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SUMMARY

Mre11 and Rad50 are the catalytic components
of a highly conserved DNA repair complex that
functions in many aspects of DNA metabolism
involving double-strand breaks. The ATPase
domains in Rad50 are related to the ABC trans-
porter family of ATPases, previously shown to
share structural similarities with adenylate
kinases. Here we demonstrate that Mrel1/
Rad50 complexes from three organisms cata-
lyze the reversible adenylate kinase reaction in
vitro. Mutation of the conserved signature motif
reduces the adenylate kinase activity of Rad50
but does not reduce ATP hydrolysis. This
mutant resembles a rad50 null strain with
respect to meiosis and telomere maintenance
in S. cerevisiae, correlating adenylate kinase
activity with in vivo functions. An adenylate ki-
nase inhibitor blocks Mre11/Rad50-dependent
DNA tethering in vitro and in cell-free extracts,
indicating that adenylate kinase activity by
Mre11/Rad50 promotes DNA-DNA associa-
tions. We propose a model for Rad50 that incor-
porates both ATPase and adenylate kinase
reactions as critical activities that regulate
Rad50 functions.

INTRODUCTION

The Mre11/Rad50 (M/R) 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 proteins. In eukaryotes, M/R also associates with a

nonenzymatic component known as Nbs1 (nibrin) in mam-
mals and in fission yeast and as Xrs2 in budding yeast.
Studies in S. cerevisiae clearly show that the Mre11/
Rad50/Xrs2 (scM/R/X) complex is required for the repair
of DNA DSBs through homologous recombination path-
ways as well as through nonhomologous end joining
(Krogh and Symington, 2004). In vertebrates, each compo-
nent of the Mre11/Rad50/Nbs1(Xrs2) complex (M/R/N[X])
is essential, and loss of any single component leads to
chromosome instability and cell death (Stracker et al.,
2004). The M/R/N(X) complex plays an important role in
telomere maintenance and is essential for the processing
of Spo11-generated DNA breaks during meiotic recombi-
nation. In addition, the complex acts as a DSB sensor to
initiate DNA damage signaling pathways in eukaryotic cells
through the ATM/Tel1 family of serine/threonine protein
kinases that are essential for damage-induced checkpoint
signaling (Lavin, 2004).

The catalytic motifs in Mre11 and Rad50 are evolution-
arily conserved from archaea to humans, indicating the
functional importance of their enzymatic activities. In
budding yeast, the nuclease activity of Mre11 is required
for scM/R/X function during meiosis but is largely dispens-
able for the other activities of the complex (Moreau et al.,
1999; Lee et al., 2002; Zhang and Paull, 2005). In contrast,
the ATPase motifs in Rad50 appear to be essential for all
known activities of scM/R/X and human Mre11/Rad50/
Nbs1 (hsM/R/N), including ATM activation by DNA DSBs
in vitro (Alani et al., 1990; Lee and Paull, 2005; Zhang
and Paull, 2005).

M/R complexes from several species exhibit DNA bind-
ing activity that is stimulated by ATP or nonhydrolyzable
ATP analogs (Raymond and Kleckner, 1993; Paull and
Gellert, 1999; Hopfner et al., 2000; Lee et al.,, 2003;
Moncalian et al., 2004), although the complexes also
show significant ATP-independent DNA binding activity
(V.B., T.T.P., unpublished data). ATP-dependent DNA
binding is consistent with the model based on the crystal
structure of the pfRad50 catalytic domain (Hopfner et al.,
2000). This work showed that ATP induces dimerization
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of the Rad50 catalytic domain and that the surface created
by this dimerization interface forms a cleft with the size
and electrostatic potential appropriate for DNA binding.
We have also shown that ATP (and dATP) promotes un-
winding of DNA by hsM/R/N in vitro such that 15-30
base pairs at the DNA end become at least transiently
unwound (Paull and Gellert, 1999), and that this activity
is important for stimulating ATM activity through hsM/R/N
(Lee and Paull, 2005).

In vivo, the scM/R/X complex is one of the first protein
complexes to localize at the site of a DNA DSB (Lisby
et al., 2004; Shroff 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,
scM/R/X and hsM/R complexes have been shown to
bind to and bridge together DNA ends in vitro (Chen
et al., 2001; de Jager et al., 2001; Trujillo et al., 2003;
Chen et al., 2005). Rad50 catalytic activity has been impli-
cated in this process, but the exact role of the ATPase
domain or ATPase activity in end bridging is not yet
clear. M/R/N-dependent DNA tethering has also been
demonstrated in Xenopus cell-free egg extracts (Cos-
tanzo et al.,, 2004), and the S1202R mutation in the
Rad50 catalytic domain abrogates this activity (Dupre
et al., 2006), consistent with a catalytic role for Rad50 in
DNA tethering.

