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Mesoscale conformational changes in the
DNA-repair complex Rad50/Mre11/Nbs1

upon binding DNA
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The human Rad50/Mrel1/Nbsl complex (hR/M/N) functions as
an essential guardian of genome integrity by directing the proper
processing of DNA ends, including DNA breaks'. This biological
function results from its ability to tether broken DNA mol-
ecules™. hR/M/N’s dynamic molecular architecture consists of a
globular DNA-binding domain from which two 50-nm-long coiled
coils protrude. The coiled coils are flexible* and their apices can
self-associate’. The flexibility of the coiled coils allows their apices
to adopt an orientation favourable for interaction. However, this
also allows interaction between the tips of two coiled coils within
the same complex, which competes with and frustrates the inter-
complex interaction required for DNA tethering. Here we show
that the dynamic architecture of hR/M/N is markedly affected by
DNA binding. DNA binding by the hR/M/N globular domain leads
to parallel orientation of the coiled coils; this prevents intracom-
plex interactions and favours intercomplex associations needed
for DNA tethering. The hR/M/N complex thus is an example of a
biological nanomachine in which binding to its ligand, in this case
DNA, affects the functional conformation of a domain located
50 nm distant.

The hR/M/N complex has essential functions in various aspects of
genome metabolism that involve the processing of DNA ends, such as
homologous recombination, non-homologous end joining and
maintenance of telomere length'. The molecular mechanism under-
lying these biological functions of hR/M/N involves tethering DNA
molecules by means of the interaction between DNA-bound hR/M
oligomers>’. The hR/M complex is a heterotetramer, R,M,, arranged
with a globular DNA-binding domain, including the Mrell dimer
and the two Rad50 ATPase domains, from which the long intramo-
lecular coiled coils of Rad50 protrude®®’. The coiled-coil apex
contains a CXXC amino-acid motif that forms a structure described
as a zinc hook. Genetic experiments in Saccharomyces cerevisiae have
shown that the zinc hook is an important determinant of Rad50
function’. Two CXXC motifs can dimerize by the coordination of a
Zn*" ion, providing a possible interface for interaction between hR/M
complexes’. hR/M complexes form oligomers on linear DNA where
interactions between the apices of the coiled coils then tether DNA
molecules®. Conformational changes that alter the orientation,
flexibility or dynamics of the coiled coils could be exploited to
control intercomplex versus intracomplex interaction of the coiled-
coil apices and therefore the biological function of hR/M. Here we
resolve this issue by determining the influence of nucleotide cofactor
and DNA binding on the architectural dynamics of hR/M and hR/M/N
by using time-resolved atomic force microscopy (AFM) in
solution.

DNA tethering requires only the hR/M complex in vitro. We
therefore first analysed the dynamic architecture of this form,
which is relevant for activity. The hR/M complex globular domain
was 6.4 = 1.0 nm high, and the coiled coils were 50 = 3 nm long and
2.0 = 0.3nm high in buffer (n = 30) (see Fig. 1). In these high-
resolution images of hR/M complexes, two, three and sometimes four
individual domains could be resolved inside the globular part of the
protein (Fig. 1Ce, f). These are likely to be the separate Mrell
molecules and Rad50 ATPase domains. The coiled coils of individual
hR/M complexes adopted either an open conformation in which the
apices of the coiled coils did not touch each other (Fig. 1A) or a closed
conformation in which the apices of the coiled coils were in contact
(Fig. 1B)*’. In the closed conformation, the junction of the coiled
coils was notably higher, 3.9 = 0.5nm, than that of an individual
coiled coil. Single complexes frequently switched between open and
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Figure 1| Time-resolved high-resolution AFM images of the hR/M complex
in buffer. A, B, From the globular domain, two coiled coils extend that are
either not connected (open conformation, A) or overlapping near the apices
(closed conformation, B). C, Opening and closing of the coiled coils is a
dynamic process, as can be seen in the four-image sequence extracted from a
movie (39s per frame) of 13 min (a—d). The closed coiled-coils
conformation is very often associated with the presence of a distinct point at
the coiled-coil junction (white arrows). The frames in e and f are height
images filtered with a laplacian operator to enhance substructure details.
Two, three and occasionally four separate areas can be resolved inside the
globular domain of hR/M (black arrow). Scale bars, 25 nm.
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closed conformations as a function of time. In Fig. 1Ca—d, four
consecutive images (39 s per image) show two switches between open
and closed conformations (see also Supplementary Movie 1). The
interaction between the apices of the coiled coils was not primarily
due to disulphide bridges between exposed cystine residues, because
the addition of 2mM dithiothreitol (DTT) to the imaging buffer
did not affect the proportion of complexes with the closed confor-
mation (48% (n = 232) and 45% (n = 50) with and without DTT,
respectively).

