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Dynamic conformations of the P. furiosus
MR-DNA complex link Mre11 nuclease
activity to DNA-stimulated Rad50 ATP
hydrolysis
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Michael P. Latham 1,2

TheMRE11-RAD50-NBS1/Xrs2 (MRN/X) protein complex has essential roles in the repair of damaged
DNA. The current understandingof the conformational landscapeof the coreMRcomplex comes from
various structural studies. However, given the heterogeneous nature of these structures, we suspect
that several conformational states may still be unaccounted for. Here, we use methyl-based NMR
experiments on P. furiosus MR to determine an ensemble of distinct conformations of MR bound to
DNA, consistent with the highly dynamic nature of the MR-DNA complex. Interrogation of these
structures via in vitro activity assays on MR mutants reveal an unexpected, striking correlation
between the nuclease activity of Mre11 and the magnitude of DNA-stimulated ATP hydrolysis by
Rad50. Together, the structures and activity data support a model for MR activity where DNA-
stimulated ATP hydrolysis unlocks Rad50 to provide access to the Mre11 active sites and further
demonstrate how a heterogeneous ensemble of conformations can be used to coordinate various
functions to direct biological outcomes. By elucidating the dynamic conformations of the DNA-bound
MR complex, this work lays the foundation for future studies aimed at further characterizing this
landscape and dissecting its role in the molecular mechanism of DNA repair and genome stability.

DNAdouble-strand breaks (DSBs) to our genome are caused by exogenous
factors suchas ionizing radiationand radiomimetic drugs.More commonly,
they result from endogenous processes such as abortive topoisomerase
reactions, hairpin cleavage, and replication fork collapse arising from the
collision of the replication and transcription machinery or replication over
other forms of damaged DNA (e.g., single-strand breaks and cross-links)1.
There are two major pathways for repairing DNA DSBs: nonhomologous
end joining (NHEJ) and homologous recombination (HR)2–4. Central to
each of these repair mechanisms and therefore the overall maintenance of
genomic stability is the essential Mre11-Rad50 (MR) complex in bacteria/
archaea and Mre11-Rad50-Nbs1/Xrs2 (MRN/X) complex in eukarya5–7.
Through its multitude of activities, and in conjunction with other DNA
damage repair proteins, MRN identifies broken DNA and initiates the
repair processes.

The universally conserved core MR complex is composed of two
Mre11 and two Rad50 subunits (i.e., M2R2, simply referred to as MR).
Dimeric Mre11 is a Mn2+-dependent nuclease with 3’-to-5’ exonuclease
activity8,9 and endonuclease activity against a variety of DNA substrates,
including protein-DNA adducts10–12, DNA hairpins13, and single-stranded
DNA8,9. Bound to each Mre11 protomer is a Rad50, which is a member of
the ATP-binding cassette (ABC) superfamily of ATPases14. The N- and
C-terminal sub-domains of the ABC ATPase nucleotide-binding domain
(NBD) are separated by 400–800 Å anti-parallel coiled-coils and an apical
Zn2+ hook domain, which serves as a motif for Rad50 association15. ATP
binding to each of the Rad50 NBDs activates the ATM/Tel1 protein
kinase16–19 in eukarya and subsequent hydrolysis of ATP modulates Mre11
nuclease activity16,20–22. Associated with each MR complex in eukarya is an
Nbs1 (Xrs2 in S. cerevisiae), which is a flexible scaffolding protein that also
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altersMRactivity and helps to recruit downstream effectors to the site of the
DNA DSB23–27.

The entire toolbox of structural biology techniques has been applied to
theMRN/X complex to understand the relationships between the structure
and function of Mre11 and Rad50. There are numerous X-ray crystal
structures of isolated Mre11 nuclease and capping domain (Mre11ND)28–31,
isolated Rad50 nucleotide-binding domain (Rad50NBD)14,32, and MRNBD

complex in various states (Supplementary Fig. S1)20,32–37. More recently,
cryo-electron microscopy (cryo-EM) has been utilized to determine struc-
tures of full-length MR bound to ATP, ADP and dsDNA, ADP and Ku-
blocked dsDNA, or ADP and hairpin DNA structures (Supplementary
Fig. S1)38–40. From these structures, several similarities and differences
emerge. For example, all structures of nucleotide-bound Rad50 reveal the
same ‘closed’ conformation, and in the context of the MR complex, the
ATP-bound closed Rad50 occludes the Mre11 active sites20,33,35,36,38. Addi-
tionally, these structures clearly demonstrate that both Mre11 and the
‘closed’ conformation of Rad50 are capable of binding DNA (Supplemen-
tary Fig. S1). However, further comparison of these structures reveals both
symmetrical and asymmetrical interactions between the DNA and protein.
Dramatic asymmetries have beennoted in cryo-EMstructureswhereRad50
interacts asymmetrically with respect to theMre11 dimer to asymmetrically
position a DNA substrate into one of the Mre11 active sites38,39. One
interpretation for the observed conformational heterogeneity amongst all
these structures is that theMRcomplexutilizes a variety of bindingmodes to
recognize themyriad of substrates that occur upon aDNADSB.Although it
is tempting to view these structures as well-defined, static waypoints along
the conformational path forMR, nuclease andATPase activity assays, small
angle X-ray scattering (SAXS) and luminescence resonance energy transfer
(LRET) data have clearly shown that an ensemble of conformations exists in
solution16,32,41–43. In fact, we previously combined LRET data with rigid body
docking to propose three conformations of the P. furiosus (Pf) ATP-bound
MR complex in solution: ‘closed’, ‘partially open’, and ‘open’43. Mutagenesis
studies determined that all three MR conformations play a role in the
function of the complex. Critically, the LRET data indicate that these three
states persist, though in different populations, without ATP as well as in the
presence of DNA substrates42,43.

Here, using side-chain methyl group-based NMR data and rigid-body
docking, we investigated how the 200 kDa MR complex binds to a dsDNA
DSBmimic in solution.NMRexperimentswereperformed in the absenceof
ATP, since at least three conformations of theMRcomplex are all present in
that condition42,43 and an apo form of Rad50 is naturally part of its catalytic
cycle. In fact, a closed conformationwas observed for the cryo-EMmodel of
C. thermophilumMR in the presence of ATPγS where only one of two ATP
binding sites was occupied and the bound ATPγS was not making the
canonical contacts with the Rad50 active site40. Furthermore, as the closed
MR-DNA structure is well established, omitting ATP favors the con-
formational equilibrium in solution towards the partially open and open
MR conformations, for which there are no existing high-resolution DNA-
bound structures. Finally, it has been demonstrated that scanning for DNA
DSBs and tethering those breaks occurs in the presence or absence of
ATP16,44,45, and activation of ATM/Tel1 starts from the apo form of the
complex19,46. Thus, characterizing structures for the entire catalytic cycle of
the MR complex (i.e., ATP-free, ATP-bound, ADP-bound) is critical to
understanding how it functions in DNA DSB repair. To this end, NMR
chemical shift perturbations (CSPs) and paramagnetic relaxation
enhancements (PREs)-based distance restraints from dsDNA-bound MR
complex were used in rigid-body docking calculations to determinemodels
of dsDNAbound to eachof the threePfMRconformations. Importantly, an
array ofDNA-bound conformations is necessary to fully describe ourNMR
data, which underscores the heterogeneous and dynamic nature of the MR
complex. To validate these structures, residues involved in MR-DNA
interactions were mutated and the effects on DNA binding, nuclease
activity, andATPhydrolysiswere interrogated. The functional data revealed
a striking correlation between Mre11 nuclease activity and the allosteric
stimulation of Rad50 ATP hydrolysis by a DNA DSB, which supports a

model for the interplay ofMRcatalytic activities and suggests how scanning,
DNA DSB recognition, and MR nuclease activities are coordinated.

Results
Multiple dsDNA-bound conformations of the MRNBD complex in
solution
NMR studies were performed on Pf Mre11 in complex with a commonly
studied, truncated construct of Pf Rad50 that forms a functional NBD but
does not contain the ~600–800 Å coiled-coil and Zn hook domains
(Rad50NBD)14,16,32,47. OurpreviousLRET studies havedemonstrated that both
the truncated and full-length Pf MR complex populate the same three
conformations in solution and that substrate (i.e., ATP and/or DNA)
binding affects both constructs in a similarmanner43.Uniformly deuterated,
side-chain methyl group 13CH3-labeled (ILVM) samples of Mre11 and
Rad50NBD were separately expressed and purified. MRNBD complexes for
NMR were made by mixing either ILVM-labeled Mre11 with unlabeled
Rad50NBD or ILVM-labeled Rad50NBD with unlabeled Mre11. To determine
the effects of DNA binding to the MRNBD complex, a 15 base-pair hairpin
DNA with a four-nucleotide loop and two nucleotide 3’-overhang, repre-
senting a broken dsDNA exonuclease and/or hairpin endonuclease sub-
strate, was added to each sample.

NMR-observed DNA titration experiments were performed with the
two labeled MRNBD complexes. Both Mre11- and Rad50-ILVM labeled
MRNBD complexes revealed a single set of methyl group peaks upon the
addition of the hairpin DNA consistent with an overall symmetrical com-
plex (Figs. 1 and 2). The CSPs that occur to bothMre11 andRad50NBD upon
DNAbinding are relatively small (SupplementaryData 1).When looking at
the complex more closely, the reason becomes clear – there are very few
solvent-exposed side-chainmethyl groups that canmake direct interactions
with the DNA. Most of the interactions between MR and the DNA likely
occurbetweenpolar residues that are above theburied ILVMresidues.Thus,
the majority of the CSPs are probably due to small changes in the chemical
environment for a secondary shell of residues beneath the primary DNA
binding residues. Moreover, small but meaningful side-chain methyl group
CSPs have been noted in numerous systems including, but not limited to,
chaperones, kinases, the proteasome, ubiquitin ligases, various enzymes,
and the nucleosome (see ref. 48).