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 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 mol-
ecules 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 and
Welsh, 2003). This activity has now been demonstrated
for both nucleotide binding domains in CFTR (Randak
et al,, 1997; Randak and Welsh, 2003; Gross et al.,
2005). The 20083 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 physiologi-
cal conditions.
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Considering the structural similarities between the
nucleotide binding domains of CFTR and Rad50, we
investigated the ability of M/R complexes to perform the
adenylate kinase reaction. Here we show that purified
M/R 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 pro-
teins 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 models for Rad50 that incorporate
both ATPase and adenylate kinase activities and establish
a framework to understand the mechanism of Rad50
catalytic functions.

RESULTS

Mre11/Rad50 Complexes Exhibit Adenylate Kinase
Activity

Recombinant purified M/R complexes from Homo sapiens
(hsM/R), Saccharomyces cerevisiae (scM/R), and Pyro-
coccus furiosus (pfM/R) (see Figure S1 in the Supplemen-
tal Data available with this article online) were tested for
adenylate kinase activity: the reversible transfer of the
terminal phosphate from ATP to AMP to form two mole-
cules of ADP (Figure 1A). Varying amounts of each M/R
complex were incubated with [y-*2P]JATP, either in the
absence or the presence of unlabeled AMP, and the reac-
tion products were analyzed by using thin-layer chroma-
tography. All of the M/R complexes hydrolyzed ATP, as
shown by the release of [*2P]inorganic phosphate (Figures
1B-1D, lanes 2-4), when incubated with ATP only. In the
presence of both ATP and AMP, all of the M/R complexes
also catalyzed the adenylate kinase reaction, which was
evident from the generation of *2P-labeled ADP (Figures
1B-1D, lanes 6-8). Other ATPases unrelated to the ABC
transporter family such as RecA and Rad54 do not exhibit
adenylate kinase activity (Figure 1E), 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
[2-3?PJAMP and unlabeled ATP with scM/R and found
that the enzyme generated labeled ADP as expected
from the adenylate kinase reaction (Figure 2B). We also
observed labeled ATP in these reactions (Figure 2B, lanes
3 and 4), indicating that the reverse adenylate kinase
reaction occurred (see Figure 2A).

Using [¢-*?P]JAMP, we also tested all of the nucleoside
and deoxynucleoside triphosphates and found that only
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Figure 1. Human, Yeast, and Archaeal M/R Complexes Exhibit Adenylate Kinase Activity

(A) Diagram of adenylate kinase reaction.

(B) hsM/R complexes incubated with [y-*?PJATP = AMP as indicated and the reactions separated by TLC. Positions of the [y->?PJATP substrate
and the [3-2P]JADP and [*2P]] products are shown.

(C) pfM/R complexes assayed as in (B).

(D) scM/R complexes assayed as in (B).

(E) RecA (150 nM), BSA (150 nM), and hsRad54 (100 nM) incubated with [y-32PJATP and AMP and characterized as in (B).

ATP and dATP could function as phosphate donors in this monophosphate dAMP was not functional in this assay
reaction (Figure 2C), indicating that the base on the donor (Figure 2D). The adenine nucleotide specificity has also
nucleotide must be an adenine. Moreover, in the presence been observed for human, yeast, and E. coli M/R com-
of [y-32P]ATP, we observed that only AMP could function plexes in DNA binding, nuclease activity, and DNA unwind-
as phosphate acceptor and that the deoxyribonucleoside ing (Raymond and Kleckner, 1993; Connelly et al., 1997;
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Figure 2. M/R Adenylate Kinase Activity Is Adenine Specific and Reversible

(A) Diagram of the adenylate kinase reaction with [a->?P]JAMP.

(B) scM/R complexes incubated with [2-*>P]JAMP and ATP and the reactions separated by TLC. Positions of the [0->*>PJAMP substrate and the

[-2P]JADP and [o-*2P]JATP products are shown.

(C) scM/R complexes assayed as in (B) except that various nucleotides were used in place of ATP as indicated.

(D) scM/R complexes assayed with [y->2PJATP and various nucleotides as indicated and characterized as in (B).

