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Ku70 and Ku80 form a heterodimeric complex involved in multiple nuclear
processes. This complex plays a key role in DNA repair due to its ability to
bind DNA double-strand breaks and facilitate repair by the nonhomolo-
gous end-joining pathway. Ku70 and Ku80 have been proposed to contain
bipartite and monopartite nuclear localization sequences (NLSs), respec-
tively, that allow them to be translocated to the nucleus independently of
each other via the classical importin-α (Impα)/importin-β-mediated
nuclear import pathway. To determine the structural basis of the
recognition of Ku70 and Ku80 proteins by Impα, we solved the crystal
structures of the complexes of Impαwith the peptides corresponding to the
Ku70 and Ku80 NLSs. Our structural studies confirm the binding of the
Ku80 NLS as a classical monopartite NLS but reveal an unexpected binding
mode for Ku70 NLS with only one basic cluster bound to the receptor. Both
Ku70 and Ku80 therefore contain monopartite NLSs, and sequences outside
the basic cluster make favorable interactions with Impα, suggesting that this
may be a general feature in monopartite NLSs. We show that the Ku70 NLS
has a higher affinity for Impα than the Ku80 NLS, consistent with more
extensive interactions in its N-terminal region. The prospect of nuclear
import of Ku70 and Ku80 independently of each other provides a powerful
regulatory mechanism for the function of the Ku70/Ku80 heterodimer and
independent functions of the two proteins.
© 2011 Elsevier Ltd. All rights reserved.
Introduction

Ku70 and Ku80 form a heterodimeric complex
involved inmultiple nuclear processes. This complex
plays a key role in DNA repair due to its ability to
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bind DNA double-strand breaks and facilitate repair
by the nonhomologous end-joining pathway.1 Other
functions are related to chromosome and telomere
maintenance,2 regulation of gene-specific trans-
cription3 and protection of developing neurons
against apoptosis.4 The crystal structure of the Ku
heterodimer has been elucidated alone and bound to
DNA.5 Ku70 and Ku80 have a common topology,
and the Ku complex forms an asymmetric ring to
encircle duplex DNA. The channel that is formed by
the Ku ring interacts with the sugar-phosphate DNA
backbone in a sequence-independent interaction.5

Because both subunits of the Ku complex in the
crystallographic structure have their C-terminal
d.
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227Ku70 and Ku80 Binding to Importin-α
domains truncated or not modeled due to weak
electron density, the C-terminal domains for Ku70
and Ku80 have been elucidated independently by
nuclear magnetic resonance techniques.6,7

Because the majority of the Ku complex functions
take place in the cell nucleus, it is important to
understand how its nuclear transport occurs. Nu-
clear localization sequences (NLSs) were identified
in both Ku70 and Ku80,8,9 which allow them to be
translocated to the nucleus independently of each
other using their own NLS by the classical importin-
α (Impα)/importin-β (Impβ)-mediated nuclear im-
port pathway.8,10,11

The classical NLSs (cNLSs) contain one cluster or
two clusters of positively charged amino acids and are
therefore usually divided into monopartite cNLS—
containing a single cluster of basic residues—and
bipartite cNLS—containing two clusters of basic
residues separated by 10–12 variant residues.12

Structural studies have shown that both classes are
recognized by the nuclear import receptor Impα. This
nuclear protein receptor has two NLS binding sites
formed by conserved residues in its armadillo (ARM)
repeat domain, the major and the minor NLS binding
sites. The N- and C-terminal clusters of a bipartite
NLS interact with the minor and the major NLS
Fig. 1. Crystal structures of Impα:Ku70NLS and Impα:K
Ku70NLS complex. Impα is shown as a ribbon diagram. Ku70
but for the Impα:Ku80NLS (blue) complex. (c) Electron dens
Impα complex crystals in the area corresponding to the peptid
from the model and simulated annealing run with the starting
peptide (contoured at 1.2 SD).
binding sites, which correspond to ARM repeats
4–8 and 1–4, respectively. On the other hand, a
monopartite NLS interacts primarily with the
major binding site.13–15

