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Mre11 and Rad50 (M/R) proteins are part of an evolutionarily
conserved macromolecular apparatus that maintains genomic
integrity through repair pathways. Prior structural studies have
revealed that this apparatus is extremely dynamic, displaying
flexibility in the long coiled-coil regions of Rad50, a member of
the structural maintenance of chromosome (SMC) superfamily of
ATPases. However, many details of the mechanics of M/R chromo-
somal manipulation during DNA-repair events remain unclear.
Here, we investigate the properties of the thermostable M/R com-
plex from the archaeon Sulfolobus acidocaldarius using atomic
force microscopy (AFM) to understand how this macromolecular
machinery orchestrates DNA repair. While previous studies have
observed canonical interactions between the globular domains of
M/R and DNA, we observe transient interactions between DNA
substrates and the Rad50 coiled coils. Fast-scan AFM videos (at
1-2 frames per second) of M/R complexes reveal that these inter-
actions result in manipulation and translocation of the DNA sub-
strates. Our study also shows dramatic and unprecedented ATP-
dependent DNA unwinding events by the M/R complex, which
extend hundreds of base pairs in length. Supported by molecular
dynamic simulations, we propose a model for M/R recognition at
DNA breaks in which the Rad50 coiled coils aid movement along
DNA substrates until a DNA end is encountered, after which
the DNA unwinding activity potentiates the downstream homolo-
gous recombination (HR)-mediated DNA repair.

homologous recombination | atomic force microscopy | DNA repair |
protein—nucleic acid interaction

he Mrell/Rad50 (M/R) DNA-repair complex is an essential

molecular machine critical for cellular viability and chro-
mosomal maintenance and is conserved in all divisions of life;
the bacteria, archaea and eukaryotes (1-5). The robust and
stoichiometric association of the Mrel1l nuclease and the Rad50
ATPase ensures that they function together to coordinate the
recognition and subsequent processing of DNA damage during
the initial stages of DNA repair (4, 6, 7). This chromosomal sur-
veillance apparatus is one of the first complexes to be recruited to
cytotoxic DNA double-strand breaks (DSBs) (8, 9) and acts both
as a DNA-damage sensor and also as a key driver of the DNA-
damage response (8-10).

Insight into how the M/R machinery senses and processes
broken chromosomes has been provided by structural studies in
which thermophilic archaeal homologs of M/R are used (2, 4, 6,
11-14). These investigations have shown that the M/R assembly
is dynamic, alternating between dramatically contrasting “open”
and “closed” structural conformations, mediated by movements
within the globular tetrameric core of the complex. This globular
core, which consists of a dimer of Mrell and Rad50 dimers, has
well-established roles in the interaction with the DNA substrates
(15, 16). The binding, hydrolysis, and release of ATP at the
Rad50 catalytic sites drive the transition between these two
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opposing states, thereby influencing the accessibility of DNA
substrates to the catalytic regions of Mrell and Rad50 (15-17).

In addition to catalytic roles, the M/R complex also performs
essential architectural functions to mediate chromosomal bridging
and tethering during the repair events. Rad50 proteins belong to
the structural maintenance of chromosome (SMC) superfamily of
ATPases (18, 19), which includes the condensins and cohesins in
eukaryotes (20, 21), and MukB and RecN in prokaryotes (22).
SMC proteins are characterized by two globular ATPase domains,
located at the N- and C-termini, which are separated by long
antiparallel coiled-coil regions. These regions bend around a
central feature of SMC proteins known as the “hinge” region (23),
or the analogous but structurally distinct “zinc-hook™ region lo-
cated in Rad50 proteins (24), bringing the two globular domains
together. Unique to the Rad50 family, this zinc-hook region har-
bors cysteine residues in a “CXXC” motif that is capable of co-
ordinating zinc ions (24). The two Rad50 zinc hooks within one
tetrameric complex can interact intramolecularly via coordination
of a central zinc ion to form a closed ring structure reminiscent of
cognate SMC closed-ring arrangements (24-27). Alternatively, the
Rad50 zinc-hook interactions can occur intermolecularly to tether
the two ends of the DNA break or to facilitate the pairing of the
two homologous chromosomes during the homologous repair

Significance

The Mre11/Rad50 (M/R) complex forms the core of an essential
DNA-repair complex, conserved in all divisions of life. Here we
investigate this complex from the thermophilic archaeon Sul-
folobus acidocaldarius using real-time atomic force microscopy.
We demonstrate that the coiled-coil regions of Rad50 facilitate
M/R interaction with DNA and permit substrate translocation
until a free end is encountered. We also observe that the M/R
complex drives unprecedented unwinding of the DNA du-
plexes. Taking these findings together, we provide a model for
how the M/R complex can identify DNA double-strand breaks
and orchestrate repair events.

Author contributions: E.Z., .M., M.J.W., J.M.E., N.P.R., and R.M.H. designed research; E.Z.,
.M., M.J.W,, S.M.B., S.K.Y., D.P., and N.P.R. performed research; E.Z. and M.J.W. analyzed
data; and E.Z., .M., J.M.E., N.P.R., and R.M.H. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution License 4.0
(CCBY).

Data deposition: Raw data associated with this paper have been deposited in the Apollo,
University of Cambridge Repository (https:/doi.org/10.17863/CAM.50188).

"To whom correspondence may be addressed. Email: n.robinson2@lancaster.ac.uk or
rmh1003@cam.ac.uk.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1915598117/-/DCSupplemental.

First published June 15, 2020.

www.pnas.org/cgi/doi/10.1073/pnas. 1915598117


https://orcid.org/0000-0002-8482-7501
https://orcid.org/0000-0002-2914-9971
https://orcid.org/0000-0002-5295-7811
https://orcid.org/0000-0002-6094-1924
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1915598117&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/https://doi.org/10.17863/CAM.50188
mailto:n.robinson2@lancaster.ac.uk
mailto:rmh1003@cam.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915598117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1915598117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1915598117

(HR)-mediated repair event (4). Atomic force microscopy (AFM)
and electron microscopy studies of M/R complexes have revealed
that the Rad50 coiled coils undergo dramatic and long-range
rearrangements upon either DNA binding or ATP hydrolysis
and promote intermolecular connections to establish chromo-
somal tethering (24, 28-30). Furthermore, long-range allosteric
communication between the ATPase domains and the hook/hinge
regions via the coiled-coil regions (11) seems to play important
roles in the biological functions of both the complexes and the
cognate SMC proteins (23, 31).

In this study, we use fast-scan AFM (FS-AFM; 1-2 frames per
second) in fluid to examine the M/R complex from the ther-
mophilic crenarchaeote Sulfolobus acidocaldarius to gain insights
into the dynamic molecular interactions of the complex with
DNA. Our data reveal that archaeal complexes use the Rad50
coiled-coil regions adjacent to the zinc-hook apex to bind to,
manipulate, and traverse linear double-strand DNA (dsDNA)
molecules until the substrate termini (equivalent to DSBs) are
identified. We investigate these binding events further by mo-
lecular dynamics (MD) simulations, which confirm that the wild-
type (WT) M/R is capable of tracking along dsDNA using its
Rad50 zinc-hook apex. Our study provides insights into a newly
established DNA-tracking activity of the complex (32) which
helps explain how the complex locates to DNA ends and DSBs.
Our analyses also reveal that this archaeal DNA-repair complex
can drive an unprecedented degree of unwinding of DNA duplex
templates in an ATP-dependent manner. On the basis of our
observations, we propose a model of M/R action during DSB
break repair. We suggest that M/R complexes can act together
during DNA repair to coordinate identification of the DSB by
traversing to the DNA end while concomitantly unwinding the
homologous chromosome to facilitate the strand-invasion steps
of HR.