(E) scM/R complexes assayed as in (D) with various metal cations (10 mM) as indicated; the amounts of [*2P}] product are shown.
(F) scM/R complexes assayed as in (E); the amounts of [8->2PJADP product are shown.

Paull and Gellert, 1999; Lee et al., 2003), suggesting that
the same active sites are likely responsible for the
adenylate kinase reaction.

Kinetic measurements of the ATPase and adenylate
kinase activities of hsM/R and scM/R indicate that both

enzymes show relatively low affinity for ATP—230 puM
for scM/R and 320 uM for hsM/R—and slightly higher
affinity for AMP—130 uM for scM/R and 44 uM for
hsM/R (Figure S2). We also determined the cation require-
ments for the adenylate kinase activity of scM/R, which
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showed that both adenylate kinase and ATPase activities
are maximal in the presence of magnesium but that the
reaction is also supported by manganese or calcium
ions (Figures 2E and 2F).

ApsA Inhibits the Rad50 Phosphoryl Transfer
Reaction but Not ATP Hydrolysis

Adenylate kinases are specifically inhibited by bifunctional
molecules containing two adenine nucleotides connected
through &' linkages to varying numbers of phosphate
groups (Lienhard and Secemski, 1973). These molecules
mimic the transition state of the phosphoryl transfer reac-
tion between ATP and AMP and are thus very specific
to adenylate kinase enzymes. We used four such com-
pounds: ApsA, ApsA, ApsA, and ApgA, which contain
three, four, five, or six phosphates, respectively, to test
the sensitivity of M/R adenylate kinase activity. Our results
show that none of the inhibitors affected the ATPase activ-
ity of scM/R, irrespective of the concentration or the num-
ber of phosphates linking the adenine nucleotides (Figures
3A and 3C). In contrast, all the inhibitors with the exception
of ApsA decreased the adenylate kinase activity of scM/R,
with ApsA and ApeA showing the greatest inhibition (Fig-
ures 3B and 3D). We also tested the effects of ApsA on
pfM/R and hsM/R complexes and observed that the inhib-
itor completely abolished adenylate kinase activity but did
not affect ATPase activity (Figures 3E and 3F). With these
assays as well as the quantitative data shown in other
figures, assays were performed at least three times, and
representative data are shown. Collectively, these results
show that the adenylate kinase reaction performed by
these M/R 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 A—the length of five 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 vy phosphate on ATP and thus
stabilizing the ATP-bound form of the enzyme (Hopfner
et al., 2002). A mutant pfM/R 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 et al., 2002) and also exhibits
very low affinity for ATP (Moncalian et al., 2004). This mu-
tation in pfM/R 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 4A), consistent with an overall
deficiency in ATP binding.

In contrast to the pfMR mutant, the equivalent muta-
tions in hsM/R and scM/R do not inhibit ATPase activity
(Figure 4B, lanes 5-7; Figure 4C, lanes 5-7; Figures 4D,
4E, 4G, and 4H). In fact, the levels of phosphate release

from [y->2P]JATP with hsM/R(S1202R) are 2- to 3-fold
higher than with wild-type hsM/R. However, the levels
of adenylate kinase activity exhibited by the hsM/
R(S1202R) and scM/R(S1205R) mutants are 2- to 10-
fold lower than the wild-type complexes (Figures 4B, 4C,
4F, and 4l); thus, these signature motif mutants are specif-
ically impaired in adenylate kinase activity. Inclusion of
AMP in the reactions with [y-*2P]ATP lowers the level of
ATP hydrolysis (Figure 4D versus Figure 4E, Figure 4G
versus Figure 4H), suggesting that AMP may utilize the
same binding site as ATP.

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 (Monca-
lian et al., 2004). In addition, the mutant fails to comple-
ment a deletion strain in assays of nonhomologous 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 5A). 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 M/R (data not shown).

scM/R/X is important for the maintenance of telomere
length by telomerase in budding yeast (Moore and Haber,
1996; Boulton and Jackson, 1998; Diede and Gottschling,
2001; Tsukamoto et al., 2001). Genetic analysis has
placed the complex in the same epistasis group as
telomerase, suggesting that the complex may act on telo-
mere ends to prepare them as a substrate for telomerase
or may recruit telomerase to its substrate. Here we ana-
lyzed several colonies of the strain expressing Rad50
S1205R and found that the telomeres were as severely
shortened as in a rad50 deletion strain (Figure 5B and
see also Smith et al. [2005]). The S1205R mutation in
Rad50 thus completely abrogates the functions of
scM/R/X at telomeres in vivo.