While the Ku80 NLS (amino acids 561–569) was
proposed to be a monopartite cNLS similar to the
simian virus 40 (SV40) large tumor antigen (TAg)
NLS,8 the Ku70 NLS (amino acids 539–556) was
classified as a bipartite NLS similar to nucleoplas-
min and N1N2 NLSs.9

Nuclear localization is an important control
mechanism that allows the cell to regulate DNA
replication, DNA repair and many other biological
functions. Although many NLSs have been identi-
fied, the understanding of the specificity of NLS
recognition remains limited.16 Because nuclear
localization appears to play a key role in regulating
the physiological function of the Ku heterodimer by
regulating the nuclear localization of Ku monomers
independently in vivo,8 we set out to study the
structural basis of Ku70 and Ku80 NLS binding to
Impα. In particular, we were interested in the
binding mechanism of the unusual bipartite NLS
proposed in Ku70. We determined the crystal
structures of the peptides corresponding to Ku70
and Ku80 NLSs bound to Impα and found that,
u80NLS complexes. (a) Overall structure of the Impα:
NLS (pink) is shown in a stick representation. (b) As in (a),
ity map (coefficients 3|Fobs|−2|Fcalc|) of the Ku70NLS:
e (contoured at 1.5 SD). All peptide residues were omitted
temperature of 1000 K. (d) As in (c), but for the Ku80 NLS



Table 1. X-ray data collection and refinement statistics

Ku70NLS:
mImpαΔIBB

Ku80NLS:
mImpαΔIBB

Diffraction data statistics
Unit cell (Å) a=78.5, b=90.0,

c=100.1
a=77.4, b=88.3,

c=98.3
Space group P212121 P212121
Resolution (Å) 40.0–2.6

(2.69–2.6)a
40.0–2.29
(2.34–2.29)a

Unique reflections 22,152 29,010
Multiplicity 4.3 (4.2)a 5.3 (4.5)a

Completeness (%) 99.3 (99.9)a 98.7 (91.8)a
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while Ku80 NLS binds as a typical monopartite
NLS, contrary to what was proposed, only one basic
cluster is bound to Impα in Ku70 NLS. In both Ku70
and Ku80 NLSs, residues outside the basic cluster
make favorable interactions with Impα similar to
SV40 TAg NLS. The Ku70 NLS shows a higher
affinity for Impα than the Ku80 NLS as measured by
a solid-phase binding assay, consistent with more
extensive interactions in its N-terminal region. Our
study provides insights into the regulation of the Ku
protein function.
Rmerge
b (%) 11.8 (61.5)a 8.1 (52.3)a

Average I/σ(I) 14.36 (2.73)a 20.77 (2.45)a

Refinement statistics
Resolution (Å) 40.0–2.6

(2.69–2.6)a
40.0–2.3

(2.34–2.29)a

Number of reflections 23,640 29,010
Rcryst (%)c 16.76 17.77
Rfree (%)d 22.29 21.79
Number of non-hydrogen atoms

Protein 3237 3207
Peptide 79 87
Solvent 98 216

Mean B-factor (Å2)
Protein 53.8 41.2
Peptide 53.4 47.2
Water 55.0 42.3

Coordinate error (Å)e 0.27 0.26
RMSDs from ideal valuese

Bond lengths (Å) 0.021 0.022
Bond angles (°) 2.132 1.984

Ramachandran plot (%)
Residues in most favored
(disallowed) regionsf

94.8 (0.3) 98 (0.2)

a Values in parentheses are for the highest-resolution shell.
b Rmerge=∑hkl(∑i(|Ihkl,i− 〈Ihkl〉|))/∑hkl,i〈Ihkl〉, where Ihkl,i is the

intensity of an individual measurement of the reflection with
Miller indices h, k and l, and 〈Ihkl〉 is the mean intensity of that
reflection. Calculated for IN−3 σ(I).34

c Rcryst=∑hkl(||Fobs,hkl|−|Fcalc,hkl||)/|Fobs,hkl|,where |Fobs,hkl|
and |Fcalc,hkl| are the observed and calculated structure factor
amplitudes, respectively.