Results

Structural Analyses of the Archaeal Mre11/Rad50 Complex from S.
acidocaldarius Using AFM Imaging in Fluid. We report four differ-
ent classes of architectural arrangements for the S. acid-
ocaldarius Mrel11/Rad50 (M/R) complex (Fig. 1 A, i—iv). In the
first class, the two Rad50 coiled coils protruded from the glob-
ular tetrameric core of the complex but these did not join
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intramolecularly via the zinc hooks, adopting a “winged” con-
formation (Fig. 1 A, i). In the second arrangement, the Rad50
coiled coils again protruded from the globular domains of the
tetramer, but the coiled-coil apices associated intramolecularly
at the zinc hooks to form a closed “ring” shape (Fig. 1 4, ii). The
third “dumbbell” conformation was a distinct architectural ar-
rangement in which two distal M/R heterodimeric globular do-
mains were observed, connected by the long coiled-coil regions
via the zinc hooks; the two globular M/R domains remained
separated in this conformation (Fig. 1 A4, iii). Without the di-
merization at the zinc hooks, the dumbbell form is reduced to the
fourth conformation, a “half-dumbbell” arrangement (represen-
tative of single heterodimers) (Fig. 1 A4, iv). Furthermore, M/R
oligomers consisting of multiple heterotetramers in the ring or
winged conformations were observed in our study of the S. acid-
ocaldarius complex (e.g., an oligomer of five heterotetramers in
the ring arrangement is displayed in Fig. 1 A4, v). A gel filtration
profile and analysis of the oligomeric state of M/R complexes
using SEC-MALS (size exclusion chromatography—multiangle
light scattering) and volume analysis from AFM data are incor-
porated in SI Appendix, Fig. S1, Table S1, and Note S1. SI Ap-
pendix, Table S2 quantifies the number of particles in different
arrangements. A comparison of the oligomerization among dif-
ferent species appears in SI Appendix, Table S3.

Measurement of the individual and connected Rad50 coiled
coils (Fig. 1B) showed the length of an individual Rad50 coiled
coil and two connected coiled coils to match their predicted
lengths (full details in legend to Fig. 1).

Archaeal M/R Localization at DNA Ends and DNA Tethering Is
Facilitated by the Rad50 Coiled Coils. The interaction of the wild-
type M/R complexes with a linear dsSDNA substrate was visual-
ized by AFM imaging in dry conditions after incubation in the
presence or absence of 3 mM adenosine triphosphate (ATP) or
nonhydrolyzable ATP analog adenosine 5'-(B, y-imido) tri-
phosphate (AMP-PNP) (Fig. 2). The wild-type complex showed
similar binding events onto the DNA substrate under three dif-
ferent experimental regimes (buffer only, 3 mM ATP, 3 mM
AMP-PNP) (Fig. 2.4A-C). DNA binding occurred via the globular
catalytic head of the protein complex, with the coiled coils of
Rad50 commonly extending from the DNA substrates (Fig. 2A4-C).

Fig. 1. Structural analyses of the S. acidocaldarius
Mre11/Rad50 complex using AFM imaging in fluid.
(A, i-v) S. acidocaldarius Mre11/Rad50 (M/R) hetero-
tetramer molecules display four different architec-
tural arrangements and also higher-order oligomers.
Two-dimensional (Top) and three-dimensional (Bot-
tom) AFM images of each individual structure: (i)
winged, (ii) ring, (iii) dumbbell, (iv) half-dumbbell
arrangements, and (v) oligomeric form. (Scale bar:
20 nm.) (Height scale bar: 2 nm [dark to light].) (B)
Comparison of the calculated (black) and measured
(gray) length of the Rad50 coiled coils. Measured
length of an individual Rad50 coiled coil (n = 100) is
34.18 + 4.64 nm; length of two connected coiled
coils (n = 106) is 67.67 + 10 nm, each result resembles
the calculated lengths of 35.1 and 67 nm, respec-
tively. (C) Distances (measured by EM or AFM) between
two DNA strands, if bridged by connected Rad50 coiled
coils from different species: (Left to Right) Eukaryotic
Rad50 ~1,200 A; P. furiosus Rad50 ~600 A; S. acidocaldarius
Rad50 ~670 A; and bacterial SMC protein MukB from
E. coli ~490 A.
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Fig. 2. Wild-type Mre11/Rad50 binds primarily to
DNA ends via the globular domains. (A, i-iii) S.
acidocaldarius wild-type Mre11/Rad50 (M/R) hetero-
tetramer molecules binding to linear dsDNA. Three
types of binding event are observed (A-C), in either
the presence or absence of ATP or AMP-PNP: (/) M/R
(black arrow) located at an open DNA end; (i) M/R
(black arrow) binding joins the two ends of a DNA
molecule forming a closed circle; (iii) M/R (red arrow)
bound at an internal location on the DNA template.
Middle example shows an M/R complex creating an

Fraction of Mre11-Rad50 bound to dsDNA

Buffer only AMP-PNP | Buffer only

Wild-type Mre11-Rad50 MR(Acc) mutant

A volume analysis to quantify the number of wild-type complexes in
different events shown in Fig. 24 appears in SI Appendix, Fig. S24
and Note S2.

These DNA-binding events were classified into three distinct
groups (Fig. 2 A, i—iii). In the first group, the M/R complex
bound at the ends of the linear DNA substrate (Fig. 2 A4, i). In
the second group, the wild-type complexes bound to the two
opposing ends of the linear DNA duplex and associated to form
a closed DNA circle (Fig. 2 A4, ii). Interestingly, we only observed
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M/R-DNA
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end other| end other| end other| end other| end other| end other

AMP-PNP

complex

M/R complexes

DNA

extended dsDNA loop by contacting two internal
sites on the same DNA molecule (blue circle). Right,
shows a similar but smaller dsDNA loop (blue circle)
formed when the complex binds to sites located
closer together than in the first example. (B, i-iii)
The Rad50 coiled-coil truncated mutant MR(Acc)
binds to linear dsDNA (3 kb) at both free DNA ends
and internal locations along the duplex. Images de-
pict DNA-binding reactions in the presence of 3 mM
AMP-PNP. Black arrows (ii and iii) indicate MR(Acc)
situated at free dsDNA ends. Red arrows (i and jii)
point to mutant complexes associating with other
internal locations. (Scale bar in A and B: 100 nm.)
(Height scale bar, 2 nm [dark to light].) (C) Bar chart
showing the binding location (DNA end or other
location along the linear dsDNA) of the wild-type S.
acidocaldarius Mre11/Rad50 heterotetramer (gray)
and the MR(Acc) mutant (red), in reaction buffer, or
in the presence of 3 mM ATP or AMP-PNP. Error bars
represent SEM.

bridging between the two DNA ends when assemblies of several
complexes were present (33). In the last group, the M/R complex
bound to the linear DNA template at internal regions other than
the free DNA ends (Fig. 2 A, iii). Within this group, 35 + 5% of
the wild-type complexes (n = 746) interacted with the same DNA
substrate at more than one position (blue circles in Fig. 24, iii)
and these associations resulted in the formation of dsDNA loops
of various sizes. Crucially, in addition to the DNA binding of
M/R complexes via intermolecular zinc-hook associations that

M/R-DNA
interaction C — MIR-DN_A
area interaction

v area

Fig. 3. (A-D) Associations of the M/R complex with
DNA substrates via the Rad50 coiled-coil apices.
Wild-type Mre11/Rad50 (M/R) complexes tethering
DNA through Rad50 coiled-coil apices. The Rad50
coiled coils protrude from the globular part of the
M/R complex and extend toward the DNA template.
Red circles in the cartoon models highlight the lo-
cation of the M/R-DNA interaction through coiled
coils. (Scale bar: 50 nm.) (Height scale bar: 2 nm [dark
to light].)
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have been described previously, we also observed direct DNA-
binding events between the coiled-coil regions of Rad50 and the
DNA substrate (described below).

