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Metabolic products and environmental factors constantly
damage DNA. To protect against these insults and maintain
genome integrity, cells have evolved mechanisms to repair DNA
lesions. One such mechanism involves Rad3, a master kinase
coordinating the DNA damage response. Rad26 is a functional
subunit of the Rad3-Rad26 complex and is responsible for
bringing the kinase to sites of DNA damage. Here, I present the
crystal structure of Rad26 and identify the elements important
for recruiting Rad3. The structure suggests that Rad26 is a dimer
with a conserved interface in the N-terminal part of the protein.
Biochemical data showed that Rad26 uses its C-terminal
domain and the flanking kinase-docking motif to bind specific
HEAT repeats in Rad3. Analysis of the reconstituted Rad3-
Rad26 heterotetrameric complex with electron microscopy
enabled me to propose a structural model for its quaternary
structure. In conclusion, these results suggest that Rad26 exists
as a dimer and provide crucial insight into how Rad3 is recruited
and incorporated into the Rad3-Rad26 DNA repair complex.

Maintaining genome integrity is a constant challenge for all
living cells. Metabolic products and environmental factors are
continuously damaging the DNA, and it is important for cells to
respond and repair these errors to maintain viability and pre-
vent diseases. Eukaryotic cells are dependent on the DNA-dam-
age response signaling pathway to safeguard the DNA. Rad3
(ATR in mammals) and Tel1 (ATM in mammals) are the mas-
ter kinases that transduce signals of DNA damage to down-
stream effectors. Rad3 and Tel1 are members of the PI3K-re-
lated kinase family (1, 2) that are characterized by their giant
size and similar sequence and domain architecture (3). All
PI3K-related kinases are structurally alike with an expanded
helical HEAT repeat domain in the N terminus, followed
by FAT (FRAP-ATM-TRRAP) and FAT C-terminal (FATC)
domains encapsulating the conserved kinase domain (3, 4).
Rad3 binds Rad26 (ATRIP in mammals), and this complex is
considered the functional unit (5). Upon DNA damage, Rad3

and Tel1 are recruited to the DNA, and once activated, they
phosphorylate hundreds of downstream effector proteins that
collectively promote cell-cycle arrest and DNA repair (6). Both
Rad3 and Tel1 show preference for serine and threonine resi-
dues followed by glutamine or hydrophobic residues, and they
phosphorylate an overlapping set of effector proteins. The best
understood downstream targets of both Rad3 and Tel1 are the
protein kinases Chk1 and Cds1 (Chk2 in mammals), that serve
to reduce cyclin-dependent kinase activity leading to cell-cycle
arrest and DNA repair before replication or mitosis continues.

An essential part of the DNA-damage response is a surveil-
lance system that directly monitors errors in the DNA. Double-
strand breaks (DSBs)2 activate Tel1, and here the MRN com-
plex acts as the DNA damage sensor that recruit Tel1 to DSBs.
Rad3 is activated by single-stranded DNA (ssDNA) and is
therefore also activated during every S phase where it regulates
the firing of replication origins and repair of damaged replica-
tion forks to prevent premature onset of mitosis (7). Replication
protein A (RPA) is a heterotrimeric complex that recognizes
and coats exposed ssDNA and hereby serves to mark these
vulnerable sites in the DNA. Rad26 binds the oligonucleotide/
oligosaccharide-binding (OB) fold of replication protein A via
its most N-terminal helix and thus localizes Rad3 to ssDNA (8,
9). Recruitment to ssDNA is not itself enough to activate Rad3
because binding of both the 9-1-1 (Rad9-Rad1-Hus1) complex
and Rad4 (TopBP1) is necessary for full Rad3 activation (10, 11).

To gain mechanistic insight into Rad26 and how it is able to
recruit Rad3, I determined its crystal structure. This shows that
Rad26 forms a compact unit with an unexpected fold of non-
classical helical repeats. Biochemical analysis demonstrated
that a conserved C-terminal domain together with a conserved
kinase-docking motif is required for Rad3 kinase recruitment
and further that the binding surface on Rad3 is located within a
few HEAT repeats. The structure of Rad26 also provides insight
into the oligomeric state of the protein, and the data support
that Rad26 uses a large and highly conserved N-terminal
domain for dimerization. Small-angle X-ray scattering (SAXS)
experiments confirm Rad26 dimerization in solution, and ana-
lytic gel filtrations show that Rad3 and Rad26 likely exist as a
heterotetrameric complex that can be directly observed using
single-particle electron microscopy.
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Results