ForMre11, CSPs were observed across the top of the nuclease domain
(e.g., L61 and M146) and the core of the capping domain (e.g., L314)
(Fig. 1A). CSPs for residues in the nuclease domain were expected based on
the previously reported X-ray crystal structure of Mre11ND bound to DNA
substrates29,30 and were similar to previously reported CSPs for the same
DNAsubstrate binding to ILVM-labeledMre11ND (ref. 49). For the titration
of hairpin DNA into Mre11-labeled MRNBD complex, the majority of the
side-chain methyl group peaks were in fast exchange on the chemical shift
timescale (Fig. 1A). Individually fitting these data to a simple two-state
binding equation (Fig. 1B; Supplementary Data 2) gave a median apparent
KD ~ 5.4 µM (average KD ~ 7.1 µM) consistent with the KD value for DNA
binding to ATP-free Pf MRNBD complex at 50 °C43. Plotting the log10(KD)
onto themethyl groups ofMre11ND (Fig. 1B) again shows the effect of DNA
binding to the top of theMre11 nuclease domain, around the active site, and
throughout the capping domain.

For the Rad50NBD-labeledMRNBD complex, CSPs were observed on the
‘top’ (e.g., L51, L89, I97) and the ‘bottom’ (e.g., I837, L871,V881) of theNBD
as well as in the coiled-coil region (I730) (Fig. 2A). As theNMRdata are the
result of the populated weighted average of all possible conformations of
MRNBD in solution, the multiple binding interfaces on Rad50 suggest the
presence of at least two DNA-bound forms of Pf MRNBD in solution. We
assumed that the residues with CSPs on top of the Rad50 NBD correspond
to a DNA binding surface in a closed conformation, which was previously
demonstrated to be populated in apo MR40,42,43. Conversely, in the partially
open and open conformations, CSPs on the bottomof Rad50 and onMre11
(Figs. 1 and 2A) would be expected. Like the side-chain methyl group
resonances of Mre11, when hairpin DNA was added to Rad50-labeled
MRNBD complex, the peaks in the Rad50NBD spectra were also in fast
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exchange (Fig. 2A). However, individual fits of these data to a simple two-
state bindingmodel resulted in three distributions of apparent KDs (Fig. 2B;
Supplementary Data 2). The first apparent KD had a median of ~3.2 µM
(e.g., I25 and I839 in Fig. 2B), similar to the results for Mre11, and was only
observed for methyl groups on the ‘bottom’ of Rad50NBD (Fig. 2B). The
second apparent KD had a median of 27 µM (e.g., I816 and I837) and was
obtained for side chain methyl groups within the hydrophobic core
(Fig. 2B).The third apparentKDhadamedianof 104 µM(e.g.,V45andL89)
and was observed from residues on ‘top’ of Rad50NBD (Fig. 2B). The higher
affinity KD calculated from the methyl groups on ‘top’ of Mre11 and the

‘bottom’ of Rad50NBD are consistent with DNA binding to an open con-
formation of the complex. On the other hand, the lower affinity KD for the
residues on ‘top’ of Rad50NBD would be consistent with DNA binding to
closed MRNBD. This significantly higher KD than what has previously been
reported for closedMR binding to DNA33,34 could be the result of having to
first shift this ATP-free population from an open/partially open con-
formation to the closed conformation prior to DNA binding.

To determine if the symmetrical chemical shifts observed here are only
the result of the small 15 base-pair hairpinDNAbeing employed, a 50 base-
pair DNAduplex, similar in length to the substrates used in the recent cryo-
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Fig. 1 | dsDNA binds to a single surface on Pf Mre11. A Left, overlay of a region
from the 2D 13C,1H HMQC spectra of ILVM-labeled Mre11 in complex with
Rad50NBD in the presence of increasing hairpin DNA concentration. Blue color
gradient indicates the amount of added DNA. Gray arrows highlight several peaks
undergoing fast exchange upon the addition of hairpin DNA. Right, bar chart of the
CSPs upon DNA binding for each assigned Mre11 methyl group, with horizontal
lines indicating the trimmed mean (solid; 0.028 ppm), +1.0 (long dashed; 0.045
ppm), and+2.0 (short dashed; 0.062 ppm) standard deviations, respectively. Below,
side-chain methyl groups with dsDNA-dependent Mre11 CSPs between 1.0 and

2.0 standard deviations greater than the trimmed mean CSP are plotted as colored
spheres onto the crystal structure of the Mre11ND dimer (PDB ID: 3DSC)29. B Left,
plot of the chemical shift difference for Mre11 side-chain methyl group resonances
versus the ratio of the concentrations of DNA toM(ILVM)RNBD complex. Solid lines
represent the fit to the data. Right, side-chain methyl groups of Mre11ND (PDB ID:
3DSC)29 with CSPs above the trimmed mean perturbation plotted as spheres and
colored based on the log10(KD), where the KD has units of M. The blue-green-red
gradient indicates methyl groups with higher-to-lower affinity for DNA.
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EM model determination38,39, was instead added to Mre11-labeled MRNBD

complex (Supplementary Fig. S2). Many residues have weaker intensity in
this spectrum as compared to the 15 base-pair spectra suggestive ofmultiple
MRcomplexesbinding to this longerDNAand the entire complex tumbling
more slowly in solution. Nevertheless, these data show a single set of peaks
and the same CSPs as observed for the hairpin DNA, indicating that Pf
MRNBD also interacts symmetrically with longer DNAs.

To identify more precisely where the DNA is binding to the
MRNBD complex, we next measured PREs between the DNA and

complex. The PRE arises from dipolar interactions between a nucleus
of interest and the unpaired electron of a paramagnetic center and
results in a distance-dependent (1/r6) increase in relaxation rates and
line broadening and a decrease in intensities for peaks closer to the
label50,51. To derive distance restraints between the MRNBD complex
and specific nucleotides in the DNA hairpin via the PRE, a para-
magnetic spin label was incorporated at various positions (one at a
time) in a phosphorothioate-modified hairpin DNA52. For example,
the phosphorothioate for the ‘24S’ spin label was incorporated at the
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Fig. 2 | dsDNA binds to two surfaces on Pf Rad50. A Left, overlay of a region from
the 2D 13C,1H HMQC spectra of Mre11 in complex with ILVM-labeled Rad50NBD in
the presence of increasing hairpin DNA concentration. Orange color gradient
indicates the amount of added DNA. Gray arrows highlight several peaks under-
going fast exchange upon the addition of hairpin DNA. Right, bar chart of the CSPs
upon DNA binding for each assigned Rad50 methyl group, with horizontal lines
indicating the trimmed mean (solid; 0.016 ppm), +1.0 (long dashed; 0.027 ppm),
and +2.0 (short dashed; 0.038 ppm) standard deviations, respectively. Below, side-
chain methyl groups with dsDNA-dependent Rad50 CSPs between 1.0 and 2.0

standard deviations greater than the mean CSP are plotted as colored spheres onto
the crystal structure of the Rad50NBD (PDB ID: 3KQU)32 dimer. B Left, plot of the
chemical shift difference for side-chain methyl group resonances versus the ratio of
the concentrations of DNA toMRNBD(ILVM) complex. Solid lines represent the fit to
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twenty-fourth nucleotide from the 5’-end of the DNA (Fig. 3A). PRE
line broadening effects were observed in both Mre11-labeled and
Rad50NBD-labeled MRNBD complexes upon binding to the spin-labeled
DNAs (Fig. 3B, C; Supplementary Fig. S3; Supplementary Fig. S4).
Like the CSP data (Figs. 1 and 2), the PRE data also suggest that Pf
MRNBD binds dsDNA in at least two conformations in solution. For
example, when the nitroxide spin label is placed at the second
nucleotide from the 5’-end (2S), Mre11 residues I81, M109, L124,
M146, and I207 near the nuclease active site are broadened in the
Mre11-labeled MRNBD complex (Fig. 3B, Supplementary Fig. S3).
And, when that same spin-labeled DNA is added to Rad50NBD-labeled
MRNBD complex, residues I180, I716, L719, and L729 in the Rad50
coiled-coil domain near the Mre11 helix-loop-helix (HLH) interac-
tion site are broadened (Fig. 3C; Supplementary Fig. S4). These two
regions are ~60-80 Å apart in structures of MR and are therefore
incompatible with hairpin DNA(s) binding to a single conformation
of the MRNBD complex. Together, the CSP and PRE data are most
consistent with dsDNA binding to multiple conformations of MRNBD

in solution, which are in equilibrium between various DNA-free and
DNA-bound conformations.

The ensemble of MRNBD-dsDNA complexes
Using the CSP and PRE data described above, the High-Ambiguity Driven
DOCKing (HADDOCK) v2.4 web server53–56 was used to construct struc-
tural models of the Pf MRNBD complex bound to dsDNA53. Each HAD-
DOCK calculation was set up to dock a Mre112-Rad50

NBD
2 complex (the

closed, partially open, or open MRNBD structures from our previous LRET
studies or an apo [i.e., nucleotide-free] ‘closed’MRNBD)with twoDNAs. The
DNA-boundMRcomplexwasmodeled symmetrically bound to twoDNAs
for several reasons. First, the one set of CSPs canmost easily be explained by
a DNAbinding to a binding site on eachMre11/Rad50 protomer, although
our data does not explicitly exclude additional asymmetric binding modes
also in fast exchange. Second, several previously reported X-ray crystal
structures have two DNAs bound to the Mre11 dimer or a single longer
DNA(approximated by twoof theDNAsutilizedhere) binding to either the
Mre11 dimer or Rad50 dimer29,30,33. Lastly, it was convenient to model
symmetrically bound DNA in HADDOCK as it simplified the inputs.
Solvent-exposed methyl residues with CSPs greater than 1x the standard
deviation above the trimmedmean (Supplementary Fig. S5) and PREswere
included as ambiguous and unambiguous distance restraints, respectively
(see Supplementary Information for details and rationale).

