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The Mre11-Rad50-Nbs1/Xrs2 protein complex plays a pivotal role in the detection and repair of DNA
double strand breaks. Through traditional and emerging structural biology techniques, various functional
structural states of this complex have been visualized; however, relatively little is known about the
transitions between these states. Indeed, it is these structural transitions that are important for Mre11-
Rad50-mediated DNA unwinding at a break and the activation of downstream repair signaling events.
Here, we present a brief overview of the current understanding of the structure of the core Mre11-Rad50
complex. We then highlight our recent studies emphasizing the contributions of solution state NMR
spectroscopy and other biophysical techniques in providing insight into the structures and dynamics
associated with Mre11-Rad50 functions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The primary focus of structural biology is often the three-
dimensional structures of proteins and their complexes. Yet, to truly
understand the function and mechanism of a protein at a molecular
level, an accurate description for themovement of the atoms through
space and time is required. All proteins experience small-scale fluc-
tuations about their native states that are important for molecular
recognition, catalytic, and allosteric events (Klinman, 2015; Stone,
2001). Other larger scale motions, such as the interconversions be-
tween conformational states, are also important for catalysis, ligand
binding, and allostery (Boehr et al., 2009; Karplus and Kuriyan, 2005;
Sekhar and Kay, 2019). In total, protein dynamics occurring on time-
scales ranging from picoseconds to seconds are critical for protein
function. Thus, sophisticated experimental tools are needed to sam-
ple and interpret these motions. Within this toolbox, nuclear mag-
netic resonance (NMR) spectroscopy is unique in its ability to site-
specifically reveal the presence of both small- and large-scale mo-
tions and to assign timescales to these dynamic processes (Boswell
and Latham, 2019; Ortega et al., 2013; Palmer III, 2015).

The essential Mre11-Rad50-Nbs1/Xrs2 (MRN/X) complex is
responsible in part for recognizing, signaling, and initiating the
repair of DNA double strand breaks (DSBs) (Marsella et al., 2019;
am).
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Paull, 2018; Syed and Tainer, 2018). ChromosomalDNADSBs present
a complex challenge for our cells, since the two ends of the broken
DNA can diffuse away fromone another and the template for proper
repair is no longer in proximity. Failure to repair DNA DSBs can lead
to mutation and genome instability, which are driving forces for
many cancers (Rahman et al., 2020b). Cells rely on two major
pathways to repair DNADSBs: homologous recombination (HR) and
nonhomologous end-joining (NHEJ) (Oh and Symington, 2018;
Paull, 2018). The MRN/X complex plays a central and critical role in
both of these repair pathways. MRN (or MRX in S. cerevisiae) is
rapidly recruited to DNA DSBs, where it initiates DNA end resection
and tethers the broken DNA ends for repair (Oh and Symington,
2018; Paull, 2018). MRN/X is also required to recruit and activate
the protein kinase ATM (Tel1 in S. cerevisiae), which plays an
essential role in DNA DSB signaling (Cassani et al., 2019; Deshpande
et al., 2014; Lee et al., 2013). MRN is comprised of two Mre11, two
Rad50, and one or two Nbs1 (also called Nibrin) subunits. The
Mre112eRad502 (MR) catalytic subcomplex (Fig. 1A) is conserved
across all domains of life, while Nbs1/Xrs2 is only present in eu-
karyotes. Mre11 is a homodimer that has Mn2þ-dependent 30-to-50

exonuclease and ssDNA endonuclease activity (Hopfner et al., 2001;
Matange et al., 2015). The endonuclease activity of Mre11 removes
protein-DNA adducts (Hartsuiker et al., 2009; Neale et al., 2005).
Specifically, Mre11 consists of a nuclease domain (light blue in
Fig. 1A), which contains the active site; the capping domain (grey in
Fig. 1A), which provides selectivity concerning DNA substrates; and
a helix-loop-helix motif (purple in Fig. 1A), which binds to Rad50.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Domain motions that are critical for Mre11-Rad50 function. A) X-ray crystal structures of T. maritima MR complex in the ATP-free ‘open’ (left; PDB entry 3QG5) and ATP-
bound ‘closed’ (right; PDB entry 3THO) conformations (Lammens et al., 2011; M€ockel et al., 2012). For each structure, Mre11 nuclease, capping, and helix-loop-helix domains
are colored light blue, grey, and purple, respectively, while Rad50 NBD N- and C-terminal sub-domains are colored red and gold. B) X-ray crystal structures of P. furiosus Mre11
capping and nuclease domain (PDB entries 3DSC and 3DSD) with nuclease and capping domains colored in blue and grey shades, respectively (Williams et al., 2008). Catalytic Mn2þ