Structure of Rad26

To understand Rad26 structurally, I crystallized the protein
from Myceliophthora thermophila devoid of the flexible N ter-
minus (residues 373– 841, hereafter referred to as Rad26).
M. thermophila is a thermophile fungus evolutionary closer to
fission yeast compared with budding yeast or human, and the
Schizosaccharomyces pombe nomenclature is therefore used
throughout. The structure was solved by single-wavelength
anomalous dispersion method using selenomethionine-substi-
tuted Rad26 (supplemental Fig. S1, A and B). Eight of twelve
possible selenium sites were found, and in the initial experi-
mental electron density maps Rad26 was clearly seen (supple-
mental Fig. S1C). The Rad26 structure was built, and the sele-
nium sites served as good makers to assign the correct amino
acid registry. The Rad26 structure was refined using data ex-
tending to 3.15 Å resolution with a final free R factor of 23.5%
and excellent geometry (Table 1), and most side chains were
well defined in the final electron density map even in the high
b-factor regions (supplemental Fig. S1D). Rad26 shows an
unexpected fold and is built of helical repeat with unique
arrangements distinct from the more common HEAT or ARM
units (Fig. 1). The N-terminal domain (NTD) of Rad26 (�1-�2)
is not forming repeats, but instead the two helices are arranged
perpendicular to each other with an extended loop region in
between. The central part of the structure is formed by five
helical repeats (�3-�4, �5-�7, �8-�10, �11-�12, and �13-�15)
forming an �-solenoid arrangement similar to HEAT and ARM
structures. The C-terminal domain (CTD) comprises the last
three helices in the structure where the helical repeats diverges
and shows a large positive twist of �45° between the helical axes
compared with the preceding helical repeats. The last 10 C-ter-

minal residues (hereafter referred to as the kinase-docking
motif) are too flexible to be clearly defined in the electron den-
sity maps. The closest structural homologs to Rad26 as found by
a Dali search is HspBP1 (Protein Data Bank entry 1xqr, root
mean square deviation of 3.0 Å over 244 residues), which acts as
a nucleotide-exchange factor for Hsp70 (12). HspBP1 is built of
regular ARM repeats and superposes surprisingly well over the
central part of Rad26, exemplifying the low sequence require-
ment (9% identity between Rad26 and HspBP1) for this basic
helical fold.

Rad26 interacts with Rad3 through specific HEAT repeats

Next I wanted to experimentally validate that Rad26 is able to
bind the Rad3 kinase, which is vital for correct function. Pull-
down experiments using recombinant purified Rad3 fragments
of its N-terminal HEAT domain and histidine-tagged Rad26
(residues 373– 841) confirmed that the structural domain of
Rad26 binds Rad3 (residues 36 – 899) (Fig. 2A, lanes 1–3). The
slightly shorter Rad3 (residues 1–719) fragment failed to bind
Rad26, showing that residues 719 – 899 in Rad3 are vital for
Rad26 binding (Fig. 2A, lanes 4 and 5). Additionally, pulldown
with the N-terminal truncated form of Rad3 including residues
495– 899 likewise showed binding of Rad26 to this fragment
(Fig. 2A, lanes 6 and 7), showing that the first 494 residues in
Rad3 are not required for Rad26 binding, which contradicts
previous yeast two-hybrid reports (13). To validate these pull-
down results, I measured the physical interaction between
Rad26 and Rad3 using bio-layer interferometry. Histidine-
tagged Rad26 (residues 373– 841) were immobilized on anti-
His biosensors, and association and dissociation to different
concentrations of Rad3 were measured. From the sensorgrams
obtained, the equilibrium dissociation constant (KD) values
were calculated for Rad3 (residues 36 – 899) to 9.4 � 5.9 nM and
for Rad3 (residues 495– 899) to 7.9 � 2.2 nM with fits of 0.999

Table 1
Data collection and refinement statistics

Protein
M. thermophila Rad26

(373– 841, SeMet)

Protein Data Bank code 5LOI
Data collection

Wavelength (Å) 0.979
Space group I 4 2 2
a, b, c (Å) 210.8, 210.8, 104.8
�, �, � (°) 90, 90, 90
Total reflections 540,554
Unique reflections 20,640
Resolution range (Å) 105.4–3.15 (3.27–3.15)a