The lowest energyHADDOCKmodels for the closedconformationsof
MRNBD complexes bound to two DNAs (PDB-IHM: 9A9N; Figs. 4A, B and
5A; Supplementary Fig. S6A, B) are very similar to existing crystal structures
of closedMRNBD/MR and Rad50NBD dimers, where a single DNA lies across
the top of the Rad50 dimer (Supplementary Figs. S1, S7)33,35,38,39. In our
models, the two hairpin DNAs meet either end-to-end (reduced χ2 = 2.68;
Fig. 4A) or loop-to-loop (reduced χ2 = 2.81; Supplementary Fig. S6A) in the
center of the Rad50 dimer, mimicking one longer DNA, similar to a pre-
viously described model based on the X-ray crystal structure and DNA
binding data for C. thermophilum (Ct) Rad50NBD (ref. 35). An apo
(nucleotide-free) ‘closed’MRNBDDNA-boundmodelwas required to satisfy
the Rad50 PREs observed to residues in the coiled-coil region (PDB-IHM:
9A9Q; reduced χ2 = 1.95; Fig. 4B; Supplementary Data 3). This structure
brings the two Rad50 coiled-coils into proximity, mimicking other “rod”
shaped structures that have been reported38,40. A single DNA was also
docked to closed MRNBD using only the solvent-accessible CSP residues on
the ‘top’ of Rad50 (Supplementary Fig. S6B). These four HADDOCK-
calculated closed structures overlaid well with each other and with all the
other closed MRNBD-DNA structures reported in the literature (Supple-
mentary Fig. S7). Note, the singly bound DNA could appear symmetrical if
each Rad50 protomermakes the same sequence-independent contacts with
the DNA.

The lowest energy HADDOCK structure for the open conformation
of MRNBD bound to two dsDNA (PDB-IHM: 9A9P; reduced χ2 = 1.15) has

the 3’-ends of the DNAs interacting with the active site residues of
Mre11 (H52/H85) and positioned next to Mre11 Y187 (Figs. 4C and 5C).
A product mimic, AMP, was stacked against this conserved aromatic
residue in a crystal structure of Pf Mre11ND and mutating this residue
severely impairs exonuclease activity28,49. The trajectory of the DNA out
of the active site leads the minor groove to interact with R90 of the
Mre11 nuclease domain of the opposite protomer and continues up to the
‘bottom’ of the Rad50 NBD where it interacts with CSP residue L871
(Figs. 4C and 5C). This structure builds on a previously determined crystal
structure of aDNA-boundPfMre11ND (Supplementary Fig. S8)29, where the
shorter hairpin DNA (7 bp stem vs 15 bp stem used here) did not access the
active site, and with no Rad50 in the complex, the DNA could not be
stabilized in the same orientation. Like this previous structure, our open
MRNBD-dsDNAstructure hasMre11H17protruding into theminor groove,
consistent with the hypothesis that this ‘wedge’ residue is poised to parti-
cipate in DNA unwinding29. The ‘loops in’ open MRNBD-DNA structure
(reducedχ2 = 1.11; Supplementary Fig. S6C) very closely resembles the ‘ends
in’ structure, except the DNA is rotated 180° so the loops of the DNAs are
interacting with the Mre11 active site residues, consistent with the recently
determined cryo-EMmodels of E. coli (Ec) MR bound to blunt and hairpin
DNAs39.

Finally, in our DNA-bound partially open MRNBD model (PDB-IHM:
9A9O; reduced χ2 = 1.19; Fig. 4D), the 3’-end has exited the active site and is
positioned halfway between theMre11 H17 wedge residue and R833 of the
Rad50 dimer interface. Because of the relative conformation of Rad50,
the hairpin DNA can no longer fit into the Mre11 active site. The 5’-end of
the DNA has moved out of the complex to interact with Q20 of the same
Mre11 protomer. The remainder of the DNA lies along the oppositeMre11
nuclease domain, where it contacts several positively charged residues, as
well as R868 and the CSP residue V881 on the bottom of the Rad50 NBD.
Thus, a different set of Mre11 and Rad50 residues interact with hairpin
DNA in the partially open state compared to theDNA-bound open state. In
total, sevendifferent structuresof hairpinDNA-boundMRNBD areneeded to
completely satisfy the NMR data (Supplementary Information and Sup-
plementary Data 3).

MR-DNAmodels reveal interdependence of Mre11 and Rad50
activities
To testwhether theproposedMR-dsDNAinteractions are important for the
function of the MR complex, we generated charge reversal mutants of
several positively charged residues close to the DNA in our models and
tested their activities in vitro. To probe the DNA-bound closed con-
formation, a S115E/S116E doublemutation on the ‘top’ of Rad50wasmade
as well as Rad50 K172E andMre11 K365Emutations to the coiled-coil and
HLH, respectively (Fig. 5A, B). Note, the double serinemutant is analogous
to previously described Rad50 mutants that disrupt DNA binding33,35,38. To
probe the DNA-bound partially open/open conformations, R833E/R834E
and R868E mutations on the ‘bottom’ of Rad50 and Mre11 R87E, R90E,
K111E, K144E, and R160E mutations (Fig. 5C, D) were made. LRET
experiments established that thesemutants could all formMR complex and
that all of the complexes closed upon ATP-binding (Supplementary
Fig. S9)43.

In contrast to the NMR studies, we used full-length Rad50, which
contains the coiled-coils andZnhookmotifs, in complexwithMre11 for the
activity assays.All themutants basedon thepartially openandopenMRNBD-
dsDNAmodels alteredMRbinding to a 40base-pair blunt-endeddsDNAin
the absence of ATP (Table 1; Supplementary Fig. S10A), although the
majority were within two-fold of the wild type KD. This result is not sur-
prising given that the Mre11 binding surface is large and mutating a single
residue may not have a large effect on DNA binding. The Rad50 double
mutant R833E/R834E, which participates in the Rad50 dimer interface with
the conserved D829 in the partially open complex, and Rad50 R868E
mutant, which interacts with the DNA in partially open complex (Fig. 5D),
only slightly increased theKDofMR for dsDNA in the absenceofATP.This
effectwasmirroredby theother open/partially openmutantsMre11K111E,
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Fig. 3 | PREs from spin-labeled DNA. A Schematic of the hairpin DNA used in the
NMR studies with the position of each paramagnetic spin label indicated. B and
C Left, overlay of a region from the 2D 13C,1HHMQC spectra forM(ILVM)RNBD (B)
andMRNBD(ILVM) (C). Data collected with unlabeled or 2S PROXYL-labeled DNA
are represented by blue and red (B) and orange and blue (C) contours, respectively.
B and C Right, bar chart of the normalized intensity ratio (spin-label/no label) for

Mre11 (B) and Rad50NBD (C) methyl group resonances for the 2S PROXYL-labeled
DNA. The green shaded bars for methyl groups below the horizontal line were used
for HADDOCK inputs. B and C Below, methyl groups below the horizontal lines in
the bar charts are shown as green spheres on the crystal structure of Mre11ND dimer
(PDB ID: 3DSC)29 (B) and Rad50NBD (PDB ID: 3KQU)32 dimer (C).
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K144E, and R160Emutants, with K144E having the greatest increase in KD

at ~3.6-fold. Conversely, the Mre11 mutants R87E and R90E both nearly
abolished dsDNAbinding toMR. Based on our structuralmodels, these two
arginine residues are on either side of a DNA strand in the partially open
MRNBD-dsDNA complex (Fig. 5D). Additionally, R90 contacts the DNA in
the open complex (Fig. 5C). In fact, of the residues mutated, R90 is the only
one to contact the DNA in both partially open and open conformations,
perhaps explaining the deleterious effect of reversing its charge. In the closed
conformation of the MRNBD-dsDNA complex, Rad50 residues S115 and
S116 on a strand-loop-helix motif interact with the dsDNA (Fig. 5A, B).

Equivalent residues were previously shown to affect dsDNA binding inM.
jannaschii (Mj), T. maritima (Tm), Ec, and Ct Rad50NBD dimer or MR
complexes33,35,38.Here, the S115E/S116ERad50doublemutant showedwild-
type binding to dsDNA in the absence of ATP (Table 1; Supplementary
Fig. S10A). This contrasts with the equivalentmutant in full-lengthTmMR
(R94E/K95E) which binds dsDNA less efficiently thanwild type in both the
presence and absence of ATP33. In the PfMRNBD complex, the S115E/S116E
mutant binds to dsDNAwith the same affinity as wild type in the absence of
ATP but binds less efficiently in the presence of ATP (Supplementary
Fig. S10B), as was observed for theMjMRNBD andCtRad50NBDmutants33,35.
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dsDNA structure where the helix of the hairpin is interacting with the Mre11
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Two positively charged residues in the Rad50 coiled-coil:Mre11 HLH
interface that are close to the DNA in our ‘rod’ shaped closed apo MRNBD-
dsDNA model were also mutated: Rad50 K172 and Mre11 K365 (Fig. 5B,
bottom). Mutating either of these lysine residues to glutamic acid (i.e.,
K172E and K365E) in full-length MR did not affect dsDNA binding in the
absence of ATP as compared to wild type (Table 1; Supplementary
Fig. S10A), but these mutants in MRNBD both showed a decrease in binding
with respect towild typewhenATPwas present (Supplementary Fig. S10B).
These ATP-dependentDNAbinding data are consistent with our proposed
structures and model of conformational exchange. In the absence of ATP,
we hypothesize that the open/partially open states are more highly popu-
lated. Since the open/partially open DNA binding sites (i.e., the Mre11
binding site) are intact for the Rad50 S115E/S116E, Rad50 K172E, and
Mre11K365Emutant complexes, the DNA can bind toMre11 and binding
is similar to wildtype. On the other hand, in the presence of ATP, the closed
state is nowmore populated, which occludes the open/partially openMre11
DNA binding site, and since the closed binding sites on Rad50 aremutated,
DNA binds with less affinity for these Rad50 mutant complexes in the
presence of ATP.