ions are denoted by magenta circles. The effect of asymmetric domain motions is shown on the cartoon DNA. C) Cryo-EM structures of E. coli MR (SbcCD) complex in the ATP-bound
‘resting’ state (left; PDB entry 6S6V) and ADP- and dsDNA-bound ‘cutting’ state (right; PDB entry 6S85). Structures are colored as in A. Three views of the ‘cutting’ state are presented
where the structure has been rotated by the indicated angle.
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Rad50, a member of the ATP-binding cassette (ABC)-ATPase super-
family of proteins, exhibits ATP binding and hydrolysis activities
(Hopfner, 2016; Hopfner et al., 2000). It contains N- and C-terminal
nucleotide binding sub-domains (red and gold in Fig.1A),which fold
15
together to form the functional nucleotide binding domain (NBD).
Connecting these sub-domains is a long coiled-coil domain that
forms extended arms culminating in an apical zinc hook domain.
Rad50 binds the Mre11 helix-loop-helix motifs at the base of its
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coiled-coil domain and dimerizes via the zinc hook domain. Finally,
the phosphopeptide-binding protein Nbs1/Xrs2 recruits down-
streameffector proteins to the siteof theDNADSB (Lloydet al., 2009;
Williams et al., 2009).

2. Structural transitions are important for MR function

Structural biology has revealed many of the conformations
involved in MR function (Lafrance-Vanasse et al., 2015; Syed and
Tainer, 2018). Notably, several high-resolution X-ray crystal struc-
tures have shown that the MR complex goes through large struc-
tural rearrangements minimally consisting of ATP-dependent
association of the two Rad50 nucleotide binding domains (NBDs)
and DNA-induced rotation of the Mre11 capping domains (Fig. 1).
Rad50 ATP-dependent NBD association/dissociation (Lammens
et al., 2011; M€ockel et al., 2012), shown in Fig. 1A, is important
for regulating MR activity. In the ATP-free ‘open’ state, the Rad50
NBDs are disengaged, leaving the Mre11 nuclease active sites
accessible to DNA substrate(s) (Lammens et al., 2011). Upon ATP
binding, the two Rad50 protomers interact to form a compact
‘closed’ conformation (Lim et al., 2011; M€ockel et al., 2012), sand-
wiching the two ATP molecules in the interface and forming a
central groove on Rad50 that can accommodate double-stranded
DNA (dsDNA) in a complex that is important not for DNA DSB
repair but telomere length maintenance in yeast (Liu et al., 2016;
Rojowska et al., 2014; Seifert et al., 2016). The ATP-bound closed
form of MR occludes the DNA binding sites of Mre11 and is
necessary for downstream signaling of the DNA DSB via ATM
(Cassani et al., 2019; Deshpande et al., 2014; Lee et al., 2013). Rad50
ATP hydrolysis leads to the dissociation of the NBDs and is required
for dsDNA unwinding and processive Mre11 exonuclease activity
(Cannon et al., 2013; Herdendorf et al., 2011; Liu et al., 2016),
suggesting that repetitive open-to-closed transitions are funda-
mental to the function of the complex.

