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Abstract
Repair and integrity of DNA ends at breaks, replication forks and telomeres are essential for life;
yet, paradoxically, these responses are, in many cases, controlled by a single protein complex,
Mre11-Rad50-Nbs1 (MRN). The MRN complex consists of dimers of each subunit and this
heterohexamer controls key sensing, signaling, regulation, and effector responses to DNA double-
strand breaks including ATM activation, homologous recombinational repair, microhomology-
mediated end joining and, in some organisms, non-homologous end joining. We propose that this
is possible because each MRN subunit can exist in three or more distinct states; thus, the trimer of
MRN dimers can exist in a stunning 63 or 216 states, a number that can be expanded further when
post-translational modifications are taken into account. MRN can therefore be considered as a
molecular computer that effectively assesses optimal responses and pathway choice based upon its
states as set by cell status and the nature of the DNA damage. This extreme multi-state concept
demands a paradigm shift from striving to understand DNA damage responses in separate terms of
signaling, checkpoint, and effector proteins: we must now endeavor to characterize conformational
and assembly states of MRN and other DNA repair machines that couple, coordinate, and control
biological outcomes. Addressing the emerging challenge of gaining a detailed molecular
understanding of MRN and other multi-state dynamic DNA repair machines promises to provide
opportunities to develop master keys to controlling cell biology with probable impacts on
therapeutic interventions.

Introduction
The Mre11-Rad50-Nbs1 (MRN) complex is a multifaceted molecular machine, critical for
biological processes that detect and repair double strand breaks (DSBs) [1,2]. DSBs arise
from exposure to ionizing radiation (IR) and genotoxic chemicals, as well as from cellular
metabolism during replication, meiosis, and V(D)J recombination [3–7]. The ends of
chromosomes can also be considered as forms of DSBs if they are not correctly protected as
telomeres. Failure to expeditiously repair DSBs or protect DNA ends at either replication
forks or telomeres can lead to chromosomal rearrangements, loss of chromosome arms or
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aneuploidy. Thus, DSBs present one of the most deleterious forms of DNA damage and
failure to appropriately process them can ultimately result in human disorders including
developmental, immunological and neurological disease, and especially cancer [8,9].
Protection against these disease phenotypes therefore requires efficient recognition of DSBs,
precise activation of cell cycle checkpoints, and coordinated repair via one of several
pathways including non-homologous end joining (NHEJ), microhomology-mediated end
joining (MMEJ, also referred to as Alt-NHEJ) or homologous recombinational repair (HRR)
[10,11].

The MRN complex has been implicated in all aspects of DSB processing: from initial
detection, to triggering signaling pathways, and facilitating repair through the pathways
outlined above (Fig. 1). Furthermore, MRN is present at replication forks and telomeres and
plays key roles in preventing DSBs from forming at these sensitive locations. Thus, MRN
has emerged as a critical regulator of DSB biology as emphasized by human disorders
associated with misregulation or inherited mutations in any one of the subunits. Mutations in
Nbs1 were described in patients suffering from Nijmegan breakage syndrome (NBS) [12],
with subsequent mutations in Mre11 found to cause ataxia-telangiectasia-like disorder
(ATLD) [13] and one mutation so far described for Rad50 in NBS-like disorder [14].

Diverse functions of the MRN machine
The MRN complex can be considered a flexible scaffold that acts as a combined sensor,
signaling and effector complex via dynamic states that control biological outcomes to DSBs.
MRN imparts three key functions critical for its diverse roles: 1) DNA binding and
processing, 2) DNA tethering to bridge DNA over short and long distances, and 3)
activation of DSB response and checkpoint signaling pathways. MRN structural
architecture, separated into distinct “head”, “coil”, “hook” and flexibly attached adapter
regions, underlies these roles (Fig. 2A).

The head region comprises two Rad50 ABC-ATPase domains and two Mre11 nucleases
bound to the base of the Rad50 coiled-coils (Fig. 2A). This M2R2 head is the DNA binding
and processing core of MRN. Mre11, which contains an N-terminal phosphodiesterase and
C-terminal DNA binding domains (Fig. 2B), provides ssDNA endonuclease and 3’-5’
dsDNA exonuclease activities [15]. Rad50 has regulatory ATPase and adenylate kinase
activities [16,17], and can also bind to DNA. The importance of the Mre11-Rad50 core
complex is underscored by its conservation in bacteria, archaea and throughout the eukarya
[18,19].