Completeness (%) 99.4 (100.0)
Redundancy 26.2 (26.8)
Rmerge (%) 12.3 (478.1)
Rpim (%) 2.5 (93.7)
CC1⁄2 (%) 99.9 (61.2)
I/�(I) 23.0 (0.8)
Wilson B-factor (Å2) 140.6

Refinement
Rwork (%)/Rfree (%) 20.7/23.5
Number of atoms 3013
B-factors (Å2) 147.1
Root mean square deviations

Bond lengths (Å) 0.009
Bond angels (°) 1.02

Estimated coordinate error (Å) 0.51
Estimated phase error (°) 28.5
Ramachandran (%) (favored/allowed/outliers) 97.4/2.6/0.0
Rotamer outliers (%) 0.0
MolProbity clashscore 6.97

a The highest resolution shell is in parentheses.

Figure 1. Crystal structure of Rad26. Shown is a cartoon representation of
Rad26 colored as indicated schematically below with residue numbers show-
ing the domain boundaries. The NTD, the central helical repeat, and the CTD
are shown with helix numbers. Missing loops in the structure are indicated
together with the flexible C-terminal kinase-docking motif. RPA, replication
protein A.
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and 0.997, respectively. In agreement with the pulldown exper-
iments, no detectable binding was observed with Rad3 (residues
1–719), showing that residues 719 – 899 in Rad3 are needed for
Rad26 binding.

Conserved structural elements in Rad26 recruit Rad3

The PIKK kinases family members Rad3(ATR), Tel1(ATM),
and DNA-PKcs bind a conserved kinase-docking motif located
in the C termini of their respective activating proteins Rad26
(ATRIP), Nbs1, and Ku80 (14). To understand in more detail
how Rad26 recruits Rad3, I conducted structure guided muta-
tions in Rad26 and examined their effects on Rad3 binding.
Rad3 from M. thermophila contains a conserved C terminus,
which has similarity to the kinase-docking motif in human
ATRIP, Nbs1, and Ku80 (Fig. 3A). Wild-type Rad26 (residues
373– 841) associates with Rad3 (Fig. 3B, lanes 1–3), but a trun-
cated version of Rad26 lacking the last 12 residues lost most of
its binding to Rad3 (Fig. 3B, lane 4). Mutating conserved resi-
dues in the motif (Asp-832/Glu-833 or Glu-839) into alanines
did not have any observable effect on Rad3 binding (Fig. 3B,
lanes 5 and 6). Interestingly, a GST-fused version containing

only the last 12 C-terminal residues failed to recruit Rad3,
showing that additional elements in Rad26 are important for
Rad3 binding (Fig. 3B, lane 7). The notion that other elements
in Rad26 are required for Rad3 recruitment is supported by the
observation that Rad26 lacking the kinase-docking motif still
associates with measurable amounts of Rad3 (Fig. 3B, lane 4).
Examination of the Rad26 structure showed that the CTD has a
distinct acidic patch neighboring the kinase-docking motif (Fig.
3C). Furthermore, this part of the structure is highly conserved
between Rad26 orthologs (Fig. 3C), arguing that the CTD might
be the structural element responsible for full Rad3 recruitment.
To test this, I mutated conserved glutamates in this region and
measured the relative effect these mutants had on binding Rad3
in pulldown experiments (Fig. 3D and supplemental Fig. S2A).
Mutating Glu-804/Glu-805 had a marginal effect, and mutation
of Glu-816/Glu-819 or Glu-823/Glu-826 had no observable
effect, whereas mutating Glu-810 into an alanine resulted in a
more dramatic decrease in Rad3 binding (Fig. 3D). Together,
these experiments show that Rad26 uses both its C-terminal
kinase-docking motif and its conserved acidic CTD to bind and
recruit Rad3.