d Rfree is equivalent to Rcryst but calculated with reflections (5%)
omitted from the refinement process.

e Calculated based on Luzzati plot with the program
SFCHECK.37

f Calculated with the program PROCHECK.37
Results

Structures of Impα in complex with peptides
corresponding to Ku70 and Ku80 NLSs

The peptides corresponding to Ku70 and Ku80
NLSs were co-crystallized with an N-terminally
truncated mouse Impα lacking residues 1–69 (mIm-
pαΔIBB); the truncated residues are responsible for
autoinhibition.17 The co-crystals with both peptides
were grown under similar conditions and isomor-
phously to other mouse Impα crystals.12,14 Electron
density maps based on the Impα model, following
rigid-body refinement, clearly showed electron
density corresponding to the peptides (Fig. 1). The
structures were refined at 2.6 and 2.3 Å resolutions,
respectively, for Ku70NLS:Impα and Ku80NLS:
Impα complexes (Table 1).
Impα is an elongated protein composed of 10 ARM

motifs displayed in tandem,17,18 each containing
three α-helices (H1, H2 and H3).14 The NLS binding
sites are located in a concave groove on the surface of
Impα. Themajor binding site is formedmainly by the
H3 helices of ARM repeats 1–4, while theminor site is
located at ARM repeats 6–8. The Impα structure in
both Ku70 NLS and Ku80 NLS complexes is
essentially identical with that of full-length Impα
and other complexes with monopartite NLS-like
peptides reported previously. The root-mean-square
deviations (RMSDs) of Cα atoms of Impα residues
72–496 are 0.34 and 0.55 Å between the full-length
Impα and the Impα:Ku70NLS and Impα:Ku80NLS
complexes, respectively, and 0.36 and 0.69 Å between
the Impα:CN-SV40TAg complex [extended SV40
TAg NLS peptide (comprising TAg amino acids
110–132) complex]19 and the Impα:Ku70NLS and
Impα:Ku80NLS complexes, respectively.

Binding of Ku70 NLS to Impα

The peptide corresponding to Ku70 NLS,
537EGKVTKRKHDNEGSGSKRPKVG558, binds
only to the Impα major binding site with the main
chain positioned in antiparallel configuration when
compared to the direction of the ARM repeats.
Residues 547–558 of Ku70 NLS peptide (residues
537–546 had no interpretable electron density) could
be identified unambiguously in the electron density
maps (Fig. 1a). The buried surface between the
protein and the peptide is 893.8 Å2.
Protein–peptide interactions (Fig. 2a) are consis-

tent with the distribution of B-factors along the
peptide chain. The average B-factor of Ku70 NLS in
the major site (55.0 Å2) has B-factors below the
average B-factors of the entire structure (53.8 Å2).
The major site residues (residues 551–556; positions
P1 to P5) have lower average B-factors (47.4 Å). The
residues K553 and K556 (positions P2 and P5) have
the lowest B-factors (35.9 and 42.0 Å2, respectively)
and the largest number of interactions between NLS



Fig. 2. Schematic diagram of the interactions between the Ku70 and Ku80 NLS peptides and the major binding site of
Impa. Polar contacts are shown with broken lines, and hydrophobic contacts are indicated by arcs with radiating spokes.
The NLS peptide residues are labeled with “R”. Carbon, nitrogen and oxygen atoms are shown in black, white and gray,
respectively. Generated with the program LIGPLOT.38 (a) Ku70 NLS; (b) Ku80 NLS.