For each of the three experiments, the binding location of the
M/R molecules along the DNA substrates was determined by
measuring the distance from the DNA end to the location of the
bound protein complex (Fig. 2C). In each of the conditions, the
proportion of M/R molecules that bound at the free DNA ends
was significantly higher than the number that bound to “internal”
nonend regions of the DNA duplex (numeric details in SI Ap-
pendix, Note S3).

These DNA-binding investigations were next repeated using a
mutant M/R complex MR(Acc) (with truncated coiled coils
where the native zinc-hook region is still present) (Fig. 2 B, i—iii
and Fig. 2C). This complex was capable of associating with the
free DNA ends and could also bind at internal locations along
the substrate (Fig. 2 B, i-iii). In contrast to results for the wild-
type complex, no statistically significant preference for binding to
free dsDNA ends was observed for the MR(Acc) mutant, re-
gardless of the buffer conditions used (Fig. 2C; numeric details in
SI Appendix, Note S3). Interestingly, the increased propensity for
the WT complex to locate to DNA ends when compared with the
MR(Acc) complex suggests that the full-length coiled-coil do-
mains are important for the observed distribution at the DNA
ends. Furthermore, the MR(Acc) complexes failed to form the
DNA loops or bridges between two or more DNA ends, that we
observed with the full-length WT complex analyses (Fig. 2 A4, ii
and iii). This confirms that full-length Rad50 coiled coils are
required to tether two DNA ends together (17, 24, 34).

Real-Time FS-AFM Imaging of DNA Binding of the Archaeal Mre11/
Rad50 Complex via the Coiled-Coil Apices. In addition to the ca-
nonical DNA binding via the catalytic globular M/R domain, we
also observed unexpected interactions of M/R complexes with
DNA via their coiled-coil apices (Fig. 3 A-D). In these instances,
the Rad50 coiled coils extended from the globular part of the
complex and their apices interacted with the DNA, in some in-
stances tethering two DNA molecules when M/R oligomers as-
sembled (Fig. 34). To investigate these events further, DNA-M/R
complexes were imaged using FS-AFM in fluid and the binding
activity was observed over ~30 min. DNA was deposited on a mica
surface functionalized with aminopropyl silatrane (APS) which
enables the attachment of negatively charged DNA via its positively
charged amino groups in the pH range of stable DNA duplexes
(35). Three examples of movies (Movies S1-S3) and represen-
tative image sequences (Figs. 44 and 5 and SI Appendix, Fig. S4)
are presented.

In the first example (Movie S1 and Fig. 44), we observed
Rad50 coiled coils extending from the globular core of an olig-
omeric M/R assembly interacting with the dsDNA (Fig. 44, red
circles). The contact points with the DNA substrate shifted
throughout the observation time, indicating a dynamic interac-
tion during which several different coiled coils connected with
and dissociated from the substrate. The coiled-coil apices
seemingly bind and disengage from the double helix, alternating
between the two conditions along the dsDNA template (Movie
S1). Furthermore, in the first 24 min, the DNA template seems
to be physically displaced (as exemplified by the movement of
the DNA template toward the right of the frame in Movie S1). In
this example, at the timepoint 24:30 (minutes:seconds) a second,
larger M/R aggregate became attached to the mica close to the
dsDNA. Upon arrival, the coiled-coil apices of this second M/R
complex also interacted with the DNA template (Fig. 44, blue
circles). These coiled-coil apices also seemed to exert a pulling
force upon the dsDNA substrate, physically shifting it at two
disparate points of interaction; the first of these interaction sites
was eventually released at 25:30 min (Fig. 44). The second
contact point of a different Rad50 coiled coil, which associated
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with the dsDNA free end, remained uninterrupted throughout
the remainder of the observed period (Fig. 44, timepoints 25:00
to 29:00, blue circle).

To further assess and quantify the interaction sites between
the Rad50 coiled coil and the dsSDNA molecule, we measured
the height of the dsDNA substrate alone, that of the Rad50
coiled coils in the absence of DNA, and that of dSDNA at points
of interaction with the Rad50 coiled coil during the scan of
Movie S1 (as presented in SI Appendix, Fig. S3). The resulting
graph is shown in Fig. 4B. The height of the DNA at the point of
contact with the coiled-coil apices of Rad50 (Fig. 44, red circles)
changed over time in an “oscillating” binding pattern. The lowest
height in this oscillation corresponded to the height of the
dsDNA substrate alone, and the greatest height corresponds to
the sum of the mean height of the dsDNA substrate plus the
mean height of Rad50 coiled coils (Fig. 4B, details in legend).
This pattern indicates transient interactions between the Rad50
apices and the DNA substrate and accords with the interpreta-
tion of the binding and disengaging movement along the dsDNA
template described above.

Movie S2 together with the corresponding Fig. 5 illustrates a
further example of DNA template translocation on the mica due
to association with the M/R protein complexes via the Rad50
coiled-coils apices. Here, we observed the arrival of an M/R
oligomer that appears to bind the dsDNA substrate via canonical
associations at the globular domains, although notably a second
attachment is made via the coiled-coil regions forming a DNA
loop (Fig. 5, red circles). These binding events resulted in a
marked translocation of the DNA substrate across the mica sub-
strate despite the APS attachment, suggestive that mechanical
forces generated by the M/R complex are involved. Further dra-
matic movements of the DNA substrate were observed coincident
with the arrival of additional M/R oligomers (e.g., at 6:00 min and
24:30 min). In all examples the Rad50 coiled coils again perform a
binding and disengaging action, shifting the DNA duplex in dif-
ferent directions within the observed area over the time course
of 30 min.

In the third example (Movie S3 and the corresponding image
sequence in SI Appendix, Fig. S4), the free DNA ends of the
linear (5.4 kb) dsDNA were repositioned by the M/R oligomeric
complexes, and again transient DNA associations with the Rad50
coiled-coil apices appeared to be involved in these movements. In
this example it was particularly evident that one of the ends of the
DNA substrate (colored in red in SI Appendix, Fig. S4) was im-
mediately repositioned toward the left side of the observation
frame on arrival of a first M/R oligomer (10:00, SI Appendix, Fig.
S4) but in contrast was then rapidly translocated back toward the
right of the frame following the arrival of two additional M/R
oligomers (time 10:30, ST Appendix, Fig. S4). Throughout the re-
mainder of the observation time, this end of the DNA substrate
was then translocated stepwise back toward the left side of the
observation frame, again through binding and disengaging, as
observed in the other examples.

The other free DNA end (colored blue in SI Appendix, Fig. S4)
underwent less pronounced movements, but at 18:00 a portion of
this section of the DNA formed a loop which was drawn left
toward the newly arrived M/R oligomers via association with the
coiled-coil apices (top right edge of blue box, SI Appendix, Fig.
S4). We noted that following the arrival of the first M/R oligomer
at 10:00, there was at least one stable DNA—-protein contact point,
likely via the globular domains of the complex (orange region, S
Appendix, Fig. S4), at which the DNA remained throughout the
whole imaging time. However, in contrast, transient and dynamic
DNA binding was observed in general between the M/R com-
plexes and the substrate, which involved DNA interactions via the
Rad50 coiled-coil apices.