Next, MR nuclease activity was assayed in a fluorescence-based
assay with a blunt-ended 29 base-pair dsDNA. For the partially open/
open charge reversal mutants, two different effects were observed: Rad50
mutants R833E/R834E and R868E decreased nuclease activity of MR by
50%, whereas Mre11 mutants R87E, R90E, K111E, K144E, and R160E all
increased nuclease activity to ~150-200% of wild type (Fig. 5E; Table 1).
For the closed mutants, Rad50 K172E andMre11 K365E near the coiled-
coil:HLH interface decreased nuclease activity by ~15% and ~30%,
respectively. And, as previously reported, the Rad50 S115E/S116E
mutant abolished 80% of MR nuclease activity33,38. These nuclease results
were confirmed in a polyacrylamide gel-based assay (Supplementary
Fig. S11), where the overall cleavage of the dsDNA substrate by the
mutant MR complexes mirrors what was observed in the fluorescence-
based nuclease assay. Interestingly, a near total loss of endonuclease
activity was observed in the Rad50 S115E/S116E mutant; however, this
mutant was still capable of some exonuclease activity (Supplementary
Fig. S11). On the other hand, all the partially open/open Mre11 mutants
displayed increased nuclease activity, particularly against the exonuclease
substrate. The increased activity was exemplified by a Mre11 R87E/R90E
double mutant, which completely degraded the substrate. Differences in

the cleavage pattern of the exonuclease substrate strand (i.e., more
shorter products) suggest that the Mre11 partially open/open mutants
can perform extra processive exonuclease activity (Supplementary
Fig. S11).

Finally, the hydrolysis of ATP by Rad50 was assessed in each of the
mutant MR complexes (Fig. 5F; Table 1). Opposite of the nuclease results,
Rad50 R833E/R834E and R868E both increased the Vmax of hydrolysis,
whereas the Mre11 mutants all decreased Vmax. Like the DNA binding
results, many of these changes were within two-fold of wild type. The MR
complex displays V-type allostery, with the rate of ATP hydrolysis
increasing by about 10-fold in the presence of a long, linearized
dsDNA21,38,40,42,46,57. Themajor effect of themutationsonATPhydrolysiswas
observed in this context. For the partially open/openMre11 mutants, apart
from R87E, the lower-than-wild type ATP hydrolysis activity was greatly
stimulated by linearized plasmid DNA, with Vmax increasing 20- to 30-fold
over that in the absence of DNA (Fig. 5F; Table 1). Conversely, the Mre11
mutantR87E showedonly two-fold stimulation ofATPhydrolysis upon the
addition of linearized plasmid.Rad50R868E showed significant stimulation
of activity in thepresence of linearDNA, thoughnot quite to the level ofwild
type (10.4-fold vs 12.8-fold), whereas the R833E/R834E MR hydrolysis
activity was not stimulated at all. In the closed mutant MRs, hydrolysis by
the Rad50 S115E/S116E mutant MR was also not stimulated by DNA, as
expected based on previously published results for EcMR38. And, although
Rad50 K172E and Mre11 K365E MRs showed a slight decrease in ATP
hydrolysis activitywithoutDNAas compared towild type, they approached
wild-type-like stimulation when linearized plasmid was added to the reac-
tions (12- and 10-fold, respectively). In total, the nuclease and ATP
hydrolysis activity assay results validate the various DNA-bound MRNBD

structures detected in solution and demonstrate that the protein-nucleic
acid interactions observed in the ensemble ofMRNBD-dsDNA structures are
important for MR function.

Discussion
The Mre11-Rad50 complex is a universally conserved and essential DNA
end sensing and processing machine that helps to prime the ends of DNA
DSBs for subsequent repair by NHEJ andHR6,7. Even with themultitude of
structures available (Supplementary Fig. S1), a coherent description for the
structure-function relationship and the interplay of enzymatic activities of
the MR complex is lacking. Here, we utilized sensitive side-chain methyl

Table 1 | . Activity assay data for wild type and mutant MR complexes

dsDNA binding,
No ATPb

Nuclease ATP hydrolysis ATP hydrolysis with plasmid DNA

MR mutanta KD (µM) Hill pmol /min Vmaxc Hill KM (µM) Vmaxc Hill KM (µM) Fold stimd

Wild type 0.59 ± 0.05 1.5 ± 0.2 0.137 ± 0.009 5.0 ± 0.1 1.5 ± 0.1 20.4 ± 1.0 64.0 ± 1.8 1.7 ± 0.1 36.7 ± 1.9 12.8

S115E/S116E (R) 0.58 ± 0.06 1.3 ± 0.2 0.026 ± 0.001 4.9 ± 0.2 1.7 ± 0.2 22.7 ± 1.7 7.2 1.4 27.9 1.5

K172E (R) 0.58 ± 0.03 1.8 ± 0.2 0.116 ± 0.001 3.8 ± 0.2 1.2 ± 0.1 19.1 ± 1.9 45.1 1.6 32.8 11.9

K365E (M) 0.71 ± 0.05 1.4 ± 0.1 0.098 ± 0.002 4.2 ± 0.3 1.3 ± 0.2 21.1 ± 2.6 44.9 ± 3.4 1.2 ± 0.2 36.6 ± 6.4 10.7

R833E/R834E (R) 1.08 ± 0.13 1.3 ± 0.2 0.069 ± 0.004 10.5 ± 0.3 1.7 ± 0.1 29.5 ± 1.7 17.3 ± 1.0 1.2 ± 0.1 43.9 ± 5.9 1.6

R868E (R) 0.75 ± 0.07 1.4 ± 0.2 0.068 ± 0.003 5.8 ± 0.1 1.9 ± 0.1 23.6 ± 1.0 60.1 ± 2.0 1.6 ± 0.1 31.9 ± 2.0 10.4

R87E (M) N/D N/D 0.223 ± 0.007 3.2 ± 0.1 1.0 ± 0.1 18.9 ± 2.1 7.6 1.3 3.8 2.4

R90E (M) N/D N/D 0.234 ± 0.004 2.6 ± 0.1 1.9 ± 0.3 10.9 ± 0.8 82.4 1.3 54.0 31.7

K111E (M) 1.07 ± 0.11 1.4 ± 0.2 0.288 ± 0.007 2.5 ± 0.1 1.8 ± 0.2 14.5 ± 1.1 71.2 1.6 37.0 28.5

K144E (M) 2.12 ± 0.42 1.3 ± 0.2 0.215 ± 0.002 1.8 ± 0.1 1.5 ± 0.2 10.9 ± 1.2 47.7 1.3 46.1 26.5

R160E (M) 0.96 ± 0.06 1.5 ± 0.1 0.273 ± 0.015 3.4 ± 0.1 1.8 ± 0.2 11.6 ± 0.9 70.5 1.3 42.8 20.7
aMre11 and Rad50 mutants in the MR complex are designated by (M) and (R), respectively. Mutants designed to disrupt ‘closed’ MR-DNA interactions are bolded:
S115E/S116E (R), K172E (R), and K365E (M). Mutants designed to disrupt ‘partially open’ and ‘open’ MR-DNA interactions are: R833E/R834E (R), R868E (R),
R87E (M), R90E (M), K111E (M), K144E (M), and R160E (M).
bdsDNA binding affinity to full-length MR in the absence of ATP. Errors are SEM of n = 3 independent experiments.
cpmol PO4/min. Values without error bars are the average of n = 2 independent experiments, while values reporting a SEM are the result of n = 3 independent experiments.
dFold stimulation of ATP hydrolysis activity as a result of linearized plasmid DNA in the reaction. Calculated using the Vmax from each condition.
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Fig. 5 | DisruptingMRNBD-dsDNA interactions affects MR functions. A Top view
of the closed MRNBD-dsDNA structure with an expanded view of the polar contacts
between Rad50 and the hairpin DNA. B Side view of the closed (top) and apo closed
(bottom)MRNBD-dsDNA structures highlighting polar contacts.C Top view of open
MRNBD-dsDNA structure with an expanded view of the polar contacts between MR
and the DNA and Mre11 active site residues H52 and H85. D Side view of partially
openMRNBD-dsDNA structure showing polar contacts. EResults of the fluorescence
assay for the nuclease activity of mutant MR complexes plotted as a pmols 2-AP

released per min. Mre11 and Rad50 mutants are designated by (M) and (R),
respectively. Mre11 H85S is a nuclease-deficient mutant. Error bars indicate the
SEM of n = 3 independent experiments. F ATP hydrolysis activity of mutant MR
complexes plotted as a function of ATP concentration in the absence (left) and
presence (right) of linearized plasmid dsDNA. Data from n = 3 (without DNA) or
n = 2 (with DNA) independent experiments were fitted by Prism to the Michaelis-
Menten equation, including a Hill coefficient. The solid line represents the fit, and
the fitted Vmax, Hill coefficient, and Km values are reported in Table 1.
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group NMR experiments to characterize MRNBD conformational exchange
and determine models of a dynamic ensemble of dsDNA-bound PfMRNBD

complexes in the absence of ATP. Based on these models, charge reversal
mutants were used to validate the ensemble. Even thoughATPwas omitted
in our structural analysis, the mutants derived from these structures pro-
duced dramatic effects onATP-dependentMre11 nuclease and Rad50ATP
hydrolysis activities. Surprisingly, analysis of the activity assay data
uncovered a strong correlation between the dsDNA-stimulated Rad50ATP
hydrolysis activity andMre11 nuclease activity (Fig. 6A) demonstrating the
importance of this ensemble on MR function.

Together, our ensemble of solution-state structural models and
activity assay data support a model for MR activity that was previously
proposed by Cho and co-workers (Fig. 6B)33, with our structural models
of partially open and open MRNBD bound to DNA providing missing
structures within the proposed functional model. In this functional
model, dsDNA binds to the closed conformation of MR either in the
presence or absence of ATP. Closed MR scans the DNA looking for a
DNA DSB, as demonstrated by single-molecule fluorescence measure-
ments that showed efficient scanning in a nucleotide-independent
manner44. When MR encounters a break, Rad50 ATP binding (if
necessary) and hydrolysis activity is allosterically stimulated, which shifts
the population from the closed to open conformation, where Mre11 can
now perform endonuclease activity. As part of this transition, the dsDNA
is engaged by Mre11 H17 and R90, which along with previously char-
acterized motions of the Mre11 capping domain29,43, may partially
unwind the dsDNA. After nuclease activity, cleaved product is excluded
from theMre11 active site as the global conformation of theMR complex
equilibrates to the partially open state. Biologically, it is logical that a
DNA DSB should activate Rad50 ATP hydrolysis activity – in this

scenario, the Mre11 active site remains occluded while scanning the
DNA and does not become available until a break is encountered and
nuclease activity is needed. Thus, allosterically activated ATP hydrolysis
unlocks the Rad50 gate to the Mre11 active site. But what is the
mechanism that underlies this regulation?