Rad50 Adenylate Kinase Activity Is Required for DNA
Tethering

scM/R/X and hsM/R complexes have been shown by
atomic force microscopy (AFM) to bridge DNA molecules
in vitro (Chen et al., 2001, 2005; de Jager et al., 2001;
Trujillo et al., 2003), and Xenopus M/R/N complexes cata-
lyze an analogous DNA tethering reaction in Xenopus egg

Molecular Cell 25, 647-661, March 9, 2007 ©2007 Elsevier Inc. 651



Molecular Cell
Rad50 Adenylate Kinase Activity

A ] - [] o5um B []- [] 05um
] oosum | 5.0um [] o.osum [ 5.0um

50 20
_ O — u 13 15f "
o ©
Do So
7] oW
oo o 51.0F 1
4@ [
=5 20+ 1<%
o] u—
nQ O%
£2 g5 -
£~ 10f 18
0 0
Ap,A ApA ApA Ap,A ApA Ap A
O Ap3A O Ap3A
C O Ap5A D O Ap5A
20 — T 0.8 T T T

0.7 J
0.6 H J
0.5 H

-

[4)]
T
T

moles of Pj released/
mole of scRad50
o o >
moles of ADP generated/
mole of scRad50
o o oo
CLohwk

0 05 50 500 0 05 50 500
[Inhibitor] uM [Inhibitor] uM
£ O -Apa O +ApA E O -apa O +ArA
100 _ 140 —
e
3 s0f _— % 120 —
@& 60' b 3& 80_
S5 a0t : =3 9o i
28 EE 40t
S 201 1 g 20f
0 E o0 =
No O  hsM/R pMIR
protein  NSMR  pfMIR protein NS p

Figure 3. Adenylate Kinase Inhibitors Block the Adenylate Kinase Activity of M/R Complexes

(A) scM/R complexes incubated with [y->2P]JATP and AMP plus Ap4A, ApsA, or ApeA as indicated and ATPase activity measured by the release
of [*2P].

(B) scM/R complexes assayed as in (A) and adenylate kinase activity measured by the production of [3->2PJADP.

(C) scM/R complexes assayed as in (A) plus ApsA or ApsA as indicated.

(D) scM/R complexes assayed as in (B) plus ApsA or ApsA as indicated.

(E) pfM/R and hsM/R assayed as in (A) with 5 uM ApsA as indicated.

(F) pfM/R and hsM/R assayed as in (B) with 5 uM ApsA as indicated.

extracts (Costanzo et al., 2004). Furthermore, scM/R/X To determine the importance of adenylate kinase activ-
has been implicated as an important component of ity for DNA tethering, we employed the Xenopus egg
the cellular machinery that prevents broken chromosomal extract system, which contains functionally active M/R/N
fragments from separating in vivo (Kaye et al., 2004; complexes. Biotinylated DNA molecules were added to
Lobachev et al., 2004). the extracts in the presence of radiolabeled DNA, and
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Figure 4. Mutation of the Rad50 Signature Motif Reduces Adenylate Kinase Activity by hsM/R and scM/R

(A) pfM/R wild-type and mutant (Rad50 S793R) complexes incubated with [y->2PJATP and AMP and the reactions separated by TLC as in Figure 1B.
(B) hsM/R wild-type and mutant (Rad50 S1202R) complexes assayed as in (A).

(C) scM/R wild-type and mutant (Rad50 S1205R) complexes assayed as in (A).

(D) Time course of ATPase activity by hsM/R complexes (300 nM) in the absence of AMP.

(E) Time course of ATPase activity by hsM/R complexes as in (D) but in the presence of AMP.

(F) Time course of adenylate kinase activity by hsM/R complexes in the presence of AMP.

(G-l) The equivalent reactions as in (D)-(F), respectively, except performed with scM/R (2.5 uM).

the level of DNA tethering was measured by the associa- observed over background levels, the majority of which
tion of the labeled DNA with streptavidin-coated magnetic has previously been shown to be dependent on M/R/N
beads. A 20-fold increase in DNA-DNA association was (Costanzo et al., 2004). The level of DNA tethering was
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Figure 5. Mutation of the Rad50 Signa-
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reduced 2-fold and 5-fold by the addition of 0.5 or 1.0 mM
ApsA, respectively, indicating a role for Rad50 adenylate
kinase activity in the DNA tethering process (Figure 6A).
In contrast, the ApsA compound, which is structurally
similar to ApsA 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 1-4 mM) in Xenopus extracts.