In order to quantify the increased movements of the DNA
substrate via this transient binding by the M/R protein complex
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during FS-AFM imaging in fluid conditions, and to control for
DNA movement in the absence of protein, the contour of the
DNA duplex (5.4 kb) on the APS mica surface was tracked be-
fore and after addition of the protein sample in two independent
examples (SI Appendix, Fig. S5). The DNA contours were cap-
tured in 30-s intervals. In examples without the M/R complex,
the x,y coordinate position of the DNA substrate on the mica
surface moved minimally. In clear contrast, the DNA substrate
dramatically shifted position on the mica surface upon addition
of the complex and continued to be moved throughout the ob-
served period (SI Appendix, Fig. S5 A and B). However, this
increased movement of DNA is only observed if the protein
molecules attach to the mica close enough to interact with DNA
via the coiled coils. If the M/R complexes land too far away from
the DNA (as seen in Movie S4), no significant movement of the
DNA molecule is observed.

It is noteworthy that in these FS-AFM analyses in fluid, in-
dividual M/R complexes also interact with each other via the
canonical intermolecular association of their Rad50 coiled-coil
ends. We observed that the extended Rad50 zinc hooks of the
winged M/R conformations could associate with M/R ring ar-
rangements, in a manner reminiscent of the “loops” and “hooks”
in “Velcro-like” fastenings (aquamarine circles, Fig. 5). Similar
binding interactions have been observed with human M/R
intercomplexes, which also associate via Rad50 zinc hooks (34),
although our FS-AFM analyses reveal that these associations can
be extremely transient and dynamic.

14940 | www.pnas.org/cgi/doi/10.1073/pnas.1915598117

Oscillating interaction between dsDNA
and Rad50 coiled-coil apex (horizontal
line depicts average reading)

Average height dsDNA

Fig. 4. Real-time FS-AFM imaging of DNA binding
and translocation following association with the
Rad50 coiled-coil apices of the wild-type M/R com-
plex (example 1). (A) Selected images from Movie S1
captured in fluid over 29 min (00:00 to 29:00). The
wild-type M/R interacts with the DNA substrate via
the Rad50 coiled-coil apices. Following the initial
interaction with the DNA duplex (00:30), sustained
contact via the Rad50 coiled coils is observed in
subsequent frames (cartoons below, red-shaded cir-
cles). Examination of individual Rad50 apices reveals
a pattern of alternate binding and disengagement
from the DNA substrate resulting in the intermittent
movement displacing the DNA strand (also see B and
Movie S1) from Left to Right (cartoons, blue dotted
arrows). A second M/R protein oligomer arrives at
the observed area (24:30) and binds to another re-
gion of the DNA strand via the ends of Rad50 coiled
coils making two different contact points (cartoons:
blue shaded circles, 1 and 2). This Interaction causes a
transient pulling of the DNA substrate toward the
newly arrived protein complex at the first contact
point (blue-shaded circle, 1) (24:30 to 25:00). Although
this DNA-coiled coil interaction site is eventually re-
leased (25:30), the DNA molecule stays tethered to the
second M/R aggregate via the other contact point (the
DNA end is eventually stably bound at this point: 25:30
to 29:00, blue-shaded circle, 2). Time in minutes and
seconds. (Scale bar: 50 nm.) (Height scale bar: 2 nm
[dark to light].) (B) Measurements of the height of the
DNA molecule at the observed point of contact with the
coiled-coil apices of Rad50 in Movie S1 (A, red-shaded
circles) reveal an oscillating pattern of interaction. The
lowest points of the oscillation are similar to the height
of the dsDNA alone (0.77 + 0.10 nm, horizontal black
lines), the highest peaks of the oscillation occur at 1.1 +
0.20 nm (horizontal red line), a value corresponding to
the sum of the average height of the dsDNA plus the
average height of a Rad50 coiled coil (0.57 + 0.13 nm,
not shown). The periodic height variation indicates al-
ternate engagement and disengagement of the Rad50
apices from the double-helix substrate.

Molecular Dynamics Simulation and Electrophoretic Mobility-Shift
Assays. A classical MD method was used to further investigate
the interactions observed with AFM imaging between the
Rad50 coiled-coil apex and a dsDNA blunt-ended molecule (S
Appendix, Fig. S64). The aim of this was to identify structural
aspects of the interaction between the apex of a wild-type Rad50
monomer encompassing the central zinc-hook motif, (modeled
using the Pyrococcus furiosus Rad50 crystal structure; Protein
Data Bank [PDB]:1L8D) (36) and a 20-mer piece of simulated
dsDNA. From five 100-ns simulations, the orientation of the
Rad50 relative to the dsSDNA was examined. These simulations
showed that the modeled Rad50 zinc-hook head should be ca-
pable of tracking along the minor groove of DNA until the DNA
end is encountered, thereby providing one plausible mechanism
for facilitating the increased localization of wild-type M/R to
DNA ends (SI Appendix, Fig. S64 and Fig. 2). The modeling was
also consistent with a positively charged zinc ion (held by the
cysteine residues at the zinc hook) interacting with the negatively
charged sugar-phosphate backbone of the DNA via Coulombic
interactions (SI Appendix, Fig. S6A4). Taken together, the find-
ings of the molecular dynamics modeling are consistent with the
mode of binding observed with AFM.

In order to confirm the interaction between the coiled-coil
regions abutting the zinc-hook region and DNA, we generated
a construct (Zn231) which is representative of a 230-amino acid
coiled-coil region including the centrally located CXXC zinc
hook. We demonstrated by electrophoretic mobility-shift assay
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(EMSA) that this region of Rad50 is able to bind to a 400-bp
DNA substrate and we approximated the Kp of this association
at about 4 uM (see SI Appendix, Fig. S7 for further details).

AFM Visualization of ATP-Dependent DNA Strand Separation
Mediated by Mre11/Rad50 Complexes. We found direct evidence
of DNA strand separation by S. acidocaldarius M/R proteins as a
result of ATP hydrolysis. When wild-type S. acidocaldarius M/R
proteins were incubated with linear dsDNA substrates in the
presence of 3 mM ATP at the physiological temperature of 60 °C
and visualized by AFM in dry conditions, DNA strand separa-
tion, extending for several hundred base pairs, was observed at
both DNA ends and, unexpectedly, at internal sites on the DNA.
Critically, these events occurred exclusively in the presence of
ATP, and this unwinding activity was not observed in the pres-
ence of AMP-PNP (Fig. 6 4 and B and SI Appendix, Figs. S8 and
S9). To differentiate between separated single strands (ss) and
intact DNA double helices, we measured the height of DNA
captured during imaging, as shown in Fig. 6C. The height of the
unwound ssDNA regions was approximately half the height of
dsDNA regions (Fig. 6D; details in legend).

Although subtle DNA unwinding effects at DNA ends have
been reported in studies of the M/R complex from other species
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DNA position obscured by
M/R oligomers

Fig. 5. Large-scale translocation of DNA substrates
following association with the Rad50 coiled-coil
apices of the wild-type M/R complex. Representa-
tive images from Movie S2 captured in fluid over
30 min. Wild-type Mre11/Rad50 (M/R) oligomer inter-
actions with the DNA substrate via the Rad50 coiled-
coil apices indicated by red-shaded circle cartoons.
Blue dotted arrows indicate direction of DNA
movements. The first M/R protein complex to arrive
(00:30) associates via both the globular domains and
the coiled coils, and the interaction with the coiled-
coil apices (red circle 1, 00:30) stabilizes a large loop
(gray-shaded region) of DNA which is displaced to-
ward the left of the frame. Upon arrival of another
large M/R oligomer, the first M/R complex dissociates
with the substrate and the looped region of the DNA
becomes compressed into two new loops (06:00,
gray-shaded region). The new loops are stabilized by
i}‘ coiled-coil connections, which extend from the

newly arrived oligomer, and from a smaller M/R
complex in the center of the frame that had arrived
earlier (red circle 2). At 09:00 new contacts with the
M/R coiled coils (three overlapping red circles 3, 4,
and 5) associate with the opposite end of the DNA
molecule (which had previously remained in a hori-
zontal and almost static position) repositioning this
end of the molecule from the left-hand side to the
right-hand side of the frame, forming a third loop. In
the following frames (17:00 to 30:00) more M/R
oligomers land close to the DNA template and in-
termittent binding movement of the Rad50 coiled
coils results in a net movement of the DNA substrate
toward the top left of the frame (30:00). Aquama-
rine circles in the enlarged frame highlight inter-
actions between the M/R molecules. Velcro-like
associations between the coiled-coil regions also
appear to hook M/R oligomeric complexes together.
Time appears in minutes and seconds. (Scale bar: 100 nm.)
(Height scale bar: 1.5 nm [dark to light].)