The Rad50 ATPase domain of the MRN head is formed from two halves encoded at either
end of the primary sequence that come together from the collapse of the intervening
sequence, which forms a long (~500 Å) extended anti-parallel coiled-coil [20,21]. This coil
region of MRN flexibly extends from the M2R2 head and forms a Zn-hook domain at the
apex of the Rad50 coiled-coil (Fig. 2A and 2B).

In eukaryotes, Nbs1 (Xrs2 in S. cerevisiae) forms the flexible adapter domain of MRN (Fig.
2A), acting as a regulatory and protein recruitment module. Nbs1 consists of an N-terminal
phosphoprotein-binding core that is flexibly attached to the MR core complex through an
Mre11 interaction motif towards the end of the unfolded C-terminal half (Fig. 2B). Nbs1
provides the MRN complex with its signaling role through interactions with, and ultimately
activation of, either ATM (ataxia-telangiectasia mutated) or ATR (ATM- and Rad3-related)
protein kinases in response to DSBs or replication fork stalling, respectively. Nbs1 is also
essential for localization of MRN to the nucleus, and works in tandem with Rad50 ATP
binding and hydrolysis to regulate Mre11 nuclease activities.
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MRN functions in a diverse set of cellular contexts including repair of DSBs by NHEJ,
MMEJ, and HRR, signaling of DSBs within chromatin, at sites of V(D)J and class-switch
recombination, at replication forks, and at telomeres (Fig. 1). These different cellular
environments require different functionalities of MRN to protect against inappropriate end
processing or signaling. For example, MRN endonuclease activity is essential for initiating
HRR [22,23], whereas its exonuclease activity is required for MMEJ [24,25] and
inappropriate nuclease activity at dysfunctional telomeres results in chromosome fusions
[26]. Further, initiation of the DSB response through ATM activation is likely to be
necessary only when DSBs cannot be efficiently repaired, such as after high levels of
damage [27], and activation of this pathway at undamaged replication forks or telomeres
would be severely detrimental to the cell [28].

Major questions in the field have therefore centered around how MRN activities and cellular
locations are controlled to provide its diverse functions. More simply put; how does MRN
know what to do, where to do it and when? Progress towards answering these questions has
been made by employing a wide range of experimental techniques and model organisms;
results indicate that MRN is assembled into larger macromolecular complexes that contain
different protein components and that this defines its multiple functions in the DNA damage
response. These MRN assemblies and states are further impacted by post-translational
modifications (PTMs), providing additional layers of complexity and regulation. Thus,
MRN states in terms of shape, conformation, and interactions are information controlling its
functions and biological outcomes.

The emerging picture underlying MRN assembly and its control of biological outcomes can
therefore be considered in terms of three key elements that control biologically-relevant
states: 1) macromolecular shape and conformation, 2) availability of interaction sites and 3)
allosteric regulation from interactions or PTMs that impact on its shape and function.
Structural biology plays a critical role in addressing these questions as structures define
macromolecular shape, conformation, and assembly; give detailed information of interfaces;
and, in combination with biochemical assays, determine catalytic mechanisms. Further,
structural methods allow changes in conformation and dynamics to be visualized upon
interactions and in response to PTMs. Therefore, united with biochemistry and genetics,
structural insights into macromolecular assemblies provide the basis from which to predict
biological outcomes, a necessary step to allow designed intervention of these pathways for
therapies. Here, we consider how MRN conformations, assemblies, interactions, and
functions are controlled to provide the desired biological activity in a given cellular context.
Emerging results indicate that distinct MRN states define different outcomes in cell biology.

Mre11 complexes and interactions
Recent results show that MRN acts as a functional dimer. Small-angle X-ray solution
(SAXS) envelopes show that in solution and in a DNA-free state Mre11 forms a lop-sided
U-shaped dimer [23]. A hydrophobic 4-helix bundle forms the dimer interface between the
two phosphodiesterase domains that form the base of the U-shape. The Mre11 DNA binding
motifs extend away from this base to form capping domains, with the groove of the U-shape
forming the DNA binding site. Analysis of mutations that disrupt the Mre11 dimer show that
it is clearly important for MRN functions, as the resulting monomeric form has reduced
DNA affinity and, unlike wild type Mre11, does not restore resistance to clastogenic agents
in S pombe.