Figure 2. Rad26 binds to specific HEAT repeats in Rad3. A, pulldown experiments using tagged Rad26 and different fragments of untagged Rad3 covering
most of its N-terminal HEAT domain. The top gel is the bound fraction, and the bottom gel is the corresponding unbound fraction from each pulldown
experiment. B, sensorgrams show surface binding in nm as a result of Rad26 binding to increasing concentrations of Rad3. C, results are summarized
schematically.
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Support for a dimeric Rad26

Rad26 contains an N-terminal coiled-coil domain believed to
be essential for dimerization (13). However, I find that Rad26
can form a dimer independently of the coiled-coil domain. Ana-
lytic gel filtration chromatography analysis of the Rad26 frag-
ment comprising residues 373– 841 without the coiled-coil
domain shows that the protein elutes in two distinct peaks,
indicating different oligomeric states (supplemental Fig. S3A).
Inspection of the crystal lattice shows that one molecule of
Rad26 makes extensive contact to a neighboring Rad26 mole-
cule (Fig. 4, A and B). Additionally, the most N-terminal helix
(�1) from one molecule extends and interacts with the concave
helical repeats of the neighboring molecule, and this helix-swap
stabilizes a Rad26 dimer. Because this putative dimer interface
is formed across a special position crystallographic 2-fold axis, I
reprocessed the data in lower symmetry (I4) with one dimer in
the asymmetric unit instead of the I422 symmetry, which has
only the monomer in the asymmetric unit, thereby allowing the
two Rad26 molecules to be different. The loop region (residues
385–390) connecting �1 to the rest of the molecule is flexible,

but even in the lower I4 symmetry space group, this connection
is not visible in the electron density, arguing that I422 symme-
try is correct. Sterically, it would be possible for �1 to fold back
on itself, and this could occur when Rad26 is in a monomeric
form. This crystal-packing dimer has a PISA (15) score of 1.0,
which implies that the interface is important for complex for-
mation. The N-terminal part of two Rad26 molecules comes
together in a “handshake” fashion and forms an intimate inter-
face involving a total of eight helices. The interface footprint is
more than 1907 Å2 and involves 51 residues that make hydro-
gen bonds and numerous hydrophobic interactions to the
neighboring Rad26 molecule (Fig. 4C). Furthermore, the large
dimerization surface between two Rad26 molecules very nicely
explains the high level of sequence conservation seen in this
area (Figs. 3C and 4B). To validate that Rad26 makes a dimer in
solution I performed SAXS experiment on the protein (residues
185– 841) containing the coiled-coil part (supplemental Table
S1). Comparing the experimental scattering curve to the theo-
retical scattering curves revealed a good fit of the Rad26 dimer
described above (�2 � 2.5) but a very poor fit to the Rad26

Figure 3. Conserved structural elements in Rad26 recruits Rad3. A, alignment of the C-terminal kinase-docking motif of M. thermophila (Mt) Rad26 with
human (Hs) ATRIP, KU80, and NBS1. B, pulldown experiments of Rad3 using tagged Rad26 mutated in the kinase-docking motif as indicated. The top gel is the
bound fraction, and the bottom gel is the corresponding unbound fraction from each pulldown experiment. C, surface representation of Rad26 colored
according to electrostatic potential with a distinct acidic C-terminal patch marked. Below is Rad26 colored by surface conservation with highly conserved areas
marked at both the CTD and the NTD. D, close-up of the CTD of Rad26 showing the acidic patch of conserved glutamine residues that was mutated in the
pulldown experiments. The relative effect of Rad26 mutants in their ability to pull down Rad3 is shown in a scatter plot (n � 3, see supplemental Fig. S2A).
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monomer (�2 � 32.0) (Fig. 4D). Furthermore, low resolution ab
initio reconstruction in DAMMIN produced 20 similar models
that could be convincingly averaged and superimposes well
with the crystal dimer of Rad26 (Fig. 4E). Thus, the SAXS data
are in good agreement with the observed Rad26 dimer in the
crystal.

Proposed model for a heterotetrameric Rad3-Rad26 complex

The orientation of the Rad26 dimer and the finding that the
CTD together with the kinase-docking motif are the interaction
site with Rad3 opens the possibility that two molecules of Rad3
can bind a Rad26 dimer simultaneously. To investigate this fur-

ther, I did analytic gel filtration chromatography on isolated
Rad3 and Rad26 and the complex between them. Because I and
others (13) have observed that the Rad3-Rad26 complex is
more stable if the coiled coil of Rad26 is present, I used a Rad26
construct encompassing residues 185– 841. Rad3 (residues
36 – 899) and Rad3 (residues 185– 841) elute as single monodis-
perse peaks (Fig. 4F). Masses estimated by comparing their elu-
tion volumes with those of known molecular mass standards
corresponded well with the actual molecular mass of a dimer
Rad26 (145.1 kDa) and a monomer Rad3 (95.8 kDa). When
Rad26 was preincubated together with Rad3, the complex
elutes as a higher molecular mass species close to position of the