DNA-lcop

(37-39), the degree of strand separation mediated by the S.
acidocaldarius Rad50 complex was striking and unprecedented.
Our AFM analyses revealed that, following the DNA strand
separation by the S. acidocaldarius complex, the M/R proteins
remained attached at the boundaries of the unwound part of the
dsDNA, which had opened into broad, single-stranded “bubbles”
(Fig. 64 and SI Appendix, Fig. S8). In the presence of AMP-PNP,
the wild-type M/R complex was also bound to the DNA duplex,
but negligible unwinding activity was observed (Fig. 6B and
SI Appendix, Fig. S9B).

We confirmed that DNA unwinding by the S. acidocaldarius
complex is ATP dependent by use of catalytically inactivated mutant
protein, the Rad50 Walker-A box ATPase mutant (K36A). Notably,
however, unwinding was still observed when a Mrell nuclease
domain mutant (H85S), a control mutation that should not affect
the ATPase activity of the M/R complex, was used in these assays
(Fig. 6E and SI Appendix, Figs. S9C and S10). Furthermore, buffer-
only controls (no protein) were also performed to confirm that the
strand separation was due to the ATP-dependent activity of the
complex and not due to thermal fraying of the DNA strands at high
temperature (60 °C) (Fig. 6E and SI Appendix, Fig. S9A4).

In the absence of the complex, strand-separation events in the
5.4-kb linear dsDNA substrate (r = 700) were minimal (1.64 + 0.96%).
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Fig. 6. ATP-dependent DNA unwinding by Mre11/
Rad50. (A) DNA unwinding by Mre11/Rad50 complex
(M/R) in the presence of 3 mM ATP. Blue arrows in-
dicate the unwound part of the dsDNA,; black arrows
indicate M/R complexes bound at end boundaries
of the unwound dsDNA regions; red arrows show
the intact double helix. (B) DNA unwinding by the
wild-type M/R is negligible in the presence of AMP-
PNP. M/R complexes (black arrows) are bound to
dsDNA, but no unwinding events can be identified.
(Scale bar: 100 nm in A and B). (Height scale bar:
2 nm [dark to light].) (C) Representative image of
the separated DNA single strands (blue line) and
intact double strands (red line) (Left) and corre-
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hydrolyzable ATP analog (AMP-PNP) this percentage of unwound DNA molecules was negligible. Only 2.87 + 0.54% of the strands were partly
unwound when the K36A (Walker A) mutant was tested in the presence of 3 mM ATP. Error bars represent SEM.

As expected, mutation of the Mrell nuclease active site residue
HS85 did not affect strand separation by the M/R tetramer, and
ATP-dependent DNA unwinding activity of this complex was
similar to that of its wild-type counterpart (S Appendix, Fig. S10).
Over 20% of the DNA double helices (n = 700 per group) were
partially unwound in the presence of either the wild-type complex
or the H85S mutant complex. The activity in both cases was ATP
dependent: in the presence of AMP-PNP, DNA unwinding was
negligible whether the wild-type complex or the H85S mutant
complex was used (Fig. 6E).

In strong contrast to the result with the H85S mutant, the
mutation of the conserved Mrel1/Rad50 Walker-A lysine to al-
anine (K36A; a residue essential for ATP hydrolysis) inhibited
ATP-dependent DNA strand separation (Fig. 6E and SI Ap-
pendix, Fig. S9C). Only 2.87 + 0.54% of DNA strands were
partially unwound when the Mrell/Rad50 Walker-A ATPase
mutant K36A mutant complex was used in the presence of ATP,
a proportion similar to that observed in the presence of the ac-
tive complex and AMP-PNP. This result confirms that Rad50-
dependent ATP hydrolysis is essential for the DNA unwinding
activity of the wild-type M/R protein complex. Such extensive
DNA unwinding activity by the archaeal complex, particularly at
internal locations far removed from the DNA ends, has not been
reported to date and is an intriguing discovery regarding the
ability of the system to manipulate nucleic acid templates. It is
noteworthy that the described DNA unwinding is only evident
during experimental conditions at 60 °C when the temperature
permits action by the thermophilic S. acidocaldarius M/R complex.
In contrast, negligible unwinding was detected in the presence of
ATP at 45 °C and lower temperatures (37 °C and 25 °C) (SI Ap-
pendix, Table S4).

In order to assess the stoichiometry of the M/R complex at the
unwound DNA regions we performed a volume analysis (S/
Appendix, Fig. S2B and Note S2) to quantify the number of wild-
type complexes attached at the boundaries of the unwound part
of linear dsDNA as shown in Fig. 64 and SI Appendix, Fig. S8.
M/R complexes measured at the boundaries of unwound DNA
peak at two extremes, single heterotetramers (1t) and large
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oligomers (>8). This result indicates that DNA unwinding can be
executed by a single M/R tetramer, while by contrast DNA
binding and tethering require multiple copies of M/R (SI Ap-
pendix, Note S2).

To further investigate the substantial unwinding events by
M/R, we also performed the corresponding reactions in an en-
semble biochemical assay where S1 nuclease is added after a
preincubation with the M/R proteins on a linear dsDNA sub-
strate. Commercial Aspergillus S1 nuclease is suitable for these
reactions as this nuclease retains activity at 60 °C (40). As shown
in SI Appendix, Fig. S11, these assays reveal that the S1 nuclease
displays more activity in the presence of the M/R protein com-
plex, but critically only in the presence of ATP. We infer that the
unwound single strands clearly observable by AFM are more
amenable to processing by the S1 nuclease, which displays a
preference for single-stranded substrates.

Discussion

Structural Analyses of the S. acidocaldarius Mre11/Rad50 Complex.
AFM imaging in fluid conditions demonstrated that S. acid-
ocaldarius M/R complexes predominantly exist as four different
architectural arrangements—namely, ring, winged, dumbbell, and
half-dumbbell. These four conformations (of which the ring was
the most frequently observed) have been identified before in dif-
ferent model systems, including bacteria, archaea, yeast, and
mammalian cells (12, 28, 34, 41-43). In this previous work (41),
dumbbell and half-dumbbell arrangements were the most fre-
quently observed forms in bacterial systems, whereas the winged
and ring forms were primarily detected in archaeal, human, and
yeast complexes of M/R homologs (12, 28, 34, 43) (SI Appendix,
Table S3 and Note S1).

The measured lengths of single S. acidocaldarius Rad50 coiled-
coil regions and of dimerized coiled coils closely corresponded to
the theoretical lengths (Fig. 1B). The intermolecular distance
between DNA strands bridged by archaeal Rad50 molecules
(~670 A for S. acidocaldarius and ~600 A for Pyrococcus furiosus)
is somewhat shorter than that seen with the eukaryotic homologs
(~1,200 A) but is notably longer than bacterial analogs such as the
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bacterial SMC superfamily proteins Escherichia coli MukB (~490 z&)
or Bacillus subtilis BsSSMC (~410 A) (12, 24, 28, 41, 44, 45)
(Fig. 1C).