Crystal structures of Mre11 bound to DNA substrate mimics of both a 2-ended DSB and 1-
ended replication fork reveal that the DNA-bound state is also dimeric, forming the same U-
shaped dimer observed by SAXS [23] (Fig. 3A). However, this DNA-bound state of Mre11
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can be further divided into at least two distinct conformations. When bound to the 2-ended
DSB substrate, the Mre11 dimer synapses the two DNA ends and is symmetric. In contrast,
when bound to the 1-ended DSB substrate, the Mre11 dimer binds a single DNA molecule
and adopts an asymmetric conformation. This asymmetry arises from rotation of the Mre11
monomer that is not engaging DNA, which sterically blocks the binding of a second DNA
substrate (Fig. 3B).

The MRN complex initiates different damage and checkpoint signaling responses for 2-
ended DSBs, which generally arise in chromatin and result in ATM activation, compared to
1-ended breaks, which arise from collapse of replication forks and lead to ATR activation
(Fig. 1). Therefore, we propose that the distinct conformations of Mre11 bound to DNA
represent a critical signal within the cell to mediate downstream signaling pathways, with
symmetric Mre11 activating ATM signaling and asymmetric Mre11 initiating ATR
signaling. This provides an elegant means by which Mre11 can control pathway choices at a
DSB, with ATM activation important for DSB repair by HRR and ATR activation leading to
replication fork rescue.

Rad50 complexes and interactions
Rad50 contains a globular ABC-ATPase domain at one end of the folded protein and, at the
other end, 500 Å away, a Zn-hook, separated by an anti-parallel coiled-coil (Fig. 2A, 2B).
Rad50’s unique architecture has led to challenges in understanding the structural basis for its
function. However, hybrid structural approaches have defined several distinct and
functionally important conformational states.

Within the MRN complex two Rad50 ABC-ATPase domains are juxtaposed with the Mre11
dimer at the M2R2 head (Fig. 2A), and ATP binding regulates at least two distinct states. 1)
Upon ATP and Mg2+ binding the two Rad50 ABC-ATPase domains come together to form
a head-to-tail dimer, sandwiching two molecules of ATP at the dimer interface (Fig. 4A).
Contributions to the active site are made by conserved motifs from both the N-terminal
ABC-ATPase half of one monomer and the C-terminal ABC-ATPase half from the other
monomer. 2) Upon hydrolysis and release of ATP, the Rad50 ABC-ATPase domains
monomerize, forming an open M2R2 head conformation [21,29]. In switching between these
closed and open conformations there is a significant ~35º rotation of the N-terminal ABC-
ATPase half with respect to the C-terminal half (Fig. 4B). As Rad50 is a prototype for other
ABC-ATPases, including the mismatch repair protein MutS, the ATP-driven conformational
states of Rad50 have broad implications for ABC-ATPase functions [30–32]

The ATP-induced conformational states are important for MRN functions, with ATP
binding and hydrolysis by Rad50 affecting Mre11 nuclease activities in an Nbs1-dependent
manner in eukaryotes [17]. Mutations that disrupt Rad50 ATPase activity result in
sensitization of cells to DSB causing agents [33]. At the other end of Rad50, the Zn-hook
acts as a dimerization domain. It can either intramolecularly link two Rad50 monomers that
are part of a single M2R2 core of MRN, or intermolecularly link two MRN complexes with
M2R2 heads on either end (Fig. 4B). This latter architecture allows bridging of DNA up to
1,000 Å away, providing the basis for long-range tethering, an essential MRN function
[20,34].

Other states of Rad50 have also been observed. Rad50, in the absence of Mre11, can exist in
DNA bound and free states [21]. Additionally, atomic force microscopy experiments have
shown that juxtaposed coiled-coils from adjacent Rad50 molecules can interact, which has
been proposed to act in conjunction with intermolecular Zn-hook dimerization to tether
DNA ends together [34]. In the context of assembled MRN, DNA and ATP binding at the
M2R2 head regulates Rad50 states, acting to straighten the Rad50 coiled-coils and this in
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turn favors intermolecular Zn-hook bridging dimerization and interactions between adjacent
coiled-coils.