Figure 4. Support for a dimeric Rad26. A, top view of the Rad26 dimer with one molecule colored in light orange, and the other molecule colored as in Fig. 1.
The 2-fold symmetry axis is indicated at the dimer interface. B, side view of the Rad26 dimer showing the highly conserved NTD is the interface site between
the two molecules. C, the footprint of the Rad26 dimer interface is in blue marked with a dotted line, and residues that contribute hydrogen bonds and strong
hydrophobic interaction (above 0.44 kcal/mol) are indicated. D, CRYSOL fit of the theoretical scattering for the Rad26 crystal dimer (red) and monomer (blue)
to the experimental scattering with the Guinier plot and the pair distance distribution P(r) below. E, low resolution ab initio DAMMIN model of Rad26 (spheres)
with the Rad26 crystal dimer superimposed. F, analytic gel filtration of the Rad3-Rad26 complex absorbance (abs.). G, proposed model for the organization of
the heterotetrameric Rad3-Rad26 complex.
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440-kDa standard, indicating a potential heterotetrameric 2:2
complex (336.7 kDa) (Fig. 4F).

To gain structural information of how Rad3-Rad26 is orga-
nized, I used EM to investigate negative-stained samples of
the purified complex (supplemental Fig. S4A). Particles were
clearly resolved, and the best micrographs were further pro-
cessed. Reference-free 2D class averaging of more than 5000
particles shows that the Rad3-Rad26 complex has a dimeric
nature, and several classes contain protrusions from the center
of the particles (supplemental Fig. S4A). The longest axis mea-
sures �150 Å, which corresponds nicely with the length of the
Rad26 dimer (�110 Å) plus the diameter of two HEAT repeats
from Rad3 (�20 Å each). The internal symmetry observed is
most likely created by the Rad26 dimer that positions two
opposing binding sites for Rad3 that are rotated 180° relative to
each other. A very similar dimeric architecture was recently
observed in a 3D reconstruction of the orthologs complex in
yeast Mec1-Ddc2 (16). Based on the combined data, it is possi-
ble to suggest a model of how Rad3-Rad26 assembles into a
heterotetrameric complex, in which the Rad26 dimer is the
central scaffold binding two molecules of Rad3 through their
HEAT domains (Fig. 4G).

Discussion

The crystal structure of Rad26 reveals a compact helical pro-
tein with a highly conserved CTD that together with a flexible
kinase-docking motif recruits Rad3. The data support that
Rad26 forms a dimer that is probably further strengthened by
its N-terminal coiled-coil domain. The coiled-coil domains in
Rad26 orthologs are very well conserved, and it has been dem-
onstrated very elegantly that the coiled-coil domain in human
ATRIP is important for oligomerization and increased the
affinity for ATR (13, 17). However, Xenopus ATRIP was shown
to form oligomers and could bind ATR independently of the
coiled-coil domain, showing differences between species (18).

The organization of the suggested Rad26 dimer exposes two
Rad3 binding sites orientated in opposite directions, and elec-
tron microscopy of purified Rad3-Rad26 suggests how this
complex is arranged at low resolution. The dimensions and
dimeric architecture of the Rad3-Rad26 complex is in good
agreement with a recent single-particle electron microscopy
reconstruction of yeast Mec1-Ddc2 (16). Interestingly, the olig-
omeric states of other PIKKs are known to be important for
their function. Tel1 forms inactive dimers or higher-order mul-
timers that dissociates after autophosphorylation into active
monomers in response to DSB (19). DNA-PKcs important for
non-homologous end joining after DSB forms monomers and
dimers and associates with the Ku70/Ku80 heterodimers (20 –
22). The mammalian target of rapamycin regulator of cell
metabolism is a functional dimer in humans and yeast (23–26).
It has previously been shown that Rad3-Rad26 can form oligo-
mers, but the exact nature and stoichiometry of this complex
was not known (13, 27–29). The data now support that Rad26 is
a dimer and most likely forms a 2:2 complex with Rad3; how-
ever, the dynamics and biological role of this oligomeric state
remain elusive. Recently, it was shown that the Nek1 kinase
associates and stabilizes the Rad3-Rad26 complex and primes it
for an effective DNA-damage response, suggesting that Nek1-

mediated phosphorylation is important for Rad3-Rad26 stabil-
ity (30).