DNA Binding by the Rad50 Coiled-Coil Regions. In our study of the S.
acidocaldarius M/R complex, we observed initially that the
complex interacted with DNA canonically via its catalytic glob-
ular head domains, as reported previously (12, 15, 30, 39, 46-48)
(Fig. 2). In these cases, the complex bound to either the DNA
ends or internal regions away from the ends of the DNA duplex,
although we observed a significant preference for the DNA-end
binding by the WT complex. In some instances, the wild-type
heterotetrameric complex seemed to form oligomers to join
two DNA ends, presumably via Rad50 zinc-hook-mediated di-
mers (17, 33, 49); alternatively, it remains plausible that the
globular DNA-binding regions of the Mrell dimer could play a
role in this bridging, as has been reported previously (13, 34, 50).
By contrast, DNA-end tethering was not detected when the
MR(Acc) mutant complex was used instead of the wild-type
complex. These observations indicate that the full-length Rad50
coiled coils are essential for DNA tethering, supporting the ca-
nonical view that tethering between two DNA ends occurs pre-
dominantly via intermolecular association of the M/R complexes
via the Rad50 zinc hooks. However, we also observed unexpected
direct interactions between these coiled-coil regions and the DNA
substrates. Interestingly, the DNA-binding profile of MR(Acc)
was also notably different from that of the wild-type complex, as
no significant preference for binding to the free DNA ends was
observed (Fig. 2 B, i-iii and Fig. 2C and SI Appendix, Note S3).
These results indicate that the S. acidocaldarius Rad50 coiled-
coil domains have a role in locating the protein complex at the
DNA ends. Interestingly, the human M/R mutant equivalent to
MR (Acc) fails to associate with DNA (51), while an isolated full-
length human Rad50 coiled-coil region exhibited putative DNA-
binding activity in vitro, suggesting that the coils act not only as
bridges between disparate Rad50 globular domains but also ac-
tively participate in association with DNA substrates (51). This
binding has not been observed previously in the context of the
whole M/R complex, and in support of that hypothesis, we have
now provided direct visualization of DNA interactions via the
Rad50 coiled coils of the S. acidocaldarius M/R complex.
Transient interactions were observed between the DNA sub-
strate and the highly conserved Rad50 coiled-coil regions near
the zinc-hook apex of Rad50. While DNA interactions at the
analogous hinge domains of other SMC superfamily proteins
have been reported previously (25, 26), the zinc-hook regions in
Rad50 have until now only been proposed to function in
protein—protein interactions rather than in protein—nucleic acid
associations. Following our observation in dry imaging condi-
tions, that the Rad50 coiled-coil domain interacted with DNA
molecules (Fig. 3), we set out to observe the DNA-binding ac-
tivity of the S. acidocaldarius M/R complex in near real-time by
FS-AFM imaging in fluid. We observed dynamic interactions of
the Rad50 apices with the DNA substrate, during which the
complex seemed to be capable of displacing DNA molecules
despite their firm attachment to an APS-modified mica surface
(Figs. 44 and 5, SI Appendix, Figs. S4 and S5, and Movies S1-S4).
On the basis that repositioning of DNA ceased as soon as the
Rad50 coiled-coil apices recognized the DNA end (Fig. 44), we
propose that the complex uses this activity to traverse the DNA
substrate until a terminus is reached. The height analyses at the
points of contact between the DNA molecule and Rad50 coiled
coils in Fig. 4B support a transient binding action consistent with a
repetitive binding and disengaging process of the Rad50 coiled
coils on the DNA. This process is likely responsible for the in-
creased movement of DNA in the presence of M/R when com-
pared with the limited DNA rearrangements observed in the
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absence of the complex (see SI Appendix, Note S4 and Fig. S5 for
further analyses).

We also applied molecular dynamics simulations to further
investigate the Rad50-DNA interaction observed. Our simula-
tion, based on a P. furiosus Rad50 coiled-coil monomer crystal
structure (PDB:1L8D) that is equivalent to the zinc-hook and
coiled-coil regions of the S. acidocaldarius complex, suggested
that this mode of interaction might permit sliding of the region
that contains the Rad50 hook along the minor groove of the
DNA duplex until the DNA end is encountered (SI Appendix, Fig.
S6). More complex simulations of the Rad50 coiled-coil dimer will
be needed to verify this observation. Nevertheless, our FS-AFM
analyses reveal that, although the complex seems able to bind to
any point along the length of linear dsDNA substrates, most
DNA-binding events occur at the DNA ends. Furthermore, our
EMSA work demonstrated that the S. acidocaldarius Rad50 coiled
coils alone exhibit DNA-binding activity (SI Appendix, Fig. S7),
consistent with the suggestion that the coiled-coil regions are
important for DNA binding in human Rad50 counterparts (51).

These data suggest that the M/R complex uses the Rad50
coiled-coil domains around the central zinc-hook motif to facil-
itate its traversal of a DNA duplex substrate to deposit the archaeal
complex at DSB damage sites. Our observations complement and
extend a recently published M/R sliding model (32), in which the
human M/R assembly (which in eukaryotes forms a tripartite M/R/N
complex with a third protein, Nbs1/Xrs2) is capable of translocating
along chromatin-bound DNA via the globular Rad50 nucleotide
binding site until a DNA terminus is encountered. The study
revealed that the human M/R/N complex can travel by facilitated
diffusion from internal locations on DNA molecules to the DNA
ends, even on substrates that are wrapped around nucleosomes.
Critically, truncation of the Rad50 coiled coils significantly re-
duced the ability of the human M/R/Nbs1 complex to bypass the
nucleosomes, and this truncated complex was more prone to
dissociation from the DNA substrate (32). Rather than exclu-
sively using the globular domains of M/R as suggested in that
study, we propose that the transient DNA—protein interactions
with the coiled coils around the Rad50 zinc-hook regions assist
complex binding and movement along DNA strands. Indeed, we
suggest that transient interactions with the coiled coils abutting
the zinc-hook region ensure that the complex remains associated
with the DNA molecule during facilitated diffusion. Furthermore,
the dramatic displacement of the DNA substrates observed in our
FS-AFM videos is indicative of a more active mode of substrate
translocation.

Previous studies have demonstrated that structural variations
in the M/R globular domains resulting from DNA binding or
nucleotide hydrolysis are intrinsically linked to changes in the
architecture of the coiled coils and hooks (24, 28-30). Conversely,
interactions at the zinc hook can transmit information back along
the coiled coils to influence the globular catalytic domains (11,
30). This allosteric regulation is presumably central to the coor-
dination of chromosome tethering and DNA end-resection func-
tions of the M/R complex during repair. Based on the DNA
tethering by the S. acidocaldarius coiled-coil regions near the zinc-
hook apices observed in our current study, we suggest that this
allosteric regulation could permit the Rad50 coiled coils to com-
municate their positioning upon binding a DNA template and
trigger additional long-range DNA-binding events at the globular
catalytic head as soon as the DSB is detected.