Nbs1 interaction states
The recent crystal structures of the folded core of Nbs1 reveals that it consists of dual
phosphopeptide binding domains encoded within an FHA domain and a structurally apposed
tandem BRCT repeat domain (Fig. 5A) [35,36]. This arrangement of domains suggests that
Nbs1 acts as a multimodal adapter, linking MR to host of proteins that are phosphorylated as
part of the DNA damage response (Fig. 5B). Potential interaction states include the unbound
form and states bound to phosphoproteins through connections with the FHA domain only,
the BRCT repeat only, or simultaneously to both domains. This latter state can further be
divided into simultaneous interactions to an individual protein, containing two compatible
phosphorylated regions, or to two different proteins. Proteins shown to interact with the
FHA/BRCT region of Nbs1 include CtIP [35,36], MDC1 [35,37,38], ATR [39] and the
WRN helicase [40]. Phosphoproteomics studies have revealed that exposure of human cells
to IR or UV radiation induces close to a thousand phosphorylation events on several
hundred different proteins [41–43] and it seems likely that other phosphoproteins will
interact with Nbs1 through its FHA/BRCT domains.

The N-terminal Nbs1 phosphoprotein-binding core is connected through a flexible linker to
adjacent Mre11 and ATM interaction motifs at the C-terminus (Fig. 5B). The Nbs1
interaction with Mre11 is critical for MRN localization to the nucleus and DSBs [12,44] and
the interaction with ATM is critical for MRN-dependent activation of ATM following DSBs
[45,46]. Additional factors are also important for efficient MRN-dependent ATM signaling
and DSB repair. These include 53BP1, which interacts with MRN through Rad50 [47] and
can act to amplify the accumulation of MRN and ATM at DSBs, in particular in the context
of heterochromatin [48], and BRCA1 that interacts with MRN indirectly through CtIP
[49,50].

While Nbs1 is almost always associated with MR in the cell, of the interaction with ATM is
dynamic, occurring in response to DSBs. Thus, phosphoprotein bound states of Nbs1 may
possibly exist in ATM bound and free states, doubling the possible number of states.

States are transmitted within the MRN complex to effect biological
outcomes

In the above sections we have detailed key states of the MRN subcomponents. In the context
of the assembled MRN complex, emerging results reveal that integration and
communication between these different states, as well as interactions with additional
proteins, are key for fine-tuning MRN functions for its diverse roles in the cell (Fig. 6).

Different Rad50 nucleotide states have clear roles in regulating MRN activities, with ATP
binding and hydrolysis regulating Mre11 nuclease activities, resulting in a switch from
exonuclease to endonuclease activity [17,51]. In eukaryotes, this switch is dependent on
Nbs1, and Rad50 active site mutations that disrupt ATPase activity sensitize cells to DSB
inducing agents [33]. Further, ATP affects DNA end binding specificity of the M2R2 head
[52], with DNA binding inducing straightening of the Rad50 coiled-coils that favors
intermolecular Zn-hook dimers [34] (Fig. 4B). Thus, Rad50 conformational states can be
communicated throughout the protein to effect biological outcomes.

Mre11 appears to be a key signal to distinguish between MRN binding to 1-ended breaks,
found at replication forks, vs 2-ended breaks formed throughout the genome, largely from
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exogenous sources of DNA damage. Crystal structures show that Mre11 is symmetric when
bound to two DNA ends, but asymmetric when bound to the replication fork mimic [23]
(Fig 3A). Intriguingly, residues mutated in ATLD that reduce Nbs1 binding map across the
Mre11 dimer interface and their relative geometric positioning alters between symmetric and
asymmetric Mre11 states [23] (Fig. 3B). This suggests that Nbs1 senses Mre11 dimer shape
to effect different biological outcomes at a replication fork vs a 2-ended DSB. The
juxtaposition of Mre11 and ATM interaction motifs on Nbs1 suggest a possible mechanism
for eliciting these different responses. When bound to DSBs, the ATM interaction site must
be available as ATM is recruited and activated [46]. In contrast, at a 1-ended break, i.e. a
replication fork, ATM is no longer directly recruited but ATR is activated, through
interactions dependent on the N-terminal phosphoprotein core [39]. This suggests that the
Mre11 conformational change to an asymmetric dimer at the replication fork may reposition
or sterically block the ATM interaction site on Nbs1 to make it inaccessible to ATM.

