cerevisiae strains used in these experiments 

were derived from W303alpha (wild-type), and KRY78 (W303alpha 

rad50::hisG), both gifts from T. Petes (see Table A2). The expression 

construct for wild-type yeast Rad50 was constructed by cloning the 

Rad50 cDNA (Research Genetics/Invitrogen) into the EcoRI site of 

pRS313 (Sikorski and Hieter, 1989). A 943 bp fragment between 

containing the promoter region of the yeast Rad50 gene was amplified 

from yeast genomic DNA and cloned directly upstream of the open 

reading frame into the BamHI site in pRS313 and the BstEII site in 

yRad50, to make the expression construct pTP220. The S1205R 
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mutation was introduced into pTP220 using the Quikchange method, 

resulting in pTP245. pTP220, pTP245, and pRS313 were transformed 

into KRY78 using the lithium acetate method (Alison Adams, 1997) to 

generate TP1424 (rad50 + wt Rad50), TP1428 (rad50 + S1205R Rad50), 

and TP1435 (rad50 + vector) strains, respectively (see Table 2). 

W303alpha was also transformed with pRS313, to make TP1453 (wt + 

vector).  

  For the survival experiments, single colonies of each of the 

strains were used to inoculate 5 ml cultures of synthetic medium 

containing 2% glucose but lacking histidine to select for the pRS313 

plasmids. Cultures were grown overnight at 30° C and used to inoculate 

100 ml cultures at 0.1 O.D.600 units/ml, which were grown to early log-

phase (between 0.7 and 1.0 O.D.600 units/ml) in the same media. These 

cultures were harvested and 10 O.D.600 units were resuspended in the 

synthetic media plus various concentrations of bleomycin (Sigma) or 

methyl methanesulfonate (MMS, Sigma) as indicated, and incubated at 

30° C while shaking for either 1 hour (bleomycin) or 5 hours (MMS). The 

cells were then centrifuged, washed 3 times with distilled water, and 

serial dilutions of the cell mixtures (3 per data point) were plated for each 

strain and drug concentration. To correct for plating errors and strain 

viability, the number of colony-forming units for each strain was 
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calculated by plating serial dilutions of untreated cells. The percentage 

survival was calculated by dividing the number of actual colonies 

recovered by the expected number of viable cells. Each experiment was 

performed in triplicate from 3 different single colonies, and the results 

shown are the average of the 3 values at each point, with standard 

deviations as shown. 

  For the mating type switching experiments, TP1424, TP1428, 

and TP1435 were transformed with pJH283, which contains the HO 

endonuclease gene under the control of the GAL promoter (Sugawara N, 

1992)(formerly pSE271), to generate TP1516 (rad50 + wt Rad50), TP1518 

(rad50 + S1205R Rad50), and TP1520 (rad50 + vector)(see Table 2). 

pJH283 was a gift from J. Haber. Single colonies of TP1516, TP1518, and 

TP1520 were used to inoculate 50 mls of synthetic medium containing 

2% glucose and lacking histidine and tryptophan to maintain selection 

for the plasmids. When the cell density reached approximately 1.0 

O.D.600 units per ml, the cells were centrifuged, washed three times with 

water, and resuspended in YPlactate media (Rudin and Haber, 1988) at a 

cell density of 0.3 O.D.600 units per ml in 250 ml cultures. Twelve hours 

later, each of the strains had approximately doubled in cell density 

(O.D.600 between 0.52 and 0.7). This was considered the zero time point, 

and galactose was added to each of the cultures to a final concentration 
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of 2%. After one hour, glucose was added to the cultures to a final 

concentration of 2%. Aliquots of 30 O.D.600 units were removed and 

pelleted at each of the time points: 0, 1 hr, 2 hr, 4 hr, and 6 hrs. DNA 

was extracted (Alison Adams, 1997), digested with StyI, and DNA 

fragments were separated by electrophoresis through 1% agarose gels. 

DNA fragments were transferred to nylon membranes and hybridized 

with a ~1 kb probe generated by amplification of MAT sequences distal to 

the HO cut site, similar to the probe previously described (Ivanov et al., 

1994) but starting immediately from the HO cut site (see diagram in 

Figure A6A). 
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Table A2. Yeast strains used in this study 
 

Strain relevant genotype strain construction or 
referencea 

 

W303α wild-type (Thomas and Rothstein, 
1989) 

 

KRY78 rad50::hisG (Ritchie and Petes, 2000)  

TP1424 rad50::hisG /  
RAD50 (CEN ARS HIS3) 

KRY78 transformed with 
pTP220 

 

TP1428 rad50::hisG /  
RAD50 -S1205R (CEN ARS 
HIS3) 

KRY78 transformed with 
pTP245 

 

TP1435 rad50::hisG /  
pRS313 (CEN ARS HIS3) 

KRY78 transformed with 
pRS313 

 

TP1453 wild-type /  
pRS313 (CEN ARS HIS3) 

W303 transformed with 
pRS313 

 

TP1516 rad50::hisG /  
RAD50 (CEN ARS HIS3)/ 
GAL10::HO (CEN ARS TRP1) 

KRY78 transformed with 
pTP220 
and pJH283 

 

TP1518 rad50::hisG /  
RAD50 -S1205R (CEN ARS 
HIS3)/ 
GAL10::HO (CEN ARS TRP1) 

KRY78 transformed with 
pTP245 
and pJH283 

 

TP1520 rad50::hisG /  
pRS313 (CEN ARS HIS3)/ 
GAL10::HO (CEN ARS TRP1) 

KRY78 transformed with 
pRS313 
and pJH283 

 

aall strains in the study are isogenic with W303α 
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