Asymmetric Mre11 motions are another example of protein dy-
namics linked to MR function (Fig. 1B). There are numerous crystal
structures of the Mre11 nuclease and capping domains (Mre11ND)
bound to DNAs that mimic DNA DSB or stalled replication fork
substrates (Sung et al., 2014;Williams et al., 2008). Binding of a DNA
DSB mimic to the P. furiosus (Pf) Mre11ND produced a symmetrical
homodimer engaging twodsDNAs. However, a collapsed replication
forkmimic yielded an asymmetric homodimerwith only one bound
DNA and different orientations for each Mre11ND capping domain.
Based on these structures, a three step dynamic model (Fig. 1B) was
proposed for DNA end processing (Williams et al., 2008). First, the
Mre11 dimer interacts with the phosphates and minor groove of
duplex DNA. Next, the capping domain rotates and a recognition
loop wedges into the DNA minor groove, resulting in DNA melting.
Finally, two conserved histidine residues facilitate phosphate bond
rotation that directs the scissile strand over the Mre11 active site.
The structures of the M. jannaschii (Mj) Mre11ND bound to longer
DNAs also mimicking either a DNA DSB or stalled replication fork
provided further insight into how DNA interacts with Mre11 (Sung
et al., 2014). In these structures, both DNA substrates bound the
Mre11 dimer asymmetrically via the extended duplexwith only one
substrate per dimer. The two capping domains move closer to each
other upon DNA binding to enclose the DNA molecule between
them, and the dimerization interface flexes to enable the engage-
mentofMre11with theDNA.Here, itwasproposed that theDNAend
distant from the active site could be melted via interactions with a
conserved basic patch on the surface of the nuclease domain and
subsequent subunit rotation. This observation of asymmetric bind-
ing contrasts with the symmetric binding observed in Pf Mre11ND;
however, the two sets of structures could be visualizing different
stages of the recognition of a DNA DSB by Mre11.
16
Recently, the cryo-electron microscopy “resolution revolution”
has come for a bacterial MR complex in the form of structures of
full-length E. coli MR (SbcCD) in the ATP-bound closed (“resting”)
state and ADP-bound DNA “cutting” state (K€ashammer et al., 2019),
as shown in Fig. 1C. As observed in other ATP-bound closed MR
structures (Lim et al., 2011; M€ockel et al., 2012; Seifert et al., 2016),
the Mre11 nuclease active sites were blocked (Fig. 1C, left); more-
over, the Rad50 coiled-coils appeared flexible (i.e., were not visible
during model construction). Of note, it was proposed that the ATP-
bound closed state is the dominant form of the MR complex in the
cell as the cellular concentration of ATP (~2e5 mM) and the Rad50
dissociation constant for ATP (KD ~ 10 mM) suggest that Rad50 is
always ATP-bound. Upon DNA binding, the two Rad50 coiled-coils
zipped up into a rod and, together with the associated Rad50 NBDs,
formed a clamp around the dsDNA. This architecture may explain
how the coiled-coils act as clamps and a gate for detecting and
processing diverse DNA ends (e.g., blunt, over-hang, or protein-
DNA adducts). In the unique view of the “cutting” state, the
Mre11 dimer moved to one side of Rad50 and assembled a DNA
binding channel in conjunction with the central DNA binding
groove formed by the associated NBDs (Fig. 1C, right). The DNA end
was bound to one Mre11 exonuclease active site (K€ashammer et al.,
2019). These structures are distinct from the X-ray structures
derived from the two different systems described above. In light of
the cryo-EM structure, the X-ray data may reflect Mre11 structures
that are important for DNA end bridging and/or DNA DSB scanning.
Nevertheless, the cryo-EM structure elegantly explains the 30-50

exonuclease activity of a bacterial MR complex and possibly un-
covers a clamping and gating function for the coiled-coils.

3. Approaches for studying large protein complexes with
solution state NMR

To bring the dynamics underlying the transitions between these
various structures into focus, our laboratory studies the MR com-
plex by solution state NMR spectroscopy coupled with biochemical
and other biophysical assays. Technological and methodological
advancements, such as ultra-high magnetic fields and the devel-
opment of appropriate labeling schemes (e.g., deuteration), have
made high quality NMR spectra of high molecular weight proteins
and protein complexes (>40 kDa) possible. In fact, by leveraging the
superior spectroscopic properties of 13CH3-labeled side-chain
methyl groups in an otherwise deuterated background, protein
complexes >1 MDa in size have been studied (Kay, 2011;
Rosenzweig and Kay, 2014; Sprangers and Kay, 2007).

To investigate protein structure and dynamics using NMR, the
observed peaks in the NMR spectra must first be assigned to specific
side-chain methyl groups in the structure. Our NMR experiments
utilize uniformly deuterated, side-chain methyl group Iled1-13CH3;
Leud/Valg-13CH3/12CD3; Metε-13CH3-labeled (referred to here as
ILVM-labeled) protein samples coupled with methyl-Transverse
Relaxation Optimized SpectroscopY (TROSY) (Tugarinov et al., 2003;
Tugarinov and Kay, 2004) which together significantly improve both
resolution and sensitivity of the spectra. Side-chain methyl group
assignments are most often determined by comparison of experi-
mental methyl-methyl distance observations from nuclear Over-
hauser effects (NOEs) data sets with theoretical distances calculated
from crystal structures - in effect, doing the opposite of a traditional
NMR structure calculationwhere peaks are assigned first using other
methods and NOEs drive the structure determination. By changing
the side-chain methyl group precursors in the growth media, addi-
tional samples can be produced to determine the intra-residue
leucine/valine methyl groups (Sprangers and Kay, 2007), to deter-
mine stereochemistry (Gans et al., 2010), and to distinguish between
leucine and valine residues (Lichtenecker et al., 2013). When
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ambiguities arise, point mutations are made to eliminate a specific
peak from the spectrum allowing explicit assignment of that peak.
Using this strategy, we have assigned ~98% and ~95% of the observed
peaks in 2D correlation NMR spectra to ILVM methyl groups in the
structures of P. furious (Pf) Mre11ND (a construct with only the
nuclease and capping domains) and Pf Rad50NBD (a construct where
the coiled-coils and zinc hook have been omitted and the two ATPase
subunits are connected via a flexible linker), respectively.