Besides Mre11 mediated changes at the C-terminal end of Nbs1, important conformational
changes at the N-terminal phosphopeptide-binding core are important for DSB responses.
The structure of the Nbs1 core in complex with a peptide of CtIP bound to the FHA domain
revealed that the close juxtaposition of FHA and BRCT repeat domains allows
communication between the dual phosphopeptide binding sites [36]. CtIP phosphopeptide
binding triggers a long-range conformational change that alters the interface between the
BRCT repeat domains (Fig 6). This movement results in a rotation of the BRCT2 domain
with respect to the BRCT1 domain, altering the phosphopeptide-binding site at the interface.
This mechanical linkage provides a means of communication between binding sites to
control interacting partners. Further, since Nbs1 interactions with CtIP or other damage
response proteins such as MDC1 would anchor Nbs1 to DNA and chromatin, such a
conformational change could act as a pull on the tether to communicate phosphopeptide
bound states to the Mre11-Rad50 core complex.

Post-translational modifications of MRN
Like most eukaryotic proteins, especially those responding to environmental and
endogenous stresses, components of the MRN complex are modified by PTMs in vivo.
Initial studies focused on ATM-dependent phosphorylation events, such as IR-induced
phosphorylation of Nbs1, controlling cell cycle checkpoint and apoptosis (reviewed in [53],
see also [54]). Recent phosphoproteomics studies have revealed extensive phosphorylation
of MRN components; to date 17, 9 and 25 in vivo phosphorylation sites have been reported
in Mre11, Rad50 and Nbs1, respectively (http://www.phosphosite.org) [41–43,55]. Many
sites do not conform to the ATM/ATR/DNA-PK SQ/TQ consensus, indicating potential
roles for other serine/threonine protein kinases, including CK2 in several cases and even
tyrosine kinases, in regulating MRN activity, location and/or function. DNA damage-
inducible phosphorylation sites have been reported on serines 676, 678, and 681 (Mre11),
serine 635 and threonine 690 (Rad50) and serines 58, 278, 341, 343, 397, 432, 611 and
threonines 335 and 434 (Nbs1) [41–43]. Mre11 is also methylated on arginines located
between amino acids 572 and 587, while acetylation sites have been identified in Nbs1 and
on Rad50 (http://www.phosphosite.org).

While the effects of PTMs on the states of Mre11, Rad50 and Nbs1 are not well understood,
PTMs are clearly involved in regulating MRN activities in the cell. Recently, it has been
shown that Mre11 exonuclease dependent MMEJ is negatively regulated both by ATM [24]
and by methylation in the glycine-arginine-rich region of Mre11 between 572 and 587 [25].
Phosphorylation of Nbs1 has also been shown to regulate responses to replicative stress,
with serine 343 phosphorylation important for down-regulating replication following UV
damage [39], and necessary for RPA hyperphosphorylation following hydroxurea exposure
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[56]. Thus, PTMs provide a means to tune individual subunits and overall MRN
conformations and interactions in response to cell state and thereby aid MRN functions in
helping to coordinate sensing, signaling, and effector functions in response to DSBs.

Synopsis and prospects
The tragic human diseases resulting from mutations of the MRN complex provide powerful
opportunities for insights into the biological roles and importance of this complex molecular
machine. For the XPD helicase, integrated structural, biochemical, and mutational analyses
provided the basis to understand how three distinct diseases involving cancer, aging, and
developmental defects could result from single site mutations in one gene [57]. Similarly,
for Mre11-Rad50-Nbs1 many of the key insights have resulted from an increasingly detailed
understanding of MRN subunit structures, their interfaces, conformations, and interactions.
Yet, we have actually only achieved an initial understanding of these critical features.
Detailed and comprehensive structure determinations of MRN are extremely challenging
due to the multiple conformations, interfaces, and dynamic nature of the complex. However,
achieving a more complete picture of MRN conformations and interactions promises great
rewards for biological understanding of its roles in controlling cellular outcomes to DSBs
and for informed interventions relevant to human diseases.