The effect of ApsA in Xenopus extracts is specific to the
DNA tethering reaction, as the binding of M/R/N and ATM

M1234567 8910

to DNA was not affected by ApsA (Figure 6B). This result
is consistent with our observations of purified M/R com-
plexes, which have not shown any effect of adenylate
kinase activity on the association of M/R or M/R/N(X) com-
plexes with DNA molecules in binding assays in vitro (data
not shown).

To examine the effects of Rad50 adenylate kinase activ-
ity on DNA tethering in a purified system, we used a similar
assay that measures association of a *2P-labeled 2.5 kb
DNA molecule with an unlabeled, biotinylated DNA mole-
cule attached to streptavidin-coated magnetic beads.
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Figure 6. Adenylate Kinase Activity Is Required for M/R-Mediated DNA Tethering
(A) Xenopus egg extracts incubated for 20 min with buffer, ApsA, or ApsA as indicated. Biotinylated DNA (0.6 x 10'! ends/ul) and nonbiotinylated
radioactive DNA (DNA*; 3 x 10"" ends/pul) were added, and 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) scM/R complexes (30 nM) incubated with 2P-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 two exper-

iments, with standard deviation as shown.

(D) Reactions performed as in (C) except with scM/R(S1205R) and scM/R(K40A) mutant complexes as indicated.

After incubation of the DNA-bound magnetic beads with
scM/R, ~10% of the labeled DNA was associated with
the biotinylated DNA on the beads, and this level in-
creased to ~22.5% in the presence of ATP (Figure 6C).
The addition of AMP to these reactions did not have any
effect (data not shown), although the ApsA inhibitor
reduced the level of DNA tethering to ~14%, close to
the level observed in the absence of ATP. No association
of the labeled DNA was seen with scM/R in the absence of
the biotinylated DNA. The adenylate kinase activity

of Rad50 therefore does contribute to DNA tethering as
measured in this in vitro assay.

To further test if the DNA tethering activity requires the
adenylate kinase function of Rad50, we used a mutant
scM/R complex containing Rad50 S1205R. Surprisingly,
this mutant scM/R complex was able to bridge DNA
molecules more efficiently than the wild-type, although
the presence of ATP did not increase the DNA tethering
any further (Figure 6D). We also used a mutant scM/R
complex that contained a mutation in the Rad50 Walker
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Figure 7. Human and Yeast M/R Com-
plexes Exhibit Reverse Adenylate Kinase
Activity

(A) Diagram of adenylate kinase reaction start-
ing with ATP hydrolysis (ATPase) and the
reverse adenylate kinase reaction (AK).

(B) Wild-type or scM/R(S1205R) complexes
incubated with [a-3P]JATP as indicated and
analyzed by TLC. The positions of the

aS2P-ATP

a32P-ATP

[0->2P]ATP substrate and [x-*2P]JADP and

scM/R (uM)

hsM/R (nM)

[2-*2P]JAMP products are shown.
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(C) Wild-type or hsM/R(S1202R) complexes
assayed as in (B).
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(D and E) scM/R complexes (2.5 uM) assayed
with [2-*2P]JATP in the presence of varying
amounts of linear DNA as indicated. The moles
of [a-*2P]JAMP produced, indicating adenylate
kinase activity, are shown in (D) and the moles
of [a-*2P]JADP produced, indicating ATP
hydrolysis, are shown in (E).
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A domain (K40A). This mutant complex completely lacked
DNA tethering ability, both in the presence and in the
absence of ATP (Figure 6D).

Rad50 Catalyzes the Reverse Adenylate Kinase
Reaction

As shown in Figure 6, we have observed inhibitory effects
of the ApsA adenylate kinase inhibitor in reactions that
contain only ATP and 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 activi-
ties of hsM/R, hsM/R/N, pfM/R, scM/R, or scM/R/X in vitro
(data not shown). Considering these results, we hypothe-
sized that Rad50 could enter the adenylate kinase cycle
through the reverse reaction, starting with ATP hydrolysis
(see Figure 7A).