Thismodel suggests thatRad50 somehowsenses the endof the dsDNA
helix. We have previously used methyl-based NMR data to describe three
clusters of residues in Pf Rad50NBD that constitute two different allosteric
networkswithin theRad50NBD58.MethylNMRdata on a series ofmutants
correlated with Rad50 dimerization, ATP hydrolysis, and Mre11 exonu-
clease activity for twoof these clusters.Wehypothesize that the third cluster,
which encompasses a hydrophobic cavity that collapses upon ATP
binding16,32, could be responsible for transmitting the allosteric DNA
binding to the Rad50 active site. In fact, hairpin DNA-induced CSPs were
observed to many of these same solvent-inaccessible methyl groups
(Fig. 2A), and these methyl groups largely fit to the intermediate apparent
KD in our DNA titration data (Fig. 2B). This binding constant could be
reporting on the shift in equilibrium within the core of Rad50 that is
necessary for ATP hydrolysis16,32,58. Additionally, as DNA end tethering by
MR can occur in the ATP-bound or ATP-free states of MR16,45, it is unclear
which conformation harbors that function. Given that Rad50 mutants
incapable of dimerization (Sc S1205R and Pf L802W) can tether DNA
ends16,45, we propose that end tethering likely results from the partially open
or open structures proposed here.

Anotable exception to the correlation betweenMre11 nuclease activity
and Rad50 DNA-stimulated ATP hydrolysis activity is the Mre11 R87E
mutant (Table 1; Fig. 6A). Mre11 R87 is near the catalytic H85 and the
deviation from the correlated activities observed here is likely the result of
the R87Emutant disrupting the local environment ofH85. Rad50R833 and

Fig. 6 | Correlation of MR activities suggests a model for MR function.
ACorrelation betweenMre11 exonuclease activity, expressed as a percentage of wild
type, and fold stimulation of Rad50 ATP hydrolysis activity from the presence of
linearized DNA. BModel for MR activity where MR scans the DNA for damage

which results in stimulation of Rad50 ATP hydrolysis to expose theMre11 active site
for nuclease activity. Additional exonuclease activity can occur directly from the
open conformation. Product dsDNA is excluded from the Mre11 active site as the
complex forms the partially open state.
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R834 are on the helix following the conservedABCATPaseD-loopmotif. A
previous study of Pf MR D-loop mutants L828F and D829N also showed
greater backgroundATPhydrolysis, little DNA-stimulatedATPhydrolysis,
and reduced nuclease activity42 as observed here for R833E/R834E, and the
D-loop mutants are also found in the lower left corner of our activity assay
correlation (i.e., low exonuclease activity and little stimulation of ATPase
activity; Table 1; Fig. 6A). For the D-loop mutants, methyl-based NMR
studies attributed the loss in dsDNA-stimulated ATP hydrolysis activity to
the disruption of an allosteric network within Rad50 that accelerated ATP
hydrolysis, by shifting the equilibrium away from the closed conformation,
but decoupled DNA-mediated allosteric activation; we suggest the same
may be occurring in the R833E/R834E mutant. Interestingly, the Mre11
D313K mutant, which was originally designed to perturb the closed and
partially open states, led to decreased backgroundATP hydrolysis activity43.
However, for D313K the opposite effects to the D-loop mutants in the
presence of dsDNA(i.e., high exonuclease activity and greater stimulationof
ATPase activity; Table 1; upper right of Fig. 6A) were observed. We
hypothesize that dsDNA binding to the D313K mutant successfully stabi-
lizes the closed form, and with a functional Rad50 allosteric network,
dsDNA-stimulation of ATP hydrolysis activity can occur leading to the
observed nuclease activity. Finally, the mutants designed here to disrupt
DNA binding to the closed conformation (Rad50 S115E/S116E, Rad50
K172E, and Mre11 K365E) interestingly resulted in less nuclease activity
compared to wild type, with the effect being somewhat greater for the
endonuclease substrate compared to the exonuclease substrate (Supple-
mentary Fig. S11). This observation suggests that dsDNAbindingdirectly to
the population of open MRNBD can result in Mre11 3’-to-5’ exonuclease
activity.

The models of dsDNA-bound ATP-free MRNBD complex presented
herein complement most of the existing structural biology studies on
this conserved and essential DNA DSB repair assembly (Supplementary
Figs S1, S7, S8). As first reported by Tainer and co-workers in their X-ray
crystal structure of Mre11ND bound to DNA DSB mimics29, our models
of the open MRNBD complex are also bound to two DNAs, which lay sym-
metrically across theMre11 dimer and engage with theH17 ‘wedge’ residue
and capping domain (Fig. 4C; Supplementary Figs. S1, S8). Because our
models include Rad50NBD, we have identified and confirmed via activity
assays using charge reversal mutants that the ‘bottom’ of Rad50 also plays
a role in the stability of this DNA-bound state. Similarly, our model of
closed MRNBD shows dsDNA binding across the ‘top’ of Rad50 in
an orientation first observed in the X-ray crystal structures reported by Cho
and Hopfner and co-workers (Figs. 4A, B; Supplementary Fig. S7)33,35. And
the presence of a ‘closed’ conformation of ATP-free MR was recently
reported in the cryo-EM structure of a thermophilic eukaryotic MR com-
plex byHopfner and co-workers40. From these observations, we suggest that
all these conformers are present in the solution. On the other hand, the
models presented herein contrast with the recent cryo-EMmodels of ADP-
bound E. coliMR (i.e., SbcCD) in complex with various nuclease substrates
(Supplementary Fig. S1)38,39. The most striking difference lies in the asym-
metric nature of the cryo-EM models where the Rad50 protomers and the
DNA substrate both interact asymmetrically with the Mre11 dimer38,39.
Althoughwemodeled theDNA-MR interactions symmetrically (largely for
ease with HADDOCK), our NMR data, which is in fast exchange on the
chemical shift timescale, does not necessarily exclude asymmetric DNA
binding. For example, our data would also be consistent with one protomer
ofMR adopting an open conformation and interacting with the DNA in its
mode while the other protomer adopts a partially open conformation and
interacts with DNA in that mode at the same time.

Recently, AlphaFold2 was used to model the structure of truncated S.
cerevisiae (Sc) Mre11-Rad50-Sae2 complexes59. In vitro and in vivo activity
assays of mutants based on these models suggested that Sc MR may also
adopt an asymmetric ‘cutting’ state conformer as seen in Ec38. We therefore
wondered what conformation AlphaFold would generate for human (Hs)
and PfMR complex. Using AlphaFold3 (AF3)60, we generatedmodels of Pf,

Ec, Sc, andHs full-lengthMRcomplex in the absenceof substrates and in the
presence of ATP (the so-called ‘resting’ state), 40-mer dsDNA (similar to
conditions used here), or 40-mer dsDNA and ADP (as observed in the Ec
‘cutting’ state) (Supplementary Fig. S12). In all cases, for apo MR, AF3
predicted a closed conformation, whichwe observed in previous LRET data
for truncated and full-length apoPfMR43; forEc,Pf, and Sc the Rad50 coiled
coils were in a rod shaped conformation, whereas the coils were open for
Hs RAD50 (Supplementary Fig. S12A). In the presence of Mg2+•ATP,
AF3 predicted a closed state with open coils for Pf and Hs or rod coils for
Ec, whereas the Sc MR in the presence of ATP adopted the ‘cutting’ state,
as recently described59 (Supplementary Fig. 12B). Note, a difference in
the Rad50 coiled-coils was also observed in the cryo-EM models of Ec and
CtMR in the presence of ATPγS38,40. When a 40-mer dsDNAwas added in
the absence of nucleotide, AF3 predicts that the dsDNAwill interact on top
of closed Rad50 for Ec, Pf, and Hs MR, which is consistent with our CSP
(Fig. 2) andPREdata (Fig. 3). On the other hand, AF3 predicted amodel for
the Sc MR-dsDNA complex intermediate to the ‘cutting’ state (Supple-
mentary Fig. 12C). Finally, when Mg2+•ADP and the 40-mer dsDNA were
included inAF3, a closed conformationwith theDNAon top of Rad50with
rod coils (Ec; in contrast to the cryo-EM model38) or open coils (Hs), the
‘cutting’ state (Sc), or a novel arrangement with an inverted Rad50 and
DNA interacting with the ‘top’ of closed Rad50 and bothMre11 active sites
(Pf) is observed. In total, this comparisonhighlights thepotential andpitfalls
of modeling large, complicated complexes, supports the possibility
that MR may have diverged in the way that it recognizes DNA substrates,
and demonstrates the power of solution-state techniques in probing con-
formational ensembles.

Utilizing one of the strengths of NMR spectroscopy – its sensitivity to
sparsely populated states –we characterized an ensemble of conformations
present within the ~200 kDa DNA-bound MRNBD complex. Because these
various conformations are rapidly exchanging at equilibrium, presumably
with their DNA-free forms, their effects are manifested as perturbations in
the side-chain methyl group resonance position and marginal loss of
intensity due to the PRE. Unfortunately, we cannot obtain the kinetics or
thermodynamics of the conformational exchange from our present data;
however, it is an avenue that we are currently exploring. Due to the complex
nature of the MR complex, we suggest that the structural models reported
here provide a framework for themany possible symmetric and asymmetric
MR-DNA interactions and add to the myriad of ways that MR can bind to
DNA.Wewere able to use thesemodels todesignmutants that disrupt some
of the interactions between MR and DNA. These mutants illuminated for
the first time a direct coupling between the allosteric activation of Rad50
ATPase activity andMre11 nuclease function. From these structuralmodels
and the associated activity assay data, it is clear is that the MR complex
samples a dynamic, heterogeneous ensemble of structures to perform its
biological functions that are necessary for DNA DSB repair.