229Ku70 and Ku80 Binding to Importin-α
side chains and side chains of conserved residues of
Impα.
The comparison of Ku70NLS to CN-SV40TAg and

the bipartite nucleoplasmin NLS14 showed a high
structural similarity between Ku70 NLS and CN-
SV40TAg NLS (RMSDs of Cα atoms are 1.42 and
2.06 Å for Ku70/CN-SV40TAg and Ku70/nucleo-
plasmin, respectively), as can be observed in Fig. 3.
Very weak electron density was found in the

minor binding site of Impα; however, it was not
possible to model unambiguously any amino acid
residue at this site.
Fig. 3. Comparison of NLS pep-
tides in the major NLS binding
site. Ku70 (pink), Ku80 (blue),
nucleoplasmin (green) (PDB ID
1EJY) and CN-SV40TAg (yellow)
(PDB ID 1EJL) NLSs were super-
imposed using Cα atoms of the
peptides. Positions binding to the
major (P1–P5) and minor binding
sites (P1′–P4′) are identified along
the chains.

image of Fig. 3
image of Fig. 2


230 Ku70 and Ku80 Binding to Importin-α
Binding of Ku80 NLS to Impα

The peptide corresponding to the Ku80 NLS,
559EDGPTAKKLKTEQ571, binds only to the Impα
major binding site with the main chain positioned in
antiparallel configuration when compared to the
direction of the ARM repeats. Residues 560–571 of
Ku80 NLS peptide (residue 559 had no interpretable
electron density) could be identified unambiguously
in the electron density maps (Fig. 1b). The buried
surface between the protein and the peptide is
891.0 Å2.
The average B-factor of Ku80 NLS at the major site

(47.2 Å2) is higher than the average B-factor of the
entire structure (41.4 Å2), although the average B-
factor of residues 564–568 positioned at the major
binding site (positions P1–P5) is 33.5 Å2. The
residues K565 and K568 (positions P2 and P5) have
the lowest B-factors (30.3 and 32.5 Å2, respectively).
The superposition of Cα atoms between Ku80

and SV40 TAg NLS peptides yields an RMSD of
0.43 Å.

Affinity of Ku70 and Ku80 NLS binding to Impα

Solid-phase binding assays were used to compare
the affinities of Ku70 and Ku80 for Impα (Fig. 4). The
apparent dissociation constants (Kd) for Ku70 and
Ku80 NLS peptides for mImpαΔIBB were measured
as 29±4 and 120±9 nM, respectively. The Kd value
of the Ku70 peptide for Impα is compatible with an
optimal monopartite NLS peptide binding to mIm-
pαΔIBB (53±15 nM),20 which was obtained using a
similar technique. These values are also comparable
to the values obtained for CN-SV40TAg NLS
peptide binding to Impα.19
Fig. 4. Quantitative binding assays. The affinities of
Impα for Ku70 and Ku80 NLS peptides were determined
using solid-phase binding assay.33 Binding of Impα to GST-
Ku70 NLS peptide (●) and to GST-Ku80 NLS peptide (■).
Discussion

Ku80 NLS is a monopartite cNLS

The nine-amino-acid sequence corresponding to
residues 561–569 of Ku80 was previously identified
as the minimum region required for optimal
transport of this protein into the nucleus.8 It was
also demonstrated that Ku80 NLS was recognized
and transported to the nucleus by the Impα/Impβ
complex but could not be translocated to the nucleus
with either Impα or Impβ alone. In our crystal
structure of the Ku80NLS:mImpαΔIBB complex, the
Ku80 NLS peptide binds to Impα with Lys residues
at positions P2, P3 and P5 (KKxK), which is in accord
with the monopartite NLS consensus: K R/K×R/
K.12,21 Moreover, Ku80 NLS has a sequence exactly
the same as that of the well-studied monopartite
SV40 TAg NLS (KKxK) at positions P2, P3 and P5,
respectively. We conclude that Ku80 binds to Impα
using a monopartite NLS and that Ku80 can be
transported alone (independently of Ku70) into the
nucleus by the classical Impα/Impβ-mediated
pathway.