To test this model, we used [¢->2P]ATP in the absence
of AMP and found that both scM/R and hsM/R generated
labeled [*2P]JAMP (Figures 7B and 7C), indicating that the
enzymes can initiate the cycle with ATP hydrolysis
followed by the reverse adenylate kinase reaction. Sur-
prisingly, the signature motif mutants scM/R(S1205R)

0.5
linear

25 25
DNA (nM)

and hsM/R(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
hsM/R(S1202R) complex generated 7.5- to 10-fold more
labeled AMP compared with the wild-type enzyme
(Figure 7C). The overproduction of labeled AMP by the
hsM/R(S1202R) mutant compared with the wild-type
was also observed when we used ['*C]ADP to directly
measure the reverse adenylate kinase reaction indepen-
dently from ATP hydrolysis (Figure S3).

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 scM/R by 5.5-fold, as
measured by the production of labeled AMP (Figure 7D),
while there was only a 1.5-fold stimulation of the ATPase
activity under the same conditions (Figure 7E). In contrast,
supercoiled DNA did not have any effect on either the
ATPase or the adenylate kinase activities of Rad50 (data
not shown).
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DISCUSSION

We show in this study that M/R complexes from three
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 trans-
porter 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 and Welsh, 2003; Gross et al., 2005).
Furthermore, the gating of the channel was inhibited by
ApsA, an inhibitor specific to adenylate kinases because
of its similarity to the transition state of the reaction, dem-
onstrating that adenylate kinase activity is important for
the function of CFTR (Randak and Welsh, 2003).

Here we demonstrate that M/R 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 incuba-
tion of M/R complexes with o-*P-ATP generates a->2P-
AMP in addition to «-**P-ADP. Both the forward and
reverse reactions are blocked by ApsA (Figure 3 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, M/R complexes catalyze both ATP hydro-
lysis and the forward adenylate kinase reaction. The pres-
ence of AMP reduces the level of ATP hydrolysis by ~2-to
4-fold depending on the species of M/R, indicating that
AMP acts competitively with ATP. Depending on the intra-
cellular concentrations of AMP, which have been esti-
mated at ~1%—-2% of the ATP pool (Dean and Perrett,
1976; Menze et al., 2005), it is possible that Rad50 mole-
cules in vivo will catalyze both ATP hydrolysis and the
forward adenylate kinase reaction, considering that the
Kwm values of hsM/R and scM/R for AMP are 44 uM and
130 uM, respectively (Figure S2). Alternatively, it is possi-
ble that Rad50 complexes enter the adenylate kinase
reaction through ATP hydrolysis as shown in Figure 7
and therefore are independent of the cellular AMP pool.
This is consistent with our observation of ApsA inhibition
of DNA tethering in the absence of AMP and the fact
that none of the activities of the M/R 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 unnec-
essarily if it were not engaged in the energetically neutral
adenylate kinase reaction.

Rad50 adenylate kinase activity exhibits a strict adenine
specificity for both the donor triphosphate nucleotide and
the acceptor monophosphate nucleotide, identical to the

specificity observed for Rad50 ATPase activity. The sim-
plest explanation for these data is that the original ATP
binding sites visualized in the structural analysis of
pfRad50 (Hopfner et al., 2000) are also the sites that cata-
lyze adenylate kinase activity. One complication with this
model, however, is the fact that the ATP molecules pres-
ent in the two active sites in the crystal structure are too
far apart (~35 A) to accommodate the adenylate kinase
reaction. The specificity of the ApsA inhibitor strongly
suggests that the distance between the nucleotides in
the adenylate kinase reaction is ~16 A. To explain this
discrepancy, we propose two alternative models. In the
first model, Rad50 enters the adenylate kinase cycle
through ATP 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).

In the second model, Rad50 would bind AMP at a site
separate from the known ATP binding sites. Considering
that ATP-bound Rad50 catalytic domains form dimers of
dimers (Hopfner et al., 2000), this may allow one dimer
to catalyze ATP hydrolysis while the other catalyzes the
adenylate kinase reaction. Direct labeling of the AMP
binding site will be necessary to distinguish between these
models.

The Biological Importance of Rad50 Adenylate
Kinase Activity

The signature motif mutation used in this study was origi-
nally 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 et al., 2000; Moncalian et al., 2004).