The orientation of the hR/M coiled coils was determined in the
presence and absence of the non-hydrolysable ATP analogue $-y-
imidoadenosine 5'-phosphate (AMP-PNP) and Mg”". This was
quantified by measuring the angle o between the coiled coils and
the longitudinal axis of the complex (see Fig. 2a). In addition, a value
d for the distance between the coiled coils at the junction with the
globular domain was measured (Fig. 2a). The standard deviation of
the distribution of « for each molecule, displayed as error bars in
Fig. 2b, provides information on the degree of mobility of the coiled
coils. Molecules were analysed in three conditions (Fig. 2b): in the
absence of nucleotide cofactor (black circles); after incubation with
AMP-PNP but imaged in a buffer without AMP-PNP (green
squares); and after incubation with AMP-PNP and imaged in the
presence of AMP-PNP (blue triangles). The mean values for o
obtained under these three conditions were 27 * 8°, 26 * 9° and
24 £ 8°, respectively, indicating that nucleotide cofactor binding
does not influence the orientation or the flexibility of the coiled coils.
This was unexpected, given that binding AMP-PNP causes a 30°
rotation of the amino-terminal domain with respect to the carboxy-
terminal domain of the Pyrococcus furiosus Rad50 ATPase and that
the coiled coils connect these two domains®. If the same confor-
mational change occurs within the ATPase domain of hRad50 after
nucleotide cofactor binding, it is apparently not transmitted to the
attached coiled coils. There was no correlation of the value of o with
the conformation of the coiled coils: for the open conformation «
was 24 * 8°(52%, or 120 of 232), for the closed conformation o was
27 * 8°(48%, or 112 of 232). Correspondingly, the mean value for d,
14 = 3 nm, did not vary significantly between the molecules in the
three conditions used (Fig. 2¢).

Binding of hR/M to DNA induced a strikingly different arrange-
ment of the coiled coils compared with unbound hR/M complexes.
When bound to DNA by means of the globular domain, both coiled
coils of the complex were parallel and on the same side of the DNA.
Figure 3A shows a gallery of images of hR/M complexes bound to
circular DNA in which most hR/M (93%, n = 15) had the architec-
ture described above. The conformational change in hR/M was also
clear in the presence of 90-base-pair (bp) linear DNA (87% parallel
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conformation, n = 44) (Fig. 3B). Movies of DNA-bound hR/M
complexes showed that the coiled coils retain some flexibility and
that they move synchronously. The characteristic high point located
at the junction of the coiled coils (Fig. 1B) was not observed for any of
the hR/M complexes bound to DNA, indicating that within a DNA-
bound complex the apices of the coiled coils do not overlap. For the
DNA-bound complexes, the mean angle a was 6 = 5° (Fig. 3Da) and
the mean distance d was 8 = 3 nm. Thus, « is much smaller than the
26 = 9° found for DNA-free hR/M. The strong effect of DNA
binding on coiled-coil orientation is summarized in the histogram
of the distributions of o for DNA-bound and DNA-unbound hR/M
(Fig. 3Db). The presence of AMP-PNP and Mg®" did not change the
architecture of DNA-bound hR/M (Fig. 3C).

Time-resolved imaging in buffer also revealed the dynamic tran-
sition between the architecture of DNA-bound hR/M and the
architecture of DNA-free hR/M. Figure 3Fa—f shows part of a longer
movie (Supplementary Movie 2) in which, first, an hR/M complex
was bound to DNA (for 8 min) and then, between the third and
fourth frames, it dissociated from the DNA. Simultaneously, it
changed from the parallel to the bent, open and apices-joined
conformation (Fig. 3Fc, d shows the key transition frames, enlarged
in Fig. 3E, G). On several occasions, the hR/M complexes were
observed to move along the DNA while following the contour of the
DNA molecule (Supplementary Fig. 1). This shows that hR/M can
slide along DNA rather than transfer between different DNA seg-
ments. Oligomers of hR/M form only on linear DNA but are not
always found at DNA ends'. This sliding mechanism could therefore
serve to clear DNA ends for further repair processing.