Rad3 binds Rad26 through its N-terminal HEAT repeats, and
here I show that the interaction site is within a few HEAT
repeats in the middle and located within residues 719 – 899
(�881–1085 in human ATR). Yeast two-hybrid experiments
have previously shown that human ATRIP interact with the
very N terminus of ATR (residues 30 –346) (31), but I find that
the first 495 residues (approximately residues 1– 472 in human)
are not required for effective binding. The mapped Rad26 inter-
action site in Rad3 near the middle of the HEAT domain over-
laps with the HEAT region in Tel1 that binds Nbs1 (32). Fur-
thermore, Ku70/Ku80 interacts with DNA-PKcs through at
least two binding sites: one near the kinase domain and one
within the HEAT repeats (33, 34), but future studies will
show whether Rad26, Nbs1, and Ku70/Ku80 share more
properties in the way they interact with their respective
kinases. It is, however, clear that not only do Rad3, Nbs1, and
Ku70/K80 recruit their kinases to sites of DNA damage, but
they also play an important role for kinase activity and
regulation.

Another interesting similarity between the PIKKs is that they
share the same chaperone system important for maturation of
functional kinase complexes. The Tel2-Tti1-Tti2 (TTT) com-
plex interacts with newly synthesized PIKKs and promotes
proper folding of these large HEAT containing proteins in con-
junction with the heat shock chaperone systems (35–37). The
subunit Tel2 of the TTT complex binds the HEAT repeat of
Rad3 and other PIKKS and promotes their stability and associ-
ation with their binding partners (35, 36). Tel2 binds to a similar
stretch of HEAT repeats in the middle of the domain, as does
Rad26, suggesting that Tel2 occupies the binding sites until
Rad26 is recruited and properly associated, hence the stabiliz-
ing function of the TTT complex for newly synthesized PIKKS.
The crystal structure of Rad26 presented here shows strong
similarity to the chaperone-binding protein HspBP1, which is
part of the Hsp70 system, and it is tempting to speculate that
the structural similarity reveals some common features in how
the chaperone system and the interacting proteins bind their
kinases. At least it has been shown that Hsp70 co-purifies with
ATR-ATRIP in human cells and is part of the TTT complex (5,
36), suggesting further general principles in how the PIKKs are
maturated and engaged in complex formation. In summary,
this study reports the crystal structure of Rad26 and suggests
it exists as a dimer and further gives insight into how Rad3
is recruited and arranged in a Rad3-Rad26 heterotetrameric
complex.

Experimental procedures

Protein preparation

Rad3 and Rad26 from the thermophilic fungus M. thermo-
phila was cloned into a modified pETDuet-1 vector, and pro-
teins were expressed in Escherichia coli LOBSTR cells (Kera-
fast, Boston, MA) (38). Rad3 constructs were N-terminally
fused to a SUMO tag, and both Rad3 and Rad26 constructs had
a C-terminal His tag. Point mutations and truncations were
generated by inverse PCR. Bacterial cultures were grown at
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37 °C to an A600 of �0.6 and shifted to 18 °C for induction
overnight with 0.2 mM isopropyl �-D-thiogalactopyranoside.
The cells were lysed, cleared by centrifugation, loaded onto
nickel-Sepharose 6 FF affinity resins (GE Healthcare), and
extensively washed with (50 mM potassium phosphate, pH 7.6,
500 mM NaCl, 40 mM imidazole, and 5 mM �-mercaptoethanol)
before being eluted with 300 mM imidazole. The proteins were
further purified by cation-exchange chromatography on a
HiTrapS FF (GE Healthcare) and eluted with a linear gradient
from 0.05 to 1.2 M NaCl. For crystallization and for usage in
pulldown experiments, the tags were removed with 3C prote-
ase, followed by a second cation-exchange chromatography
step. The proteins were finally purified via gel filtration on
either a Superdex 200 10/300 or Superose I 6 3.2/300 in GF
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM DTT).