Ku70 NLS is not a bipartite NLS

It has been proposed that Ku70 NLS is bipartite
because it contains two basic amino acid clusters.9

The deletion of the N-terminal region of Ku70 NLS
(K539–K544), which corresponds to the putative
minor site-binding region, led to the loss of detection
of the protein in the nucleus. Additionally, the
deletion of only the first residue of Ku70 NLS
(K539) led to a decrease of protein localization to
the nucleus.9 Thus, the authors suggested that this
putative bipartite NLS has a 12-residue linker region
(the sequence that connects the minor and the major
site-binding basic clusters), with Lys and Val
binding at the P1′ and P2′ positions, respectively
(Table 2). Another possibility is that the NLS may
have a nine-residue linker region, with the more
conventional Lys and Arg residues at the P1′ and P2′
positions, respectively. The typical bipartite NLS
consensus sequence corresponds to KRX10–12KRRK,
with a 10- to 12-residue linker region.12 Clearly, both
proposed possibilities are not entirely compatible
with the available structural, functional and muta-
genesis studies.12–14,21–24 Firstly, a linker region
shorter than 10 residues would not be able to span
the distance between the minor site and the major
site. Secondly, the N-terminal basic cluster requires
basic residues (Lys or Arg) at both P1′ and P2′
position19 and typically contains Lys and Arg
residues at P1′ and P2′ positions, respectively.12
Considering these points, Ku70 NLS is unlikely to
be bipartite. The structure of the Ku70NLS:mImpα-
ΔIBB complex confirms that Ku70 NLS uses only

image of Fig. 4


Table 2. Binding to specific binding pockets of Impα based on structural data

NLS source proteina
Minor NLS binding site

Linker

Major NLS binding site

P1′ P2′ P3′ P4′ P1 P2 P3 P4 P5

Ku80 D G P T A K K L K T E
Ku70 N E G S G S K R P K
CN-SV40TAg D A Q H A A P P K K K R K
AR E A G M T L G A R K L K K L
PLSCR1 G K I S K H W
Nucleop1 A V K R P A A T K K A G Q A K K K K L
RB K R S A E G S N P P K P L K K L R G
N1N2 R K K R K T E E E S P L K D K A K K S K G
c-Myc K R V K L P A A K R V K L D
Consensus K R X10–12 K R x K

NLSs are aligned as observed to bind to the NLS binding sites (P1′–P4′, minor binding site; P1–P6, major binding site as defined in Ref. 12).
The consensus sequences for monopartite and bipartite NLSs have been defined in Refs. 21 and 22, respectively.

a CN-SV40TAg, simian virus antigen T phosphorylated on residue S112;19 PLSCR1, phospholipid scramblase 1;39 Nucleop1,
nucleoplasmin;14 RB, retinoblastoma protein;12 N1N2, Xenopus laevis phosphoprotein N1N2;12 c-Myc, proto-oncogene protein.13

231Ku70 and Ku80 Binding to Importin-α
one basic cluster to bind to Impα and is therefore a
monopartite NLS.

Comparison of Ku70NLS:Impα and Ku80NLS:
Impα complex structures with other available
NLS:Impα complex structures

In the monopartite SV40 TAg NLS, seven residues
N-terminal to the basic cluster form favorable
interactions with Impα, as revealed by the crystal
structure of the Impα:CN-SV40TAg complex.19