The hR/M complex can also include a third subunit, Nbsl. The
Nbsl component probably interacts with the globular domain of the
R/M complex and functions in signalling the presence of DNA breaks
to the cell cycle checkpoint machinery''. The three-component
complex hR/M/N appeared very similar to hR/M in our AFM
study (Fig. 4a). The presence of the third subunit was evident as a
larger globular domain with an average height of 8.0 = 0.8 nm
(Fig. 4b). In the absence of DNA, the hR/M/N complex also had
bent, open coiled coils with apices in open and closed conformations.
After DNA binding, in the presence of a molar excess of a 90-bp
oligonucleotide, the coiled coils of hR/M/N also adopted a parallel
conformation (86%, n = 85; Fig. 4c, d). The use of short DNA
oligonucleotides for binding prevented the occurrence of large
hR/M/N oligomers and thus allowed us to observe single intercom-
plex interactions through the apices of the coiled coils. Indeed, as
shown in Fig. 4e, the intercomplex interaction of coiled-coil apices
necessary for tethering was occasionally observed in these conditions
(about 10% of the complexes observed). We never observed such an

Figure 2 | Effect of nucleotide cofactor binding on the orientation of hR/M
coiled coils. a, Definition of angle o ( = (&} + «,)/2) and distance d.
Movies composed of 6-20 frames were acquired for 17 different hR/M
molecules. b, ¢, Values (means * s.d.) of o and d obtained for each
molecule. Black circles show the results for hR/M in the absence of AMP-
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PNP; green squares show the results when the hR/M complex was incubated
for 15 min in the presence of 2mM MgCl, and 2 mM AMP-PNP; blue
triangles show the results when, after a similar incubation, 2 mM AMP-PNP
was also present in the imaging buffer.
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intercomplex configuration for hR/M and hR/M/N in the absence of
DNA.

The existing molecular picture of hR/M/N function involves three
processes: first, binding of the complex to DNA ends; second, the
formation of large DNA-bound oligomers with the Rad50 apices of
the coiled coils protruding; and third, subsequent interaction
between the coiled coils of hR/M/N complexes bound to different

DNA ends, to tether them and keep them close in nuclear space®'".

NATURE|Vol 437(15 September 2005

D oa ] Figure 3 | hR/M binding to DNA
induces a parallel alignment of the
301 1 coiled coils. A, B, AFM images of
I3 hR/M complexes bound to circular
!;' 20 double-stranded DNA (dsDNA) (A)

and incubated with a threefold to
sixfold molar excess of a 90-bp linear
dsDNA (B). The positions of DNA
and hR/M are indicated, to guide the
eye. A single, thick, coiled coil
protrudes from the hR/M globular
domain that is bound to the DNA.
C, A similar result was obtained
when AMP-PNP was present in the
binding reaction. D, Values

(means * s.d.) of angle « for DNA-
bound hR/M (a) and histogram of
the distributions of « for DNA-
bound (blue curve) and DNA-free
(red curve) hR/M (b). Solid lines are
fits to the data. F, a—f, Six
consecutive images extracted from a
movie (39 s per frame) showing the
dynamic transition from DNA-
bound to free hR/M. Occasionally,
the apices of the coiled coils separate
from each other (black arrow). The
transition frames (¢ and d) are
highlighted and displayed in a three-
dimensional rendering in E and G,
enlarged and rotated through 60°.
Scale bars, 30 nm unless otherwise
labelled.
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Interaction between the apices of the coiled coils is therefore essential
for R/M/N function’. A conundrum of this molecular description
centres on the control of this interaction. A single hR/M/N complex
has two such apices in high local concentration. Because of the
flexibility of the Rad50 coiled coils these can, and do, interact. DNA-
bound hR/M/N oligomers also have many apices in high local
concentration, and interaction between those bound to the same
DNA molecule would be futile for tethering independent DNA ends.
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f Figure 4 | Mesoscale
Free R/M/N R/M/N complex conformational change in hR/M/N
complex bound to DNA upon DNA binding and its
implications for DNA-end
tethering. a, AFM images of free
hR/M/N show an architecture
similar to that of hR/M.
b, Histogram of heights for hR/M/
N (green) and hR/M (red) globular
domains. Solid lines are fits to the
Intra—ct)m lox data. ¢, In the presence of a molar
coiled-coiPapex interaction excess of 90-bp dsDNA, 87% of
% hR/M/N complexes showed a

single, thick coiled coil. Insets in a
and ¢ show three-dimensional

! renderings of free and DNA-bound
%\ %, coiled-coil apex hR/M/N complexes. d, Detailed

. I interaction . . i
WS & image showing the striking

h architecture of DNA-bound

hR/M/N. e, Example of
intercomplex coiled-coil apex
interactions. f, Diagram showing
the importance of conformational
changes in the hR/M or hR/M/N
coiled coils for DNA-end tethering.
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© 2005 Nature Publishing Group



NATURE|Vol 437|15 September 2005

Here we have shown that this futile intracomplex joining of Rad50
coiled-coil apices is prevented once DNA is engaged. The hR/M/N
coiled coils become oriented in such a way that intracomplex
interactions are prevented, while at the same time intercomplex
interactions needed for tethering are favoured (Fig. 4f).