These rewards and challenges presented by characterizations of DNA repair machines have
prompted the problem-driven development of powerful new methods and technologies for
structural analyses of dynamic complexes. The most promising approaches to defining
dynamic macromolecular complexes such as MRN come from combined methods [58,59].
SAXS has proven particularly powerful to comprehensively characterize multiple
conformations and assemblies in solution due to its high-throughput and ability to provide
data on most samples [60]. For example, SAXS provided the means for recent
characterization of DNA-PK conformations in solution and, furthermore, of conformational
changes in DNA–PKcs resulting from autophosphorylation (See Dobbs et al this issue) [61].
As SAXS is especially informative when combined with crystal and NMR structures [62],
SAXS will be increasingly valuable as more structures of components are defined for
macromolecular machines.

Currently, we know that the MRN heterohexamer controls key sensing, signaling,
regulation, and effector responses to DSBs. We also now understand that this is possible
because each MRN subunit can exist in multiple states, allowing extreme complexity despite
its simple three-member composition (Fig. 6). Mre11 states include symmetric and
asymmetric dimers bound to DNA ends or forks and linked to multiple Nbs1 states. The
Rad50 ATPase, an archetype for the ABC-ATPase superfamily, has DNA-bound, intra-and
intermolecular Zn-hook dimers, and ATP, ADP or nucleotide free states. Whereas Mre11
shows structure-specific binding to DNA ends and forks, Rad50 DNA binding has eluded
characterizations. For other aspects of DNA repair, such as base excision repair, DNA
binding motifs and minor groove interactions have profoundly changed our understanding of
repair activities and pathway coordination [63,64], so defining Rad50 DNA binding states is
likely critically important. As metal ion sites, even iron-sulfur clusters, have proven to act in
positioning residues for DNA interactions as well as providing direct interactions and
chemistry [65], the Zn-hook as well as the Rad50 coiled-coils may act in DNA binding and
distinct Rad50 states. Like Rad50 and Mre11, Nbs1 has multiple states including bound and
free FHA, BRCT and ATM domains/motifs. While PTMs of each of the MRN subunits adds
an extra layer of complexity, it is clear that this plethora of biological states, which
represents extreme multi-state allostery, is critical to determining biological outcomes.
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MRN results to date therefore prompt a conceptual shift that entails a change from seeking
separate sensor, signaling, and effector proteins to the recognition of the MRN complex as a
molecular machine. In fact, it is useful to consider MRN as a type of molecular analog
computer that can effectively calculate optimal responses and pathways based upon its states
as set by the cell status and the nature of the bound DNA damage. Indeed, the evolution of
complexes such as MRN with many conformational states underscores the ability of DNA
repair machines to integrate information on cellular status and coordinate signaling,
checkpoint and effector activities in different ways as needed to optimally maintain genetic
integrity.