Since the NMR chemical shift (or resonance peak position) is
extremely sensitive to the chemical environment of the probe
nuclei, it is therefore sensitive to the conformational state of a
biomolecule and can rapidly report on changes in structure upon
ligand binding, modification, or mutation. Thus, a simple compar-
ison of the methyl-TROSY spectra can be used to gain valuable
structural information. It is to be expected that changes to the
structure, and therefore the chemical shifts, will be observed near
the site of perturbation. However, changes to the chemical shifts for
residues distal to the site of perturbation are often indicative of
correlated movements and possible allostery within the protein.
Additionally, as is the case for traditional amide-based NMR
methods, a variety of experiments exist for probing side-chain
methyl group dynamics over the picosecond-to-days timescale
(Boswell and Latham, 2019).

NMR is also an important tool in drug design and development.
A number of successful drugs, available in the market or currently
in clinical trials, originated from fragment-based drug design ap-
proaches where the ability of NMR to detect low affinity complexes
is important (Hanzawa et al., 2020; Petros et al., 2006; Schoepfer
et al., 2018). Moreover, NMR-derived structural models of
protein-drug complexes have been used to further rational drug
design, structure activity relationships, and hit to lead compound
development (Hanzawa et al., 2020; Keiffer et al., 2020). For the MR
complex, similar strategies could be employed to design small
molecules that either disrupt nuclease or ATP hydrolysis function.
For example, NMR studies on mirin-based inhibitors (Shibata et al.,
2014) could further our understanding of their mechanisms of ac-
tion against the nuclease activities of MRE11 and lead to the
development of new compounds. On the other hand, specific in-
hibitors of RAD50 ATP hydrolysis functionmay be difficult to obtain
because of the highly conserved nature of the ABC ATPase active
site. Therefore, targeting unique conformational changeswithin the
MR complex or the sub-states that lead to these changes could
present an avenue for specific inhibitors. In fact, targeting protein-
protein interactions and/or conformational changes has become a
focus of many drug discovery programs (Dubey et al., 2020;
Schoepfer et al., 2018). Since NMR spectroscopy can monitor these
changes and sub-states (see below), it would be a powerful
approach in the design of drugs targeting MR.

In our lab, we utilize the well-studied Pf MR as a model system
because it is highly conserved in the MR functional motifs, the
existing wealth of structural data allow us to put changes in NMR
observables into a structural context, and its thermostability allows
us to perform NMR experiments at high temperatures which im-
proves the signal-to-noise ratio and resolution of our NMR data.
Below are several examples of how we use NMR spectroscopy to
study the structure and dynamics of the MR complex.

4. A dynamic allosteric network in Rad50 governs MR activity

In addition to the large global conformational changes that
occur when Rad50 binds ATP (Fig. 1A), previous studies have
indicated that the local rearrangement of salt-bridge and hydrogen
bonding interactions within the Rad50 NBD upon ATP binding
could also result in allostery with Mre11 and possibly the apical
zinc hook, via the coiled-coil domain (Deshpande et al., 2014; Gao
17
et al., 2016; Williams et al., 2011). The ‘basic switch’ residue (Pf
Rad50 R805) in the extended signature helix forms critical in-
teractions in the ATP-free state. Disruption of this basic switch via
mutation altered Rad50 ATP hydrolysis activity and ATP-dependent
association of the NBDs. This ultimately affected the ability of the
MRN complex to repair DNA DSBs, providing potential evidence for
long-range allostery (Deshpande et al., 2014; Williams et al., 2011).
In the NMR spectra, we observe systematic chemical shift pertur-
bations (CSPs; i.e., changes to the peak position) for many methyl
groups in the R805E mutant. Mutations to the hinge region, which
is structurally adjacent to the basic switch, showed similar CSPs
(Fig. 2A) (Boswell et al., 2018). Notably, NMR spectroscopy was able
to observe changes in the R805E structure where the static image
from crystallography was unchanged from wild type (Deshpande
et al., 2014), emphasizing that small structural changes and/or
the interconversion of states can be detected with NMR. The peaks
in the methyl-TROSY spectra moved linearly upon mutation,
signifying that the observed peak position is a populated weighted
average position between two rapidly interconverting conforma-
tions (i.e., fast exchange on the chemical shift timescale). We next
applied chemical shift covariance analysis (CHESCA), a method for
clustering residues undergoing fast exchange upon perturbation
(here mutation) that has been used to identify allosteric networks
within proteins (Boulton et al., 2014; Selvaratnam et al., 2011).
CHESCA identified three clusters of methyl groups within Rad50
revealing an allosteric network that connects functional motifs
across the protein.

As complementary functional data are essential when inter-
preting dynamic processes and their biological relevance, we also
performed biochemical activity assays on Rad50NBD to determine
the functional role of the allosteric network. Disrupting this network
increased both the rate of ATP hydrolysis and ATP-induced Rad50
NBD association, which could be the result of either minimizing the
energy barrier for Rad50NBD activity and/or increasing the popula-
tion of an “active” Rad50NBD conformation (Fig. 2B). Furthermore,
Mre11 exonuclease activity was also increased in the mutants.