Mutation of the conserved serine to arginine in human
Rad50 generates a complex that behaves like wild-type
with respect to complex formation but is completely defi-
cient in all ATP-dependent activities in vitro, including
AMP-PNP-dependent DNA binding and ATP-dependent
effects on Mre11 nuclease activity (Lee et al., 2003).
Furthermore, the hsM/R/N 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 reduce ATP binding
and hydrolysis as the S793R mutation does in pfM/R;
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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 nonhomolo-
gous end joining of cohesive or mismatched DNA ends
(Moncalian et al., 2004; Zhang and Paull, 2005). In addition,
the S1205R allele of Rad50 generates gross chromosomal
rearrangements at a rate similar to a null allele of Rad50
(Smith et al., 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. This mutation
may block Spo11 processing similarly to the rad50S mu-
tants that were previously identified (Alani et al., 1990),
though this question has not been specifically investi-
gated. Itis clear that S1205R is not a separation of function
mutant, however, because it shows a severe phenotype in
both vegetative cells and those undergoing meiosis.

The in vitro DNA tethering assays described in this study
show that M/R complexes utilize adenylate kinase activity
in DNA tethering reactions. The ApsA adenylate kinase in-
hibitor blocks both DNA tethering (Figure 6) and ATM ac-
tivation (data not shown) in the Xenopus extracts, consis-
tent with Rad50 adenylate kinase activity functioning
upstream of ATM. It is not yet clear what step in DNA teth-
ering is dependent on Rad50 adenylate kinase activity, but
it must be a step that is distinct from DNA binding, which is
unaffected by ApsA either in Xenopus extracts or in DNA
binding assays with purified proteins. Earlier studies dem-
onstrated that the majority of DNA tethering activity in
Xenopus extracts is MRN dependent (Costanzo et al.,
2004) and that a mutant complex containing the Rad50
S1202R mutation was unable to complement extracts
immunodepleted for Xenopus MRN (Dupre et al., 2006).

Using recombinant proteins, we also show that the wild-
type scM/R complex catalyzes ATP-stimulated associa-
tion of two DNA molecules. A mutation in a conserved
lysine of the Walker A motif (K40A) completely blocks all
DNA tethering, consistent with a previous report that
analyzed end bridging by AFM (Chen et al., 2005). In con-
trast, the S1205R mutant complex shows high levels of
DNA tethering, but it is not stimulated by ATP. It is not
yet clear why the S1205R complex behaves differently in
the purified system versus 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
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is that the forward adenylate kinase reaction is the mech-
anistically important reaction carried out by M/R com-
plexes independent of ATP hydrolysis, as proposed for
CFTR (Randak and Welsh, 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 M/R or M/R/N(X)
complexes does not have any effect even though ATP is
required in these reactions (data not shown). While we
demonstrate here that M/R can enter the adenylate
kinase reaction through ATP hydrolysis, one would expect
that the addition of AMP would increase the functional
activity of the enzyme if the forward adenylate kinase
reaction was the critical catalytic step. Second, the addi-
tion of ApsA to in vitro assays with M/R or M/R/N(X) com-
plexes has no effect on the exonuclease activity of pfM/R
or on the endonuclease activity of hsM/R/N on 3’ over-
hangs (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 enters
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 M/R complexes is stimulated by ATP
binding, not by hydrolysis, as shown with scRad50,
pfRad50, hsM/R, and hsM/R/N (Raymond and Kleckner,
1993; Hopfner et al., 2000; de Jager et al., 2002; Lee
et al., 2003), since nonhydrolyzable ATP analogs stimulate
DNA binding as efficiently or more efficiently than ATP.
In contrast, the partial unwinding of DNA duplexes by
hsM/R/N requires ATP hydrolysis (Paull and Gellert,
1999), and hydrolysis is also required for scM/R/X to
induce changes in DNA topology (Trujillo et al., 2003).
Lastly, ATP stimulation of DNA tethering by scM/R and
Xenopus M/R/N requires both ATP hydrolysis and adeny-
late kinase activity, as this activity is sensitive to ApsA.
In vivo, M/R/N(X) complexes are very likely engaged in
all of these activities—DNA binding, unwinding, and DNA
tethering—which are likely to be coordinated by Rad50
molecules in different catalytic states. The difficult chal-
lenge for future studies is to determine how each nucleo-
tide-bound state alters the conformation of the Rad50 cat-
alytic 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 re-
spective substrates and may also control their activities

658 Molecular Cell 25, 647-661, March 9, 2007 ©2007 Elsevier Inc.



Molecular Cell
Rad50 Adenylate Kinase Activity

in response to alterations in nucleotide pools that occur
with changes in the intracellular environment.