Materials and methods
Protein expression and purification
All point mutations were introduced using a modified QuikChange (Agi-
lent) approach and were verified by Sanger sequencing. Plasmids for
P. furiosus (Pf)Mre11 or PfRad50NBD (aa 1-195 –GGAGGAGG linker – aa
709-882) expression were transformed into E. coli BL21(DE3) C41 cells
(Millipore-Sigma) and grown in LB media. Unlabeled protein expression
was induced with 1mM IPTG at 37 °C for 3-4 h. To prepare U- 2H, Ileδ1-
[13CH3], Leuδ/Valγ-[13CH3/

12CD3], Metε-[13CH3] (ILVM)-labeled Pf
Mre11 and PfRad50NBD protein for NMR spectroscopy, cells were grown in
deuterated 2x M9 minimal media61 with 1 g/L 14NH4Cl and 3 g/L
2H,12C-glucose as the sole nitrogen and carbon sources, respectively.
100mg/L of each 13CH3-labeled Ile, Leu, Val, and Met metabolic precursor
(Cambridge Isotope Laboratories, Inc) were added to the media 45min
prior to induction with 1mM IPTG62. Isotopically labeled proteins were
then overexpressed for ~16 h at 37 °C (Mre11) or 25 °C (Rad50NBD). Plas-
mids for full-length PfRad50 expression were transformed into BL21(DE3)
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Rosetta competent cells (Novagen) and grown in LBmedia. Expressionwas
induced with 0.3 mM IPTG at 18 °C overnight.

Mre11-expressing cells were pelleted and then resuspended in Mre11
lysis buffer (50mM sodium phosphate, 300mM NaCl, 25mM imidazole,
pH 8) plus 0.5% (v/v) Tween-20 and 0.5% (v/v) deoxycholate. Cells were
disrupted via sonication and then heated at 65 °C for 20min. The lysate was
cleared by centrifugation and the soluble fraction was loaded onto a 5mL
HisTrap HP column (Cytiva). Mre11 was eluted in 50mM sodium phos-
phate, 300mM NaCl, 300mM imidazole, pH 8. The 6x His-tag was
removed with TEV protease, and the protein was dialyzed into 25mM
HEPES, 300mM NaCl, 25mM imidazole, pH 7. Cleaved Mre11 was pur-
ified as theflow through from theHisTrap column in thedialysis buffer. The
sodium chloride concentration was then reduced to 100mM and the pro-
tein sample was further purified on a HiTrap Q HP column (Cytiva) in a
linear gradient into 25mMHEPES, 1Msodiumacetate, 0.1mMEDTA,pH
7. The sample was concentrated in a 30 kDa MWCO centrifugal con-
centrator (Sartorius) and loaded onto a HiLoad 16/60 Superdex 200 pg
column (Cytiva) equilibrated in 25mM HEPES, 200mM sodium acetate,
0.1mM EDTA, pH 7.

Rad50NBD-expressing cells were pelleted and then resuspended in
Rad50NBD lysis buffer (25 mM HEPES, 300mM NaCl, 25mM imidazole,
pH 7). Cells were disrupted via homogenization (Avestin) and then
heated at 65 °C for 20min. The lysate was cleared by centrifugation and
the soluble fraction was loaded onto the HisTrap column. Rad50NBD was
eluted in 25mM HEPES, 300mM NaCl, 300mM imidazole, pH 7. The
6x His-tag was removed with TEV protease, and the protein was dialyzed
back into Rad50NBD lysis buffer. Cleaved Rad50NBD was purified as the
flow through from the HisTrap column in Rad50NBD lysis buffer.
The sodium chloride concentration was then reduced to 80mM and the
protein sample was further purified on a HiTrap SP HP column (Cytiva)
in a linear gradient into 25mM HEPES, 1M sodium acetate, 0.1 mM
EDTA, pH 7. The sample was concentrated in a 30 kDa MWCO cen-
trifugal concentrator (Sartorius) and loaded onto a HiLoad 16/60
Superdex 200 pg column (Cytiva) equilibrated in 25mM HEPES,
200mM sodium acetate, 0.1 mM EDTA, pH 7.

Full-length Rad50-expressing cells were pelleted and then resus-
pended in full-length Rad50 lysis buffer (50 mM sodium phosphate,
300 mM KCl, 25mM imidazole, 10% glycerol, pH 8) plus 0.5% (v/v)
Tween-20. Cells were disrupted via sonication and then heated at 65 °C
for 20min. The lysate was cleared by centrifugation and the soluble
fraction was loaded onto the HisTrap column. Full-length Rad50
was eluted in 50mM sodium phosphate, 300mM KCl, 300 mM imida-
zole, 10% glycerol, pH 8. The 6x His-tag was removed with TEV
protease, and the protein was dialyzed back into full-length Rad50 lysis
buffer plus 10mM β-mercaptoethanol. Cleaved full-length Rad50 was
purified as the flow through from the HisTrap column in the dialysis
buffer. The sample was diluted with 50mM Tris-HCl, 10% glycerol,
1 mM EDTA, 1 mM DTT, pH 8 to decrease the potassium chloride
concentration to 75mM and the protein sample was further purified
on a HiTrap Q column in a linear gradient into 50mM Tris-HCl, 1M
NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, pH 8. The sample was
concentrated in a 30 kDa MWCO centrifugal concentrator (Sartorius)
and loaded onto a HiLoad 16/60 Superdex 200 pg column (Cytiva)
equilibrated in 25mM Tris-HCl, 100 mM NaCl, 10% glycerol, 1 mM
TCEP, pH 8.

Mre112-Rad502 (MR) and Mre112-Rad50
NBD

2 (MRNBD) complexes
were made by mixing equimolar ratios of Mre11 and Rad50 or Rad50NBD,
heating at 60 °C for 15min, and cooling to room temperature. For NMR,
ILVM-labeled MRNBD complexes were further purified over a HiLoad 16/
60 Superdex 200 pg column (Cytiva) equilibrated in 25mM HEPES,
200mM sodium acetate, 0.1 mM EDTA, pH 7.0. NMR samples were
then buffer exchanged into 25mM HEPES, 100mM NaCl, 1% glycerol,
1 mM TCEP, 5 mM MgCl2, 0.1 mM EDTA, pH 6.60 (uncorrected) in
99% D2O. Typically, NMR samples were 40 – 100 µM MRNBD in 300
or 500 µL.

Modification of phosphorothioate DNA with the spin-label
Nitroxide-labeled DNA samples were made using commercially synthe-
sized phosphorothioate oligonucleotides and 2-(3-iodoacetamidomethyl)-
PROXYL (IAM-PROXYL; Toronto Research Chemicals). Hairpin DNA
(5′-CACGCACGTAGAAGCTTTTGCTTCTACGTGCGTGAC-3′; Milli-
poreSigma or IDT) with a phosphorothioate incorporated at single, specific
nucleotides were used without further purification. The DNAs were solu-
bilized to 1mM in water. TEAA was prepared by mixing equimolar
quantities of triethylamine and acetic acid in water to achieve a final con-
centration of 0.1M; the pH was adjusted to 6.5 using either acetic acid or
triethylamine. IAM-PROXYL was solubilized in DMF to give a 10mM
solution. Equal volumes of 0.1MTEAA (pH6.5), 10mMIAM-PROXYL in
DMF, and 1mMDNAweremixed inmicrocentrifuge tubes and incubated
at 50 °C for 8 h, as previously reported52. After this time, the solution was
dried in a speed vac and the DNA was buffer exchanged via repeated
centrifugal concentration (VivaSpin, Sartorius) into 25mM HEPES,
100mMNaCl, 1%glycerol, 1mMTCEP, 5mMMgCl2, 0.1 mMEDTA, pH
6.60 (uncorrected) in 99% D2O. Labeling efficiency was determined using
MALDImass spectrometry at theCenter forMetabolomics and Proteomics
at the University of Minnesota. Before adding to the NMR samples, the
PROXYL-labeled DNAs were heat-denatured and snap-cooled on ice to
form a hairpin.

Methyl CSP and PRE analyses
All NMR experiments were performed at 50 °C on a 600MHz (14.1 T)
Agilent DD2 or 900MHz (21.2 T) Bruker Avance III NMR spectrometer
equipped with room temperature z-axis gradient HCN or cryogenically
cooled z-axis gradient TCI probes, respectively. CSPs and PREs were
obtained from 2D 13C,1H methyl-TROSY63 HMQC experiments collected
with 1148 and 144 complex points and sweep widths of 9009Hz and
3050Hz in the 1H and 13C dimensions, respectively (600MHz data) or with
1844 and144 complexpoints and sweepwidths of 14423Hz and4500Hz in
the 1H and 13C dimensions, respectively (900MHz data). Data sets were
processed and analyzed with NMRPipe64 and CCPN analysis65 using
NMRBox66. Side-chain methyl group assignments for apo Mre11 nuclease
and capping domain (BMRB ID: 28054) and Rad50NBD (BMRB ID: 27955)
have been previously determined42,49. ILVM assignments of the DNA-
bound MRNBD complex were obtained by transferring the apo assignments
onto the DNA-bound spectra using titration experiments. Briefly, 0.2, 0.4,
0.6, 0.8, 1.0, 2.0, and 4.0 molar equivalents of hairpin DNA were added to
ILVM-labeled complexes (46.1 µM ILVM-labeled Mre11/Rad50NBD and
85.6 µMMre11/ILVM-labeled Rad50NBD), and 2Dmethyl-TROSYHMQC
spectra were recorded. Chemical shift trajectories were monitored and
quantified using CCPN analysis. Binding affinities were calculated
according to:

Δδ ¼ Δδmax=2 1 þ KD= MRNBD
� �þ dsDNA½ �= MRNBD

� ��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ KD= MRNBD

� �þ dsDNA½ �= MRNBD
� �� �2 � 4 dsDNA½ �= MRNBD

� �� �q �

whereΔδ, the shift difference, is theweighted change in chemical shift upon
each addition of dsDNA (i.e., Δδ = |δi - δapo | , where δi and δapo are the
weighted chemical shifts for the ith addition of dsDNA and the initial apo
state, respectively) and Δδmax is the maximum change in the chemical
shift67. For Figs. 1B and 2B, we have plotted the log10(KD) where the KD has
units of M.