We observed a clear correlation between changes in nano-
second timescale side-chain methyl group dynamics and increased
ATP-induced NBD association, ATP hydrolysis, and Mre11 exonu-
clease activity; however, these fast timescale motions occur at least
nine-orders of magnitude more rapidly than MRNBD activity, which
occurs on the minutes timescale. We are clearly not observing
dynamics directly linked to these reactions. Thus, the question
arises, what is the functional importance of these motions? In this
case, the correlation may be indicative of a dynamic form of allo-
stery rather than the more traditional structural form
(Gunasekaran et al., 2004; Motlagh et al., 2014), whereby the
increased flexibility limits the many stabilizing interactions that
exist within Rad50 and governs its activity. Alternatively, the
increased flexibility of side chains within this allosteric network
could allow for the functionally relevant state to become populated
more rapidly, translating into increased activities.

Next, we questioned if the universally conserved D-loop motif
also plays a role in this allosteric network (Boswell et al., 2020).
Mutations of the conserved ABC ATPase D-loop leucine and aspar-
tate residues in Rad50 have been observed in solid metastatic and
breast cancer cells, respectively (Al-Ahmadie et al., 2014). In yeast,
the leucine mutant results in loss of Tel1/ATM activation without
affecting general DNA DSB repair, whereas the aspartate mutant led
to cell death when exposed to DNA damage inducing drugs (Al-
Ahmadie et al., 2014). Methyl-based NMR spectroscopy on the
analogousmutants in Pf Rad50NBD (L828F and D829N) revealed that
D829Nonly causedminor CSPs and changes to dynamics local to the
D-loop and to nearby residues in the Rad50-Rad50 binding interface
(Fig. 2A). Conversely, L828F produced CSPs and changes to dynamics



Fig. 2. Small- and large-scale conformational motions within Rad50 NBDs. A) A region of the methyl-TROSY spectra for wild type and basic switch/hinge (left) and D-loop (right)
mutants highlighting changes in structure that occur upon perturbation. B) Schematic of the structural changes occurring in the Rad50 NBDs during ATP-induced association,
hydrolysis, and dissociation. Red and gold shapes symbolize the N- and C-terminal sub-domains of the NBDs, respectively, and the changes in the shapes signify the different states
the NBDs must populate to associate, hydrolyze ATP, and dissociate. The pentagons and stars represent ATP, whereas the circles represent ADP. Basic switch and hinge region
mutants accelerate the Rad50NBD association step, whereas D-loop mutants accelerate cooperative/allosteric transitions leading to faster ATP hydrolysis. C) An example of LRET-
derived distance distribution demonstrating a ‘partially open’ state. ATP binding shifts the equilibrium to favor the ‘closed’ state and leads to slightly shorter distance between
the two probes for both states (dashed line). D) Cartoon representation of the new ‘partially open’ state of the MR complex observed in LRET experiments. Domains of the MR
complex are colored according to Fig. 1A. Figure adapted from Refs. (Boswell et al, 2018, 2020).
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to local methyl groups as well as to residues extending up to ~50 Å
away, revealing that the allosteric network within Rad50 described
above is also affected within this mutant. Thus, the adjacent L828F
and D829N mutants had surprisingly different effects on the struc-
ture and dynamics of Rad50NBD.

Unexpectedly, both Pf Rad50NBD D-loop mutants had faster ATP
hydrolysis rates than wild type Rad50. The D-loop mutants gave
somewhat lower Hill coefficients (though still >1) than wild type
implying that they may disrupt the cooperativity between an
‘inactive’ and ‘active’ state within the ATP-bound closed confor-
mation. It has previously been observed that dsDNA stimulates
Rad50 ATP hydrolysis; we also observed faster hydrolysis rates for
wild type and D-loop mutants in the presence of linearized dsDNA,
although the degree of stimulationwas far less for the mutants. We
speculate that the increase in ATP hydrolysis rate in the presence of
DNA could be the result of dsDNA binding acting as a positive
allosteric regulator shifting the equilibrium of the ‘inactive’ and
‘active’ states. Together, these data provided strong evidence that
the D-loop mutants partially eliminate cooperativity and allosteric
regulation in Rad50 ATP hydrolysis.