Visualization of ATP-Dependent DNA Unwinding by Mre11/Rad50.
Our other striking finding was that the S. acidocaldarius M/R
complex was capable of driving a marked and ATP-dependent
strand separation of the dsDNA substrate. Less extensive ATP-
dependent DNA unwinding events limited to DNA ends have
been reported in studies of other M/R complexes (17, 37-39).
However, our observations are an example of M/R-mediated
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strand-separation across several hundred base pairs. Crucially,
we frequently observed unwinding at internal regions of the
substrates and not only at the DNA ends. The fact that the
separated ssDNA strands did not reanneal without additional
stabilization by DNA-binding proteins such as SSB or the RadA
recombinase suggests that the unwound DNA was stabilized by
the physical interaction with the nickel-modified mica surface. In
addition, our rapid deposition of the M/R-DNA samples on the

A\VZANVAANVIANVAANVIANVZANVIANVZANVIANVIANVIANV/ANVAANVIANVIAN VAN

mica surface likely inhibited annealing of the ssDNA strands,
allowing the capture and visualization of these events. This has
been seen in the past in the context of nanobubbles by Adamcik
et al. (52). Volume measurements of complexes at the bound-
aries of unwound DNA indicate that DNA unwinding can be
executed by a single M/R tetramer, while DNA-end binding and
tethering (as in Fig. 24) require multiple copies of M/R (SI
Appendix, Fig. S2 and Note S2).
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Fig. 7. Proposed modes of action of the S. acidocaldarius Mre11/Rad50 (M/R) complex on DNA to mediate chromosomal pairing and speculative involvement
of the M/R unwinding activity during HR-mediated DNA DSB repair. The M/R protein complexes scan the DNA double helix and slide toward a double-strand
break, facilitated by associations with the Rad50 coiled coils. Engagement of the nucleotide binding domains of the Rad50 globular head on the DNA
substrate results in dramatic conformational changes in the Rad50 coiled coils, switching from the ring-shaped conformations (connected intramolecularly at
the zinc hooks) to rigid open coiled-coil conformations (30). Associations with the homologous chromosome are then formed via Velcro-like in-
terchromosomal connections between the Rad50 zinc hooks and coiled-coiled regions (blue-shaded region). We propose that M/R oligomers may also link the
broken DNA termini while the homologous chromosome remains held in proximity by Rad50 intermolecular associations. Consistent with previous studies,
the HerA-NurA DNA end-resection machinery (1, 61, 62) generates long-range 3’ ss-DNA overhangs. We speculate that the intrinsic unwinding activity of the
M/R complex may open the DNA duplex on the homologous chromosome to facilitate D-loop formation and strand invasion by the RadA proteofilament,
although this hypothesis requires experimental verification.
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The M/R complex has well-established roles in the various
stages of DSB break repair, from DNA end recognition to the
facilitation of single-stranded resection required for the strand
invasion and the subsequent homology search by the RecA/
RadA/Rad51 nucleoprotein filaments (7, 53-55). We suggest that
if the extensive DNA strand separation by the archaeal complex
observed in this study can be targeted to a region on a homologous
chromosome equivalent to the site of DNA damage, then M/R
might also aid the homology search and strand-invasion events by
opening the DNA duplex on the homologous chromosome. Pre-
vious studies have shown that strand invasion by RecA/RadA/
Rad51 nucleoprotein filaments is significantly stimulated by ATP-
dependent unpairing of the homologous DNA duplex (56-59), but
this function has been attributed to the archaeal/eukaryotic Rad54
protein. Studies of eukaryotic Rad54 have shown that it uses its
dsDNA-dependent ATPase activity to translocate along the DNA
molecule and topologically unwind dsDNA (56-59). This Rad54
dsDNA unwinding activity is crucial for strand invasion of the
nucleofilament (56, 58, 59). In addition, a recent in vitro study (60)
demonstrated that the bacterial SMC-like protein RecN signifi-
cantly enhances RecA-mediated strand invasion and D-loop for-
mation as a result of its ATP hydrolysis, possibly by powering
translocation along the target DNA. Whether the M/R complexes
use similar ATP-dependent mechanisms to unwind or translocate
along DNA requires further investigation, but these putative
modes of action seem compatible with our current analyses of the
S. acidocaldarius M/R complex, where pronounced repositioning
and extensive unwinding of DNA substrates were apparent.

Our observations of the S. acidocaldarius complex upon in-
teraction with DNA substrates and of the macromolecular ar-
chitectural changes that occur during these binding events have
led us to propose a putative model for M/R functions during
recombinational DSB break repair in archaea (Fig. 7). In this
model, several M/R molecules bind to and move along the DNA
duplex, searching for the broken terminals and using the globular
nucleotide binding site as suggested by Myler (32), stabilized by
the transient interactions with the Rad50 coiled coils and zinc-
hook regions observed in our study. Higher-order M/R assem-
blies can then bring the termini of a DSB into close proximity by
M/R dimer formation or Velcro-like coupling between ring and
winged M/R forms as observed in this study (Fig. 5). Following
the long-range DNA-end resection of the DSB by the archaeal
HerA/NurA complex (61, 62) (or the analogous machinery in
eukaryotic systems) (63) the M/R complexes may then unwind
the equivalent DNA sequence on the homologous chromosome.
This unwinding would facilitate the homology search and strand
invasion of the RadA proteofilament on the homologous tem-
plate. We suggest that identification of the dsDNA break by the
zinc-hook region of Rad50 might also subsequently transmit al-
losteric changes to the globular domains of the complex via the
Rad50 coiled coils to facilitate the unwinding of the appropriate
region on the homologous chromosome. Further single-molecule
studies will be required to test this model and verify how the
M/R-DNA interactions operate alongside other DNA-repair ma-
chineries that are involved in the DNA end-resection processing
steps, and in the downstream strand-invasion steps of HR.

By applying recent advances in AFM-based high-resolution
visualization techniques in fluid to examine the M/R complex
from the thermophilic archaeon S. acidocaldarius, we have gained
insights into how this enigmatic DNA-repair complex might me-
diate DNA DSB repair. Further studies are needed to complete
the picture of how the Mrell nuclease and the Rad50 SMC su-
perfamily ATPase work together to facilitate the downstream
homology search and strand-invasion steps in the HR-repair
pathway. These would no doubt be instrumental in the elucida-
tion of the complex and dynamic conformational changes that are
central to the operation of this intriguing DNA-repair machinery.
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Methods and Materials

Expression Constructs and Protein Purification. S. acidocaldarius Mre11 and
Rad50 open reading frames (ORFs) were cloned into pET28a and pETDUET
expression vectors, respectively. All proteins and protein complexes were
expressed in E. coli Rosetta (DE3) pLysS (Novagen) competent cells; the
Mre11/Rad50 constructs were cotransformed as a pair. His-tagged proteins
were purified by Nickel-NTA immobilized metal affinity chromatography,
treated with Benzonase Nuclease (Merck Millipore) and run over a Superdex
200 16/60 (GE Biosciences) size-exclusion column. Full details of the cloning
and protein expression, including details of the site-directed mutagenesis,
are given in S/ Appendix.

SEC-MALS Analyses of the Oligomeric Forms of the Mre11/Rad50 Complex. For
SEC-MALS analyses 100 pL protein complex at 2 mg-ml~" was passed over a
Superdex 200 10/300 Increase GL column (GE Healthcare). The column out-
put was fed into a DAWN HELEOS Il MALS, followed by an Optilab T-rEX
differential refractometer (Wyatt Technology); full methodology is provided
in SI Appendix.

Protein Sample Preparation and AFM Imaging in Fluid. The wild-type M/R
complex was imaged in fluid conditions on APS mica (64). APS (35) was
provided by Yuri L. Lyubchenko, University of Nebraska Medical Center,
Omaha, NE. For the mica functionalization, 60 pL of 167 uM APS solution was
applied onto a freshly cleaved mica sheet, incubated for 30 min, washed
three to four times with 1 mL BPC (BioPerformance Certified) water (Sigma-
Aldrich), and dried under nitrogen gas. The frozen protein aliquots were
thawed at room temperature and heated at 60 °C for 10 min. Then, 6 nM
M/R complex in buffer (50 mM potassium acetate, 20 mM Tris-acetate, pH 8,
10 mM magnesium acetate, 150 mM NacCl) was applied on the dried APS-
modified mica surface and incubated for 10 min. After washing the mica
three times with the same buffer, a droplet (~200 uL) of buffer was left on
the mica surface for fluid AFM imaging.