Crystallization and structure determination

Purified selenomethionine-derivatized Rad26 protein (resi-
dues 373– 841) was concentrated to 4 – 8 mg/ml and mixed
with reservoir solution in a 1:1 ratio and crystallized by vapor
diffusion against a reservoir of 0.1 M bis-Tris, pH 6.5, 10% (w/v)
PEG 10K, and 0.2 M potassium sodium tartrate. Crystals were
cryoprotected by transferring them stepwise into reservoir
solution supplemented with 30% (w/v) ethylene glycol prior
to flash-freezing in liquid nitrogen. Anomalous data were col-
lected at the K absorption edge of selenium (Se) (� � 0.979
Å) at the Beamline 24ID-C at Argonne National Laboratory
equipped with a Pilatus detector. Data reduction was done with
XDS (39), and heavy-atom substructure was determined using
SHELXC/D/E (40), and interpretable electron density maps
were obtained after density modification. Iterative model build-
ing was done in Coot (41), whereas coordinates and tempera-
ture factors were refined in phenix.refine (42) and iMDFF (43).
The final Rad26 model contains residues 374 – 831 except for
three loops (residues 385–390, 539 –546, and 694 –746) that
were poorly defined in the electron density maps. The electro-
static potential was calculated using APBS plugin in PyMOL,
and surface conservation was calculated using CONSURF
(44). The data and refinement statistics are summarized in
Table 1.

Pulldowns

All pulldown experiments were performed in PB buffer (20
mM potassium phosphate, pH 7.6, 200 mM NaCl, 40 mM imid-
azole, and 5 mM �-mercaptoethanol). Histidine-tagged Rad26
(5 �g) was incubated with untagged Rad3 (12 �g) on ice for 1 h
to allow complex formation followed by the addition of 10 �l of
equilibrated nickel-affinity resin. The mixtures were incubated
on ice for an additional hour. The resins were spun down, and
10 �l of supernatant was removed as the flow-through fraction
followed by washing three to five times with 150 �l of PB buffer
to remove unbound protein. The bound proteins were eluted
with 17 �l of BP buffer supplemented with 0.5 M imidazole, and
the fractions were separated by SDS-PAGE. The ration between
the SDS-PAGE band intensities of Rad3 and Rad26 were quan-
tified with ImageJ.

Bio-layer interferometry

The binding of Rad26 to Rad3 was measured on an Octet
RED bio-layer interferometer (Pall ForteBio). Histidine-tagged
Rad26 were immobilized on anti-His (HIS2) biosensors (Pall
ForteBio) at a concentration of 50 nM for 400 s. Interactions
with Rad3 was measured in dilutions series at protein concen-
trations ranging from 50 to 6.25 nM in PB buffer (20 mM potas-
sium phosphate, pH 7.6, 200 mM NaCl, 40 mM imidazole, and 5
mM �-mercaptoethanol) at 30 °C for 400 s followed by dissoci-
ation in PB buffer for 400 s. Background measurements using
biosensors immobilized with Rad26 into PB buffer were sub-
tracted to account for baseline drift. Sensorgrams were aligned
to the baseline and fitted globally over the entire measurement
using ForteBio data analysis 7.0 (Pall ForteBio). The KD values
and standard errors were calculated from three measurements,
and the data plots were prepared with GraphPad Prism 6.0.

SAXS

Rad26 (residues 185– 841) was purified by gel filtration in GF
buffer, and the monodisperse peak fraction was directly used
for SAXS measurements. The data were collected at the EMBL
P12 beamline at PETRA III equipped with at 2 M Pilatus detec-
tor. Scattering from Rad26 at concentration of 0.76 mg/ml was
recorded in a temperature-controlled cell at 20 °C at a wave-
length of 1.224 Å. Normalization, radial averaging and buffer
subtraction of the data were done at the beamline by the auto-
mated pipeline with a Porod volume estimate of 190 nm3 and an
estimated molecular mass Mr (from I(0)) of 160 kDa (45). Data
analysis and ab initio low resolution modeling was done in
DAMMIN (46), using the data range 0 � s � 2.0 nm�1. Calcu-
lation of theoretical scattering profiles of atomic structures and
their fits to the experimental data were done with CRYSOL
(47). The plots were prepared with GraphPad Prism 6.0.

Single-particle EM

Purified Rad3-Rad26 complex was isolated by gel filtration
and diluted in GF buffer to �5 �g/ml and negatively stained
with uranyl acetate (2% w/v) on carbon-film grids. Single-par-
ticle of the specimens were recorded on an FEI Tecnia G2 spirit
electron microscope at 120 KeV, equipped with a Tietz-CCD
camera (TVIPS) using �1 �m defocus and 67,000� magnifica-
tion with a pixel size of 3.15 Å. A total of 5168 particles of the
Rad3-Rad26 complex were picked and subjected to reference-
free 2D classification in the program Relion (48).
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