5. Uncovering additional conformations of the MR complex
in solution using LRET

To characterize the ATP-induced Rad50 NBD association/disso-
ciation dynamics, we used Luminescence Resonance Energy
Transfer (LRET) (Selvin, 2002; Zoghbi and Altenberg, 2018). LRET is
a method similar to FRET whereby energy is transferred from a
donor molecule (in this case a luminescent lanthanide) to an
18
acceptor molecule in a distance dependent (1/r6) manner. The
lifetime of the donor-sensitized acceptor fluorescence intensity
reports on the distance distributions between donor and acceptor
probes within a complex as well as the population of molecules in
each of the distributions (Fig. 2C). Wild type MR in the absence of
ATP showed two conformations: a discrete ‘closed’ state consistent
with the distances between the probes predicted from X-ray crystal
structures with ATP/ATPgS (~38e40 Å) and a ‘partially open’ state
(~48e54 Å; Fig. 2C and D). The fully ‘open’ state seen in X-ray
crystal structures (Figs. 1A and 2D) and the newly proposed
dissociated form of the Mre11 dimer (K€ashammer et al., 2019;
Saathoff et al., 2018; Sung et al., 2014; Tatebe et al., 2020) were not
detectable via LRETas the probes would be too far apart for efficient
energy transfer. Addition of ATP shifted more molecules into the
closed conformation; however, the partially open state was still
observed even in the presence of saturating ATP (Fig. 2C).

LRET experiments on the D-loop mutants gave lower donor-
sensitized acceptor emission as compared to the observed signal for
wild type, suggesting a longer overall donoreacceptor distance and/
or a smaller population of donoreacceptor pairs in proximity for the
closed state. Upon analysis, the D-loop mutants also showed two
discrete states, though with less of the population in the closed state
and broader distributions in the partially open state. The addition of
ATP did not shift as many molecules into the closed conformation as
forwild type. Together, thebiochemical, NMR, and LRETresults reveal
that the Rad50 D-loopmutants have gain-of-function ATP hydrolysis
activity, while paradoxically having a smaller relative population of
the ATP-induced closed conformation e the state from which ATP
hydrolysis occurs.
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In our studies of the basic switch/hinge and D-loop motifs, we
observed how mutations that alter Rad50NBD activity also change
Mre11 activity. Although mutations to both regions accelerate ATP
hydrolysis, they do so through different mechanisms: basic switch/
hinge mutants appear to increase the rate of ATP-induced Rad50
NBD association (top arrow, Fig. 2B), whereas D-loop mutants
appear to increase the population of ‘active’ Rad50 NBD (side arrow,
Fig. 2B). Interestingly,Mre11 exonuclease activity increaseswith the
basic switch/hingemutants,which formmore stably closedMR, and
decreases with the D-loop mutants, which form less stably closed
MR. Therefore, the flux through the ATP-induced Rad50NBD closed
state is important for Mre11 exonuclease activity. These observa-
tions are consistent with single molecule DNA unwinding experi-
ments performed with human MRN complex, where it was
demonstrated that ATP-induced association and/or hydrolysis was
required for MRN-mediated dsDNA unwinding and subsequent
resection (Cannon et al., 2013). They also determined that MRN
containing a Rad50 signature motif mutant, which is incapable of
ATP-induced closing and hydrolysis, does not support dsDNA un-
winding or resection.

6. Mre11 holds onto dsDNA for exonuclease reactions

We have also used NMR spectroscopy to understand how DNA
DSB substrates affect the structure of Mre11 (Rahman et al., 2020a).
To do this, we compared the methyl-TROSY spectra from unbound,
ssDNA-, and dsDNA-bound PfMre11ND NMR samples. We observed
only one set of peaks in the methyl-TROSY correlation spectra for
ssDNA- or dsDNA-bound Mre11ND (Fig. 3A), implying that two
DNAs interact symmetrically and stably with the Mre11ND dimer
(one to each protomer). The spectral overlays showed different
CSPs upon ssDNA and dsDNA binding, providing experimental ev-
idence that ssDNA and dsDNA bind to Mre11ND differently (Fig. 3A).
Generally, dsDNA caused CSPs mostly in the nuclease domain in
agreement with the crystal structures of DNA-bound Pf and Mj
Mre11ND, whereas ssDNA affected both the capping and nuclease
domains consistent with the interactions noted in the Pf Mre11ND

crystal structure with a branched DNA.
Several mutations and small molecule inhibitors have been

described that result in an interesting exonuclease inactive/endo-
nuclease active phenotype in Mre11 (Rahman et al., 2020a; Shibata
et al., 2014; Williams et al., 2008). We have recently characterized
the known Pf Mre11 H52S and a novel Y187C separation-of-
nuclease function mutants (Rahman et al., 2020a). In
fluorescence-based assays, we observed that these mutants do not
change the affinity for dsDNA or ssDNA. However, comparison of
methyl-TROSY correlation spectra showed that the chemical envi-
ronment around the dsDNA recognition loops and the conserved
basic patch in the nuclease domain were altered upon mutation
(Fig. 3B). We therefore hypothesize that the separation-of-nuclease
function might in part arise from improper recognition of the DNA
end. Interestingly, we observed that these mutants changed the ps-
to-ns timescale methyl group dynamics leading to a widespread
decreases in flexibility across Mre11ND (Fig. 3C). NMR-observed
dsDNA melting experiments determined that the melting temper-
atures of the bound dsDNA in the mutant Mre11ND-DNA complexes
were lower thanwild type complex indicating that the DNA helix is
not as stable. Thus, these results suggest that Mre11 has evolved
structurally and dynamically to properly recognize and then hold
on to the DNA DSB substrate for subsequent exonuclease activity.