Additionally, a weighted chemical shift perturbation (CSP) was cal-
culated from the 1H (δH) and 13C (δC) chemical shifts according to:

CSP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δHi � δHj

wH

 !2

þ
δCi � δCj

wC

 !2
vuut

where δi is the chemical shift value for DNA-free MRNBD complex, δj is the
chemical shift value forDNA-boundMRNBD complex (4-foldmolar excess),
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andwH andwC are the standard deviations formethyl group specific δH and
δC from the Biological Magnetic Resonance Data Bank (https://bmrb.io).
CSP values greater than 1-times the standard deviation above the trimmed
mean, whichwas calculated by iteratively removing CSP values greater than
2-times the standard deviation above themean until the standard deviation
was unchanged, were considered significant.

In addition to hairpin DNA, a 50-base pair dsDNA substrate
(5’-CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAG
GCCAGATG-3’ annealed to 5’-CATCTGGCCTGTCTTACACAGTGCT
ACAGACTGGAACAAAAACCCTGCAG-3’ in a 1:1 ratio; IDT) was also
added to the ILVM-labeled MRNBD complex.

To define distance restraints between the ILVM-labeled MRNBD com-
plexes and DNA, 2D 13C,1H methyl-TROSY63 HMQC experiments were
collected on 1:4 ratio of MRNBD complex-to-DNA without (diamagnetic)
andwith the PROXYL spin label (paramagnetic) at different sites within the
hairpin DNA. PREs were determined from the intensities of the methyl
resonances (Ipara and Idia) as previously described by Battiste andWagner51:

Ipara
Idia

¼ R2 expð�PRE tÞ
R2 þ PRE

where R2 is the
1H transverse relaxation rate in the diamagnetic state and t is

7.08ms.ThediamagneticR2 valueswere estimated fromthe linewidthof the
peak in the diamagneticHMQCspectrum (i.e., R2 = π * linewidth). Because
of the large number of samples (twelve), with different concentrations,
collected over time, intensity ratios were normalized to an isolated peak that
should not have an effect due to the spin label: Val776Cγ2 (17S and 24S) or
Leu44Cδ1 (2S and 36S) for Rad50NBD and Leu200Cδ1 (2S, 6S, and 24S) or
Val41Cγ1 (17S, 30S, and 36S) for Mre11. Residues with normalized
intensity ratios of less than 0.45 (17S and 24S) or 0.66 (2S and 36S) for
Rad50NBD and 0.4 (17S) or 0.6 forMre11 (2S, 24S, 30S, and 36S)were used in
docking calculations. The distance (r) between the paramagnetic center and
the side-chain methyl group were calculated according to68,69

r ¼ μ20 γ2H g2 β2 S ðSþ 1Þ
15 4πð Þ2PRE 4τc þ

3τc
1þ ω2

Hτ
2
c

� �	 
1=6

where μ0 is the permeability of vacuum, γH is the 1H gyromagnetic ratio, g is
the electronic g factor, β is the Bohr magneton, S is the electron spin
quantum number, τc is the correlation time, and ωH is the 1H Larmor
frequency. For calculating distances, the approximation was made that τc
was equal to the global correlation time of the MRNBD complex (~80 ns).
Because we did not model the spin label onto the structure of the hairpin
dsDNA, 7.6 Å was added to the calculated PRE distance to account for the
spin label, and then the distance between the DNA backbone phosphate
atom and side-chain methyl group carbon was utilized in docking
calculations.

Structure calculations in HADDOCK
The models of the MRNBD-DNA complex were calculated using the ‘Guru’
and ‘multi-body’ interface of theHADDOCKv2.4webserver53–56. The PDBs
of closed (PDB-IHM: 9A9J), partially open (PDB-IHM: 9A9K), or open
(PDB-IHM: 9A9L) MRNBD structural models obtained from previous
HADDOCK calculations43 and two hairpin dsDNA ensembleswere used as
the starting structures. Because the DNA double helix can adopt different
conformations,molecular dynamicswere used to increase the heterogeneity
of dsDNA structures. First, an initial model of the hairpin DNA was gen-
erated with 3D-NUS70. Then, an ensemble of 20 hairpin dsDNA structures
was created from a random selection of structures that were generated
during a 10 nsmolecular dynamics simulationusing theCHARMM27 force
field in GROMACS.WhenHADDOCK performs the docking simulations,
one of the structures from the ensemble of 20 is randomly selected for each
run.Additionally, all the nucleotides of theDNAwere definedas being ‘fully
flexible’ and C2 symmetry was enforced between the two hairpin DNAs in
the HADDOCK calculations.

InHADDOCK, ambiguous interaction restraints (AIRs) are defined as
the surface-exposed active and passive residues in a molecule, which take
part in the binding reaction. Active residues are identified as interface
residues, and passive residues correspond to their solvent-accessible
neighbors71. Active residues in the MRNBD complex were defined by the
solvent-exposed residues that experienced significantCSPs (i.e., greater than
1-times the standard deviation above the trimmed mean CSP) in the NMR
spectra upon DNA binding (Supplementary Fig. S5). Passive residues were
defined automatically by HADDOCK. All residues in the DNA were
defined as active residues, because it is not known which specific base pairs
contact MRNBD. For the HADDOCK docking simulations, the default ran-
domexclusion of 50%of theAIRswas used. Randomremoval of ambiguous
restraints provides a way to deal with noisy experimental data and
predictions54. Unambiguous restraints (i.e., distance restraints) between
MRNBD and the DNA were obtained from NMR PRE measurements, as
described above. 66% and 33% of the PRE-based distance were used for
lower and upper bounds, respectively. Such generous bounds were given
because we were unsure about the effects of minor state conformations on
the distance calculation from the PREs. These bounds also compensate for
the unknown position of the spin label. After parsing the unambiguous
restraints, the closed model based on our previously reported LRET struc-
tures had 43 restraints between each Rad50 and each DNA; the ‘apo’ closed
MR model had 59 restraints between each Rad50 and each DNA; the par-
tially open model had 112 restraints between each Mre11-Rad50 hetero-
dimer and each DNA; the open model had 92 restraints between each
Mre11-Rad50 heterodimer and eachDNA; the closedmodel with theDNA
loops pointed into the complex had 12 restraints between each Rad50 and
each DNA; the open model with DNA loops pointed into the complex had
42 restraints between eachMre11-Rad50heterodimer; and the closedmodel
with one DNA had no unambiguous distance restraints (see Supplemental
Information). During the rigid body energy minimization, 3000 structures
were calculated, and the 200 best solutions based on the inter-molecular
energy were selected for the semiflexible simulated annealing followed by
explicit water refinement. Refer to the Supplementary Information for a
detailed description of the rationale used for each structure calculation.
Figures of the structures were made in PyMOL (Schrödinger, LLC).

To obtain a nucleotide-free, apoMRNBD complex structure to use as an
input in HADDOCK, previously collected LRET distance restraints43 were
used to dock two apoRad50NBDs (PDB ID: 3KQR)32 to aMre11 dimer (PDB
ID: 3DSC with the DNA removed)29. The docking run was set up in
HADDOCK as described previously for the ATP-boundMRNBD complex43.
Briefly, the number of structures for rigid body docking (it0) was increased
to3000, otherwise all settingsusedweredefault. Linkers attaching theMre11
capping domain to the nuclease domain were allowed to be fully flexible
(Y222-V236, Y249-G254, and V266-F273). C2 symmetry was enforced
between the twoRad50NBDmonomers aswell as between the twomonomers
of the Mre11 dimer. AIRs between Mre11 and Rad50 were based on M.
jannaschii (PDB ID: 3AV0)36 andE. coli (PDB ID: 6S6V)38 ATP-γ-S- bound
MR structures. Passive AIRs were automatically defined by HADDOCK,
and all AIRs were set to the default of 50% random exclusion. LRET
distances43 were input as unambiguous restraints and defined as the Cβ-Cβ
distancebetween theLRET-labeled residues, ±5 Å, or, for distance restraints
greater than 75 Å, ±7 Å. In the crystal structure of the apo Rad50NBD

monomer, S93 and N744 have moved significantly (7 Å and 11 Å, respec-
tively) from their position in the AMP-PNP-bound Rad50NBD (PDB ID:
3QKU)32. Thus, LRET distance restraints utilizing these residues were
omitted from the HADDOCK docking parameters. In this HADDOCK-
calculated apo closedMRNBD complex (PDB-IHM: 9A9M), the apo Rad50s
do not form a fully closed dimer: theWalker A domain of one monomer is
close to, but not interacting with, the D-loopmotif of the secondmonomer,
similar to the recently reported cryo-EM structure of ATPγS-bound Ct
MRN40. Note, we also tried to generate models of partially open and open
MRNBD complexes using the apo Rad50 crystal structure. However, HAD-
DOCK always returned models with Rad50s oriented in a way such that
the Walker A domain and D-loop motif were pointing away from one
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another - conformations, which have not been observed in any other
structure of MR to date. We therefore did not use these models.

A reduced-χ2 function (χ2 ¼Pn
i¼1

ðdexp;i�dcalc;iÞ2=dcalc;i=df , where dexp
and dcalc are the experimental and back-calculated distance for each PRE (i),
respectively, and df is the degrees of freedom and is equal to the number of
unambiguous distances minus 6) was used to characterize the agreement
between the experimental distances calculated from the PREs and the cal-
culated distances from the HADDOCK models.

Finally, to test the robustness of the HADDOCK calculations, models
for the open, partially open, and closed bound to hairpin DNA were cal-
culated using only the PRE data (i.e., omitting the ambiguous restraints
derived from theCSPs). These calculations resulted inmodels with all-atom
root mean standard deviations of 2.76, 1.86, and 1.44 Å, respectively, from
themodels calculatedwithCPS-derivedambiguous restraints (Fig. 4),which
highlights the overall robustness of the HADDOCK modeling.