METHODS

Protein preparation. hR/M and hR/M/N were purified as described”. Stock
solutions (1 pg pl™ in 150 mM KCl, 2 mM DTT, 25 mM Tris-HCl pH 8.0, 10%
glycerol) were divided into aliquots and stored at —80°C. A fresh aliquot was
used for each AFM experiment.

DNA. pGEM-3Z plasmid (2,743 bp) was relaxed by using the nicking enzyme
N.BstNB I (New England Biolabs). The isolated product was checked by gel
electrophoresis and AFM inspection. A DNA fragment of 90bp and four
nucleotide overhangs was generated by annealing two complementary 94-
mers, checked by gel electrophoresis and isolated with a DNA purification kit
(MoBio Laboratories).

AFM sample preparation. For each experiment a protein aliquot was thawed,
diluted 1:50 in storage buffer and kept on ice. A 20 pl portion of the diluted
solution (400 ng of protein complex in 150 mM KCl, 25 mM Tris-HCI pH 8.0,
10% glycerol) was placed on a freshly cleaved mica disc held inside the liquid cell.
After 2 min the liquid cell was filled with 1 ml of imaging buffer (3 mM MgCl,,
75mM KCl, 25 mM Tris-HCI pH 8.0). The sample was never allowed to dry.
Imaging buffer conditions were carefully optimized to allow movement of the
molecules on the surface while maintaining the best possible image quality. The
use of large volumes of imaging buffer minimized any variation in potassium
and magnesium concentrations due to evaporation. To study the effect of
nucleotide cofactor on the conformation of the coiled coils, the protein complex
was incubated for 15 min at room temperature (~22 °C) in 150 mM KCl, 25 mM
Tris-HCl pH 8.0, 10% glycerol, containing 2 mM AMP-PNP and 2 mM MgCl,.
Subsequent sample preparation proceeded as described above.

DNA binding reaction. hR/M DNA binding reactions included 10 ng of circular
DNA and 100ng of hR/M in 15mM MgCl,, 75mM KCl, 15mM Tris-HCl
pH 8.0, 5% glycerol in a total volume of 10pul. The binding reaction was
performed for 15 min at room temperature. The whole reaction mixture was
deposited on a mica disc and imaging was done in 1ml of imaging buffer
supplemented with 2 nM hR/M. hR/M and hR/M/N were mixed with the 90-bp
oligonucleotide in the same conditions with a twofold to eightfold molar excess
of DNA over protein.

AFM imaging. hR/M and hR/M/N DNA binding reactions were performed in
solution before the sample was deposited on a mica surface. Biological particles
were partly immobilized on mica by carefully tuning the AFM imaging
conditions to allow the detection of movement. Samples were imaged in buffer
with a commercial AFM from Nanotec Electronica operating in tapping mode,
using Olympus cantilevers (0.05 N m ™, Olympus TR400 PSA). Typical tapping
amplitudes at imaging were 5-7 nm at the resonance frequency of the cantilevers
in liquids (9.5-10.5kHz). Images were acquired at rates of 30 s per image (128
pixels, 500 nm) and 60s per image (256 pixels, 1,000 nm). Imaging was always
from left to right (fast scan direction) and from up to down (slow scanning
direction), to minimize any piezo creep effects. The absence of any correlation
between the scanning direction and the orientation of the hR/M coiled coils as
well as the observation of objects moving in the direction opposite to scanning
indicate that the observed dynamics were not dominated by interaction of the
scanning tip with the sample.

Image processing and measurements. Image processing was performed with
WSxM software (www.nanotec.es). Standard image processing consisted of
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plane subtraction and flattening. To capture dynamic events, consecutive images
were taken at the same spot. These images were aligned by using cross-
correlation filters and shown sequentially to build up a movie. By checking
consecutive frames it was possible to observe which parts of the hR/M complex
or which areas of DNA were mobile and loosely bound to the mica surface. The
measurement of the angle between hR/M coiled coils was done by manually
tracing the direction of both coiled coils in the vicinity of the globular domain.
The contact of the traced line with the globular domain defines a segmented line
with two angles, a; and «,, and a distance d. « is defined as the arithmetic mean
of ay and «5.
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