Protein Volume Analysis. For the volume measurement of the wild-type S.
acidocaldarius Mre11/Rad50 complex (SI Appendix, Table S1), only the vol-
ume of the globular protein part was considered, signifying that the
threshold for the corresponding sample was set at a height that would
guarantee that the globular part is fully measured, but the volume of the
tails is not taken into account, as previously described (65). The volume dis-
tribution was summarized in a bar chart with a bin range which was chosen in
accordance with how many Mre11/Rad50 heterotetramers (1d, 1t-8t) can be
accommodated per bin volume. The bin range begins from the volume of a
dimer (1d; Mre11 monomer associated with one globular Rad50 ATPase do-
main), up to a multiple of eight Mre11/Rad50 tetramers (8t).

DNA Substrates. Linear 5.4-kb and 3-kb dsDNA substrates were prepared by
PCR with the PhiX virion DNA serving as templates, respectively.

Linear dsDNA Binding by Wild-Type Mre11/Rad50 and MR(A cc) Mutant. Totals of
0.2 nM of 5.4 kb linear dsDNA and 6.5 nM of the wild-type M/R, or 0.2 nM of 3
kb linear dsDNA and 6.5 nM of the MR(Acc) mutant were incubated at 60 °C
for 15 min in reaction buffer (50 mM potassium acetate, 20 mM Tris-acetate,
10 mM magnesium acetate, 150 mM NacCl, 0.05 mM zinc chloride, adjusted
to pH 8, using a 1 M potassium hydroxide solution) in the presence or ab-
sence of 3 mM ATP or nonhydrolyzable ATP or AMP-PNP before being
prepared for AFM imaging in air on nickel-modified mica (see below).

Determination of the DNA-Binding Location of the Wild-Type Mre11/Rad50 and
MR(Acc) Mutant on Linear dsDNA. The DNA-binding location (at the open
DNA end or internal regions of the DNA molecule) of the wild-type M/R
complex and the MR(Acc) mutant on linear DNA in three different buffer
conditions was determined using Scanning Probe Image Processor (SPIP)
software (Image Metrology A/S): the distance between the protein complex
and the open DNA end was measured by drawing a multipoint line along
the corresponding DNA part and the software displays the covered distance
in nanometers. If the protein complex binds at the end of the linear DNA
molecule, the distance is 0 nm. Any distance above 0 nm counts as an in-
ternal location along the DNA substrate. When measuring the internal
binding location along the linear DNA substrate (with two open DNA ends),
the shorter of the two distances between bound protein and open DNA was
taken into account. Individual Student t tests and a Kruskal-Wallis ANOVA
on ranks in combination with the Dunn’s test (66) were applied to check the
statistical significance of the results.
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Electrophoretic Mobility-Shift Assays. Linear 400 bp dsDNA substrate (at 6.25
nM) was mixed with 0, 7.5, 15, or 30 mg of the Zn231 Rad50 protein in a total
reaction volume of 100 mL EMSA buffer (50 mM potassium acetate, 20 mM
Tris-acetate at pH 8, 10 mM magnesium acetate, 100 mM NacCl, 5% glycerol,
1 mM dithiothreitol (DTT) for 15 min at 60 °C. Products were resolved on 5%
polyacrylamide gels in 1x Tris-borate-EDTA and visualized with SYBR Gold
stain (Thermo Fisher); full methodology is provided in S/ Appendix.

ATP-Dependent DNA Unwinding by M/R. A total of 6.5 nM of wild-type or
mutant M/R, and 0.2 nM linear DNA were incubated at 60 °C for 15 min in
reaction buffer (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM
magnesium acetate, 150 mM NaCl, 0.05 mM zinc chloride, pH 8) in the
presence or absence of 3 mM ATP or 3 mM nonhydrolyzable AMP-PNP, and
imaged in air on nickel-modified mica. A control sample without M/R plus
3 mM ATP was also prepared at 60 °C. Activity was also tested in the pres-
ence of ATP at 45 °C and lower temperatures (37 °C and 25 °C) for 15 min
and visualized by AFM imaging in dry conditions (S/ Appendix, Table S4). A
total of 100 DNA molecules were examined per condition; full details are
provided in S/ Appendix.

S1 Nuclease Digestion of M/R Unwound dsDNA. A total of 1.2 mM M/R complex
was incubated with a 3-kb dsDNA substrate at 10.4 nM at 60 °C for either 4 or
10 min in reaction buffer (37.5 mM potassium acetate, 15 mM Tris-acetate at
pH 8, 5 mM Tris-Cl at pH 8, 10 mM magnesium acetate, 75 mM NaCl, 1.25%
glycerol, 1 mM DTT). Then 4 mL 5x S1 nuclease buffer plus or minus 2 mL S1
nuclease (Thermo Fisher, 100 U/mL) was added for 3 min at 60 °C. Following
addition of sodium dodecyl sulfate at 1% and proteinase K at 1 mg/mL at
37 °C for 30 min, the DNA products were separated on a 0.8% agarose gel
and visualized with ethidium bromide; full methodology is provided in
SI Appendix.

Sample Preparation for AFM Imaging in Air. For AFM imaging in air, 15 mM
nickel chloride (NiCl,) was added to each sample, the solution was carefully
mixed, then immediately deposited onto freshly cleaved mica and incubated
for 5 min. The sample was washed eight times with 1 mL BioPerformance
Certified (BPC) water and dried under a stream of nitrogen gas.

AFM Imaging and Data Analysis. All dry and fluid samples were imaged using
the Dimension FastScan Bio Atomic Force Microscope (Bruker) in tapping
mode.

For dry imaging, FastScan A probes (Bruker) with a spring constant of 18 N/
m were tuned to a resonance frequency between 800 and 2,000 kHz and the
amplitude setpoint was adjusted to the highest possible setting, so as to
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ensure little noise and minimizes the force the sample is exposed to. In fluid,
FastScan D probes were used, with a spring constant of 0.25 N/m (resonance
frequency of 90 to 140 kHz).

Fast-scan images were captured with a scan area of 1 to 2 pm, a scan rate
of 15.1 Hz, and with 512 samples per line. For conventional AFM, images
were captured at 1.8 frames per minute at room temperature.

Rad50 coiled-coil interactions with the DNA substrate during fast-scan
imaging in fluid, as presented in Fig. 4A, were identified manually using
similar interactions observed from AFM imaging in air data (Fig. 3) as a
reference; see SI Appendix for further details.

All AFM images presented, excluding Fig. 6C, were processed using the
Nanoscope Analysis software version 1.5 by Bruker Corporation. Fig. 6C was
processed using SPIP software. Movies were produced using Windows Movie
Maker.

Tracking the DNA Movement on the Mica Surface. The ImageJ software to-
gether with the JFilament Plugin (67) was used to track the position of DNA
on the mica surface in a series of images captured during AFM imaging in
fluid conditions. A multipoint line is drawn along the contour of the DNA
filament. The x,y coordinates of each line were saved and displayed.

Molecular Simulation. A standard classical MD protocol of 100 ns was carried
out, with five repeats. The protocols, structures, and entire input scripts
appear in SI Appendlix.

Data Availability. Raw data associated with this paper have been deposited in
the Apollo, University of Cambridge Repository (https:/doi.org/10.17863/
CAM.50188).
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