LRET complex formation assay
LRET experiments were based on our previously published study43. A single
cysteine, L51C, was introduced into wild-type Rad50NBD and each of the
mutant Rad50NBDs (S115E/S116E, K172E, R833E/R834E, and R868E) via a
modifiedQuikChange (Agilent) approach.Theproteinswere expressed and
purified as described above, except a reducing agent (1mMDTT or TCEP)
was added to the purification buffers. Next, L51C-containing Rad50NBDs
were labeled with either Tb3+ chelate DTPA-cs124 EMPH (donor, Lan-
thaScreen, Life Technologies, Inc.) or Bodipy FL maleimide (acceptor,
Invitrogen) by mixing 100 µM solutions of each protein in degassed
Labeling Buffer (25mM Tris-HCl, 100mM NaCl, 10% glycerol, 1mM
TCEP, pH 8) with a two-fold molar excess of label and incubating the
reactions in the dark for 2 hr at room temperature. Unreacted label was
removed via a 5mL HiTrap Desalting column (Cytiva). For LRET mea-
surements, 2 µMMre11 (either full-length or nuclease and capping domain
construct aa1-342) was combined with 1 µM Tb3+-Rad50NBD and 1 µM
Bodipy-Rad50NBD to make 1 µM M2R

NBD
2 complex in 50mM HEPES,

100mMNaCl, 5mMMgCl2, 0.1mMEDTA,1%glycerol, and1mMTCEP,
pH7buffer.Mre11mutantsweremixedwithwild-typefluorophore-labeled
Rad50NBDs, and thefluorophore-labeledRad50NBDmutantsweremixedwith
wild-type Mre11. 60 µL MRNBD complexes were heated at 60 °C for 15min
and then split into two 30 µL reactions. 2 mMATPwas added to one of the
reactions and heated at 50 °C for 10min. After an additional 10min
incubation at room temperature, both reactions were transferred into a
black, flat-bottomed 384-well plate. The plate was spun for 1min at 500 x g
before being loaded into a BioTek Synergy Neo2 plate reader (Agilent),
where the samples were read for Time-resolved fluorescence (100 µsec
delay, 1000 µsec data collection). Two reads were taken: ex337(20)/
em490(20) for donor DPTA-Tb3+ fluorescence and ex337(20)/em515(20)
for donor-sensitized acceptor Bodipy fluorescence. Since the Tb3+ emission
is long-lived and the emission fluorescence is not read until after a 100 µsec
delay, there was no need to correct for direct excitation of Bodipy. Thus,
LRET efficiency (E) was calculated as

E ¼ F
F þ D

where F is the Bodipy fluorescence (due to LRET) andD is the fluorescence
of the donor.

DNA binding assay
dsDNAbinding to theMRcomplexwasassayedasachange in thefluorescence
polarization (FP) of a 5’-FAM (carboxyfluorescein)-labeled 40-mer dsDNA
(5′-FAM-GTGTTCGGACTCTGCCTCAAGACGGTAGTCAACGTGCTT
G-3’ annealed to an unlabeled complementary strand; IDT) upon protein
binding. Full-lengthMRorMRNBDwas titrated into 30 µL reactions containing
25 nM FAM-dsDNA substrate and 50mM HEPES, 100mM NaCl, 1mM
MnCl2, 0.1mM EDTA, 1% glycerol, 0.1% PEG-6000, pH 7. For dsDNA
binding in thepresenceofATP, closedPfMRNBDwas formedby furtherheating

the protein complex at 50 °C with 5mMMgCl2 and 1mM ATP for 15min.
5mM MgCl2 and 1mM ATP was also included in the binding buffer. All
binding reactions were incubated 15min at room temperature and FAM FP
was detected in the BioTek Synergy Neo2 plate reader using the FP 485/530
filter. FP data were fit to the Hill equation for binding:

FP ¼ FP0 þ FPmax � FP0

� � ½DNA�n
Kn

D þ ½DNA�n

where [DNA] is the concentration of DNA, KD is the dissociation constant,
n is the Hill coefficient, FP0 is the FP in the absence of protein, and FPmax is
FP at maximum binding.

Mre11 nuclease assays
First,Mre11 nuclease activitywas assayed bymonitoring thefluorescence of
a 2-aminopurine (2-AP) nucleotide incorporated into a blunt-ended 29-
mer dsDNA21,29. The dsDNA substrate was formed by annealing equimolar
amounts of the twoDNAstrands (5′-GGCGTGCCTTGGGCGCGC(2-AP)
GCGGGCGGAG-3′ and 5′-CTCCGCCCGCTGCGCGCCCAAGGCAC
GCC-3′; IDT). The2-APcannotfluoresce until it is released fromthedouble
helix, in this case because of Mre11 nuclease activity. Each 30 µL nuclease
reaction was set up in a 1.5 mLmicrocentrifuge tube and contained 0.5 μM
MRand 1 μM2-AP dsDNA substrate in a Reaction Buffer (50mMHEPES,
100mM NaCl, 5mM MgCl2, 1mM MnCl2, 1% glycerol, pH 7) with or
without 1mMATP. Reactions were incubated at 62 °C for 30min in a heat
block, then cooled on the bench for 2min before centrifuging at max speed
for 1min. 25 µLof each reactionwas transferred into black,flat-bottom384-
well plates (Corning) and 2-AP fluorescence was quantified by a BioTek
Synergy Neo2 plate reader (ex310/em375). Raw relative fluorescent units
were converted into pmols of 2-AP released per min based on a free 2-AP
standard curve in nuclease reaction buffer.

Mre11nuclease activitywas also assessedbydenaturingPAGE.Here, the
substrate was a blunt-ended 50-mer dsDNAwhere one strand was 5’-labeled
with Alexa Fluor 647 and had five phosphorothioate linkages at the 3’-end22

(5’-/5Alex647N/ CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGT
AAGACAGGCCsAsGsAsTsG-3’; IDT). This was annealed to a com-
plementary strand containing a 5’-FAM fluorophore (5’-FAM/CATCTGGC
CTGTCTTACACAGTGCTACAGACTGGAACAAAAACCCTGCAG-3’;
IDT). Nuclease reactions were set up as abovewith this substrate and allowed
to proceed for 45min at 62 °C. After incubation, 1.5 µL of each reaction was
added to28.5 µLReactionBuffer containing20mMEDTA.Then30 µLof 2X
LoadingBuffer (8Murea, 20mMEDTA,6%Ficoll)was added. Finally, 20 µL
of each sample (0.5 pmols DNA) was loaded onto 15% denaturing poly-
acrylamide gels. Gels were run in 1X TBE at 20W for 3.5 hr before being
imaged for Alexa Fluor 647 and FAM fluorescence on a Cytiva Typhoon 5.0.

ATP hydrolysis assay
Rad50ATPhydrolysis assayswere performed in 50mMTris, 80mMNaCl,
1% glycerol, and 5mMMgCl2, pH 7.5. 60 μL reactions containing 2.5 μM
MRcomplex and 0–300 μMATPwere incubated in 1.5mLmicrocentrifuge
tubes for 60min at 62 °C, then cooled on ice. Reactions without protein at
eachATP concentration (i.e., anATP-only titration) were included for each
experiment as a control forATPdegradation and PO4 contamination. After
centrifuging, 50 µL of each reactionwas transferred to thewells of clear,flat-
bottom 96-well plates (Greiner) and 100 µL of cold BIOMOL Green (Enzo
Lifesciences) colorimetric reagentwas added. The plates were centrifuged at
500× g for 1min and theBIOMOLreactionwas allowed toproceed at room
temperature for 30min. The amount of inorganic phosphate in the sample
was quantified by measuring the BIOMOL Green absorbance at 640 nm
(A640) in a BioTek Synergy Neo2 multi-mode reader using the path length
correction function. A640 values were corrected by subtracting the A640

values of theATP-only reactions at eachATP concentration. This corrected
A640 was then transformed into pmols of PO4 released/min based on a PO4

standard curve incubated in BIOMOL Green reagent for 30min at room
temperature. Plots of pmolPO4 released/min (vo) versusATPconcentration
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([ATP]) were fit to the Michaelis-Menten equation, including a Hill coef-
ficient (n):

Vo ¼ Vmax ½ATP�n
Kn

m þ ½ATP�n

where Vmax is the maximum velocity and Km is the Michaelis-Menten
constant. To determine the extent to which the ATP hydrolysis reaction
was stimulated by DNA, 2.7 µg of EcoRI-linearized and ethanol-
precipitated pRS413 plasmid (ATCC plasmid no. 87518, New England
Biolabs)72 was included in the reaction. This corresponds to 0.029 µM
DNA ends so that MR (2.5 µM) is in excess in the reaction. Note, Mre11
is inactive as a nuclease in this assay as the reaction buffer does not
contain Mn2+. To limit the BIOMOLGreen signal to the linear part of the
curve, the concentration of WT MR and mutant MR complexes that
showed significant stimulation was decreased to 0.625 µM in the
reaction, and the reactions were allowed to proceed for only 45min at
62 °C. These differences were accounted for in the subsequent data
transformations to obtain pmol PO4 released/min. Fold stimulation for
WT MR complex and each mutant complex was calculated by dividing
the Vmax of the reaction in the presence of DNA by the Vmax of the
reaction without DNA.

Statistics and Reproducibility
All statistical analyses forNMRand activity assay data were performedwith
in-house python scripts and GraphPad Prism software, version 10.4,
respectively. Information regarding the curve fits used for each dataset and
the number of replicates is in the respective figure legends. Data are pre-
sented as mean ± SEM (standard error of the mean) where appropriate.
Replicates are defined asmeasurements from independent experiments. All
experiments were readily reproducible.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The atomic coordinates for the apo Rad50 nucleotide-free, DNA-free
MRNBD (9A9M) and DNA-bound closed (9A9N), partially open (9A9O),
open (9A9P), and apo (9A9Q)MRNBD complexes have beendeposited in the
PDB-IHM. NMR data, in-house python scripts for analyzing NMR data,
and PDB files of the structures can be found at https://doi.org/10.13020/
kxvq-0720. Source data for NMR graphs are included as Supplementary
Data S1 and Supplementary Data S2. Source data for the activity assay
graphs are included as Supplementary Data S4.

Code availability
In-housepython scripts for analyzingNMRdata andpreparingunambiguous
distance restraint for HADDOCK can be found at https://doi.org/10.13020/
kxvq-072073 or https://github.com/michaellatham77/LathamLabScripts74.
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