EXPERIMENTAL PROCEDURES

Plasmid Expression Constructs
See the Supplemental Data.

Protein Purification
See the Supplemental Data.

ATPase and Adenylate Kinase Assays

For ATPase assays, M/R complexes were incubated in 10 ul reactions
containing buffer A (20 mM Tris [pH 8.0], 100 mM NaCl, 10% glycerol,
1 mM DTT) with 1 mM MgCl, and 50 uM [y-*2P]ATP. Adenylate kinase
assays also contained 50 uM cold AMP. Reactions were incubated at
37°C (human and archaebacteria) or 30°C (yeast) for 2, 8, or 16 hr and
were stopped with the addition of 1% SDS and 10 mM EDTA. The
reaction (1 pl) was then spotted on a polyethyleneimide (PEIl) plate
(EMD Biosciences) and separated by TLC for ATP, ADP, and P; by
using 0.75 M KH,PO, (pH 3.4). The plates were dried and analyzed
by phosphorimager (Bio-Rad). The levels of P; generated were used
as a measure of ATPase activity, and the levels of [3-*?PJADP were
used as a measure of adenylate kinase activity. Adenylate kinase ac-
tivity was also measured in some cases by using 50 uM [¢->°P]AMP
and unlabeled ATP (Figure 2) or with 50 uM [¢->2P]ATP in the absence
of AMP (Figure 7).

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 min with buffer, ApsA, or ApzA prior
to DNA binding or tethering assays. For DNA binding assays, Xenopus
egg extracts supplemented with buffer, ApsA, or ApsA were incubated
with 150 bp biotinylated DNA fragments bound to streptavidin beads
(10 ng/pl). Biotinylated DNA was generated by PCR by using M13-
ssDNA as a template (Costanzo et al., 2004). After incubation, DNA-
bound streptavidin beads were separated per the manufacturer’'s
instructions (Dynabeads, M280 Streptavidin, Dynal Biotech) and
washed in ELB buffer (10 mM HEPES [pH 7.7], 2.5 mM MgCl,,
0.05 mM KCI, and 250 mM sucrose) containing 0.1% Triton X-100.
Samples were separated on 3%-8% NuPAGE gels and analyzed
by Western blot using antibodies targeting Xenopus Mre11 or ATM
(Robertson et al., 1999; Dupre et al., 2006). The DNA tethering assay
was performed as described previously (Dupre et al., 2006). Extracts
were incubated with buffer, ApsA, or ApsA and then supplemented
with cold streptavidin-bound DNA (10 ng/ul) and free radioactive
DNA fragments generated by PCR in presence of o®2P-dCTP
(50 ng/pl). After DNA removal from extracts, the radioactivity associ-
ated with biotinylated DNA was counted by scintillation.

DNA Tethering 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 Tris
[pH 8.0], 1 mM EDTA). The electroeluted DNA was dialyzed against
water, concentrated to 50 pl, and bound to magnetic beads (Dynal Bio-
tech). The radiolabeled DNA was prepared by PCR amplification of an
unrelated 2.5 kb fragment in the presence of [¢-*2P]JdATP. The PCR
product was purified as described above and stored in Tris-EDTA.
DNA tethering was performed in binding buffer 25 mM MOPS
[pH 8.0], 2 mM dithiothreitol [DTT], 5 mM MgCl,, 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
scM/R complex (30 nM) and DNA-bound magnetic beads (1 nM) in
9 ul. Reactions were incubated at 37°C for 30 min + 100 uM ATP

followed by three washes with binding buffer for 10 min each. Beads
were resuspended in 20 pl binding buffer and were analyzed by liquid
scintillation counting versus the total counts used in the reaction.

Determination of Kinetic Parameters
See the Supplemental Data.

Yeast Constructs and Strains
See the Supplemental Data.

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 (Adams et al., 1997). Percent sporulation is calculated in
comparison to the wild-type homozygote TP2219, which exhibited
1.4% + 0.3% sporulation. Strains expressing the rad50-S71205R allele
showed no 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 col-
onies from each strain were used to study telomere length. In each
strain, the five isolates exhibited identical telomere phenotypes (two
are shown in Figure 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 Xhol and Pstl run on a 1% gel. DNA
from approximately the same number of cells was loaded in each
lane. The blot was hybridized with a C;_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.

Supplemental Data

Supplemental Data include three figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with
this article online at http://www.molecule.org/cgi/content/full/25/5/
647/DC1/.
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