7. Other methods for studying the motions within the MR
complex

Pioneering atomic force microscopy (AFM) studies by Wyman,
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Dekker, and colleagues over the last two decades have illuminated
many architectural features of human MRN complexes (De Jager
et al., 2001; Kinoshita et al., 2015; Moreno-Herrero et al., 2005;
van Noort et al., 2003). Although not as high-resolution as other
methods, AFM can visualize the overall structural shapes at the
single molecule level and capture a range of steps in a dynamic
process under relatively physiological conditions. In the case for the
MRN complex, AFM has been one of the few structural techniques
capable of probing the entire full-length complex. The authors
initially demonstrated the general role of MR in tethering DNA
molecules together, whereby the MR complex provides a bridge
betweenDNAends (De Jageret al., 2001). In a subsequent study, they
developed a method to quantify local flexibility from high-
resolution AFM images. From the calculated flexibility maps of
RAD50, two positions of high flexibility within the RAD50 coiled-
coils were identified (van Noort et al., 2003). It was proposed that
these flexible regions would enable the apical zinc hook ends of
multiple DNA-bound MR complexes to form intermolecular in-
teractions independent of the orientation of their DNA-bound
globular domains. It was also noticed that DNA binding by the
MRN globular domain led to parallel orientation of the coiled-coils
which favors the inter-complex associations needed for DNA teth-
ering (Moreno-Herreroet al., 2005).Notably, aparallel orientationof
the coiled-coilswas also observed in the recent cryo-EM structure of
DNA-bound E. coliMR complex described above (K€ashammer et al.,
2019).

Henderson and co-workers have recently investigated the MR
complex from the thermophilic archaeon Sulfolobus acidocaldarius
using real-time AFM (Zabolotnaya et al., 2020). Whereas earlier
studies only described interactions between the globular domains
of MR and DNA (see above), they visualized an additional and novel
interaction between the DNA and the Rad50 coiled-coils.
Measuring the distance between wild type MR and MR (Dcc) (a
Rad50 construct with truncated coiled coils but still containing the
native zinc hook region) complexes and a dsDNA end, they
observed that wild type complexes have a statistically significant
preference for binding to free dsDNA ends which was not the case
for the MR (Dcc) mutant. Moreover, the MR (Dcc) complexes failed
to form DNA loops or bridges between two or more DNA ends.
Together, these results suggested that the full-length coiled-coil
domains are important for the localization of MR complexes at the
dsDNA ends and for tethering two DNA ends together. Next, the
DNA binding activity of the MR complexes was monitored over a
30 min period. The Rad50 coiled-coil region adjacent to the apical
zinc hook and the DNA substrate engaged in dynamic interactions
during which the complex seemed to scan the DNA until it found
the end. These results might complement single-molecule FRET
studies which demonstrated that full length MR complexes can
diffuse along DNA packaged in nucleosomes whereas a construct
similar to MR (Dcc) could not (Myler et al., 2017).

In contrast to the studies discussed above, Furukohri and co-
workers have recently observed via AFM that the RAD50 coiled-
coils appear to be in constant contact at the zinc hook domain,
whereas the catalytic, globular head domain occasionally dissoci-
ates, presumably at the MRE11 dimerization interface (Tatebe et al.,
2020). This head open structure has previously been proposed from
biochemical assays (K€ashammer et al., 2019; Saathoff et al., 2018;
Sung et al., 2014). Because the RAD50 zinc hook resembles the
hinge domains from other SMC family members, the zinc hook was
replaced with the SMC hinge from the bacterial condensin MukB,
which maintains a stable dimer. This chimera Rad50 was fully
functional in repairing DNA damage in yeast, suggesting that, like
the SMC hinge, the Rad50 zinc hook is a stable dimerization
interface and that zinc hook dissociation is not required for DNA
DSB repair.