This conceptual change is critical. It means that new strategies for experimental analyses of
cell biology must be developed to appropriately solve problems regarding DSB responses:
information from gene knockouts and knockdowns must be better complemented by
characterizations of complexes with multiple states defining functional outcomes.
Interactions and PTMs that set MRN states allow the integration of information from both
cell state and DNA damage, so that initial sensing, signaling, and effector functions can be
coupled and thereby coordinated. Now we must employ combined structural, biochemical
and genetic methods to meet the challenge of decoding these analog computers that solve
DNA damage problems by determining optimal biological responses. Such combined
structural and biological studies offer the opportunity to understand and even reprogram
DNA repair machines: an opportunity that promises substantial rewards in all areas of
biology and medicine.
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Figure 1.
The MRN complex acts as a sensor, signaler and effector to protect DNA ends and process
DSBs. MRN senses DSBs and, in collaboration with CtIP, processes DNA ends before
channeling into one of 3 distinct DNA repair pathways (HRR, MMEJ or NHEJ). ATM (red)
is a negative regulator of MMEJ. MRN’s MMEJ and NHEJ functions are also important for
immunological roles during V(D)J and class-switch recombination. In addition, MRN is
found at the telomere where it interacts with TRF2 and is involved in telomere maintenance.
MRN is also associated with the replication fork and functions to stabilize forks through it’s
DNA bridging activity and is involved in replication restart pathways. MRN signals both
DSBs, through ATM interactions, and collapsed replication forks, through ATR and RPA
interactions. Red stars indicate DNA damage.
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Figure 2.
Overall MRN assembly and key domains. (A) MRN can assemble as a heterohexamer and
consists of 4 key regions: the processing “head”, formed by the Mre11 dimer and two Rad50
ABC ATPase domains (indicated by dotted circle), the “coil” and “hook” encoded by the
region of Rad50 separating the N- and C-terminal ABC ATPase halves, and the Nbs1
“flexible adapter” (indicated by dotted circle) that provides the key link to signaling
functions. (B) Schematic representations of the MRN subunits Mre11, Rad50 and Nbs1
showing key domains, colored as in other figures. The approximate location of reported
methylation sites are indicated by M and DNA damage inducible phosphorylation sites by P
(see text for details). The major sites corresponding to inherited human disorders associated
with each gene are indicated by a red triangle, with amino acid substitutions labeled for
Mre11 and Rad50 (X is a stop codon) and 657del5 representing the major Nbs1 mutation
responsible for >90% of NBS cases.
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Figure 3.
The Mre11 dimer adopts different conformational states at a 2-ended Vs 1-ended DSB. (A)
Crystal structures of Mre11 in complex with a 2-ended DSB (top) or a 1-ended DSB
replication fork mimic (bottom) revealed Mre11 binds these DNA substrates as symmetric
and asymmetric dimers respectively. (B) Cartoon of Mre11 bound to DNA substrates as in
(A) with phosphodiesterase and capping domains colored blue and gray, respectively, as in
Fig. 1B. Arrows highlight the Mre11 phosphodiesterase and DNA capping domain rotations
required to move between 2-ended and 1-ended bound states. ATLD sites that reduce Nbs1
binding (N117S and W210C, green and yellow respectively) are mapped onto the surface
and the dotted outline of the symmetric Mre11 dimer is overlaid on the asymmetric dimer to
highlight rearrangements between the two states.
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Figure 4.
Rad50 states include ATP-dependent association of ABC ATPase domains, and Zn-hook
mediated inter-and intramolecular dimers. (A) Structures of the Rad50 ABC ATPase dimer,
with N- and C-terminal ABC ATPase halves colored orange and yellow respectively, bound
to ATP (in red) and the Zn-hook dimerization domain (green). (B) Cartoon showing several
possible Rad50 states. The Rad50 Zn-hook can either intermolecularly dimerize Rad50
within a single MRN complex, which connects the Rad50 ABC ATPase domains present
within an M2R2 head (top left), or intramolecularly connect two MRN complexes to form a
dumbbell-like structure with M2R2 heads at either end (right). In these cartoons Mre11 is
outlined as a dotted circle to show that it can bridge Rad50 molecules in the absence of
direct Rad50 dimerization through Zn-hook or ATP-mediated connections. ATP-induced
dimerization brings together two Rad50 ABC ATPase domains (bottom left), inducing an
~35º subdomain rotation of the C-terminal subdomain (yellow) with respect to the N-
terminal subdomain (orange). ATP is indicated in red. The evolutionarily conserved ABC
signature motif is in cyan to facilitate visualization of this rotation.
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Figure 5.
The Nbs1 flexible adapter. (A) The crystal structure of the Nbs1 N-terminal phosphopeptide
binding domain containing the structurally apposed FHA (blue), BRCT1 (yellow) and
BRCT2 (red) domains. (B) Cartoon showing interaction states mediated by full length Nbs1.
The N-terminal domain mediates interactions with phosphoproteins through binding to
phosphothreonine (FHA domain) and/or phosphoserine (BRCT repeat domain) consensus
motifs. The extended C-terminus, revealed by SAXS, contains adjacent interaction motifs
for Mre11 (dark blue) and ATM (green).

Williams et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2011 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The MRN complex assembles as a flexible sensor, signaler and effector for DSB responses.
Model of the MRN complex combining structures of Mre11, Rad50 and Nbs1 domains with
known regions of conformational change and/or flexibility (curved arrows) and key
interactions (straight arrows) as discussed in the text and figures 3–5. CtIP binding to Nbs1
(shown on the left) induces a conformational change within the phosphopeptide binding core
that is suitable to signal to Mre11 through a pull on the flexible tether.
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