Fig. 3. Mre11 recognizes dsDNA substrates for exonuclease activity. A) Overlay of the methyl-TROSY spectra indicating that dsDNA and ssDNA substrates cause a single and unique
perturbation. B) Overlay of the methyl-TROSY spectra showing that the separation-of-nuclease function mutants (Pf Mre11ND Y187C and H52S) bind dsDNA (left) differently
compared to wild type but ssDNA (right) the same. C) Example methyl 1He1H dipolar cross-correlated triple quantum relaxation data (Sun et al., 2011) for wild type, Y187C, and
H52S Pf Mre11ND. The extracted relaxation rate (h) reports on the amplitude of side-chain methyl group dynamics as schematically shown to the right. Figure adapted from
Ref. (Rahman et al., 2020a).
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From these and other studies, it is becoming increasingly clear
that protein motions are a key feature of MR function; therefore,
other techniques are also being applied to the complex to under-
stand the connection between dynamics and function. Like NMR
spectroscopy, molecular dynamics (MD) simulations in the past
have suffered from a size problem; however, advances in hardware
and software have made MD simulations on the 100’s ns to 5 ms
timescale possible for systems as large as the MR complex. Two
recent studies have made use of MD simulations on the yeast
MRNBD complex to understand the ATP-dependent activation of
ATM/Tel1. Longhese and co-workers performed MD simulations
starting from ATP- or ADP-bound closed structures of wild type
yeast MRNBD and compared these to a Rad50 mutant (A78T) that
affects Tel1 activation (Cassani et al., 2019). First, MD simulations
on ATP-bound MRNBD confirmed that the two Rad50NBD protomers
are tightly bound with the two ATP molecules buried in the inter-
face. In contrast, the conformations observed for ADP-bound
MRNBD are not as tightly bound as the two Rad50NBD protomers
have moved apart. Thus, as expected, ATP hydrolysis appears to
decrease the affinity of the Rad50NBD protomers for each other.
Interestingly, these MD simulations suggested an asymmetric
opening of closed Rad50NBD, with the first active site opening
inducing the opening of the second. Asymmetric opening of
Rad50NBD is one potential mechanism for the cooperativity and
allosteric activation observed in Rad50NBD ATP hydrolysis. It was
also observed that ADP weakened the interactions between
Rad50NBD andMre11, which would also help promote an opening of
the closed form. MD simulations performed on MRNBD containing
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the Rad50 A78T substitution generally showed less of the stably
closed state. In fact, the ATP-bound mutant MRNBD sampled states
where Rad50NBD was disengaged from the Mre11 nuclease sites.
The lack of a stably closed ATP-bound state could explain the action
of this separation-of-function Rad50 mutant (i.e., no effect on DNA
DSB repair but impaired Tel1 activation). Petrini and co-workers
have also performed MD simulations on the closed (ATPgS-
bound) yeast MRNBD to explore the structural and dynamics basis
for another Rad50NBD separation-of-function mutant, D67N/Y
(Hohl et al., 2020). In this case, the mutant had increased contact
times with the nucleotide. From these data, the authors hypothe-
size that ADP release may be impaired in the mutant altering the
dynamics of MRNBD transitioning from the closed to the open form.
They further speculate that it is the transition between the closed
and open forms of MRNBD that is important for the activation of
ATM/Tel1 rather than the actual states themselves.

As mentioned above, single molecule fluorescence methods
have been used to examine MRN dsDNA unwinding and sliding of
the complex along DNA (Cannon et al., 2013; Deshpande et al.,
2020; Myler et al., 2017). From the latter, lifetimes have been
determined for the occupation of the MRN complex and a variety of
other DNA DSB repair proteins (e.g., Ku and DNA-PKcs) on the DNA
(Deshpande et al., 2020; Myler et al., 2017). A particularly powerful
use of this approach has been to compare these lifetimes in the
absence or presence of other factors, for example nucleosomes,
which has allowed direct observation for the order of operations at
a DNADSB. Notably, singlemolecule FRET studies arewell suited for
studying the structure and dynamics of the metazoan MRN
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complex, for which obtaining large quantities of proteins for
structural studies is difficult.

8. Conclusion and future directions

Elegant structures of the MR complex have laid a foundation for
our understanding of the different conformational states related to
its role DNA DSB repair. The MRN community seeks to build on
these with a dynamic picture of the transitions within and between
these structures, as these motions are intricately involved in the
enzymatic activity of the protein complex. These motions may also
be important for signaling the presence of DNA DSBs (Cassani et al.,
2019; Deshpande et al., 2014; Lee et al., 2013), and their disruption
have been associated with disease (Boswell et al., 2020; Hohl et al.,
2020); therefore, the characterization of the transitions between
states is as important to understanding the effects of mutations as
static structures. In the examples from our laboratory presented
here, changes in chemical shift positions and dynamics from NMR
experiments informed us about an allosteric network within Rad50
and gave insight for how Mre11 interacts with DNA. Other studies
utilizing AFM, molecular dynamics studies, and single molecule
FRET also illuminate local and global structural changes within the
MRN complex that are necessary for function. Yet, there are still
many unanswered questions about the interplay of MR structure,
dynamics, and function. For example, structures are absent for the
complex bound to other relevant DNA substrates (e.g., ssDNA or
protein-DNA adducts). Also, a complete understanding of the role
of ATP hydrolysis, the function of opening and closing, allostery
through the Rad50 coiled-coil domains, and the new ‘partially
open’ state of the complex is still lacking.
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