Interestingly, Ku70 NLS closely resembles the CN-
SV40TAg NLS structure in that the N-terminal
flanking sequences follow the same path in relation
to Impα and make favorable interactions with the
receptor (Fig. 3). In the case of CN-SV40TAg NLS,
the flanking sequences increase its affinity to the
receptor compared to a shorter sequence comprising
only the basic cluster.19,25 Analogously, the affinity
assays performed with Ku70 and Ku80 NLS
peptides for Impα are also in agreement with the
importance of flanking sequence. Ku70 peptide
bound with approximately 4-fold higher affinity
than Ku80 peptide, highlighting the importance of
Ku70 extended N-terminal regions.
The presence of proline residues in this region

appears favorable, as observed in CN-SV40TAg
NLS and in optimized NLSs, presumably providing
rigidity to the NLS.19,25 Ku70 NLS displays a shorter
flanking sequence than CN-SV40TAg NLS, possibly
due to the presence of flexible glycine residues in
this region.
Flanking sequences have been reported to be

important in other NLSs.25,26 An extended N-
terminal sequence of the peptide makes favorable
interactions with Impα also in the structure of the
complex between Impα and the peptide correspond-
ing to the NLS from the human androgen receptor
(AR).27 However, in this case, the flanking sequence
is unusually curved compared to CN-SV40TAg or
nucleoplasmin NLSs, probably due to the presence
of a rigid zinc finger motif at the N-terminus of this
ligand.
Despite Ku70 NLS having only one extra residue

at its N-terminus ordered in the structure compared
to Ku80 NLS, and both peptides adopt basically the
same conformation (RMSD of Cα atoms is 0.59 Å),
only the N-termini of Ku70 and CN-SV40TAg NLS
peptides make contacts with Impα W273 and P308
residues, which appears to be a common hydropho-
bic interaction of monopartite NLSs with extended
N-termini.
As discussed previously, it has been shown that

the deletion of the N-terminal region of Ku70 NLS
peptide (K539–K544) leads to the loss of detection of
the peptide in the nucleus.31 In light of the previous
results with CN-SV40TAg NLS and other studies
with sequences flanking the major NLS site, we
suggest that the N-terminally truncated Ku70
peptide would have a lower affinity for the receptor,
which may lead to the lack of detection of this
peptide in the nucleus.

The functional role of Ku70 and Ku80 nuclear
transport

Although Ku70 and Ku80 have been generally
considered to function as a heterodimeric complex,
these proteins have unique functions that are
independent of each other.28 Nuclear transport
could therefore represent an important regulatory
mechanism of the physiological function of Ku
proteins.28 Although the crystal structure of the
heterodimeric complex Ku70/Ku80 has been solved,
the C-terminal regions of the two molecules that
contain the NLSs could not be modeled.5 The C-
terminal regions of both molecules have therefore
been solved by nuclear magnetic resonance
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techniques, but again, the regions containing theNLSs
could not be modeled due to their high flexibility.
These results are in complete agreement with the
expectations that NLSs are found in flexible regions of
the protein, facilitating NLS binding to Impα.
Some studies suggested that Ku70 and Ku80 are

transported to the nucleus as a heterodimeric
complex.28 This complex has an asymmetrical
topology29 with the C-terminal region of Ku80
longer than that of Ku70; therefore, the complex
could attach to Impα using only the Ku80 NLS.
However, the proteins can also be transported into
the nucleus independently, providing a powerful
means of regulation for their respective functions as
a heterodimer or on their own.10,11
In conclusion, we confirm that both Ku70 and

Ku80 NLSs can bind to the Impα. Moreover, we
demonstrate that both NLSs are monopartite cNLSs
and that Ku70 NLS is not bipartite as reported
previously. Finally, we show that the N-terminal
flanking sequence is important for binding to the
receptor in a manner analogous to SV40 TAg NLS.
Materials and Methods

Synthesis of NLS peptides

The peptide corresponding to Ku70 NLS
(537EGKVTKRKHDNEGSGSKRPKVE558; Ku70 NLS)
was synthesized by Auspep (Australia) with purity
higher than 95%, and the peptide corresponding to the
Ku80 NLS (559EDGPTAKKLKTEQ571; Ku80 NLS) was
synthesized by Proteimax (Brazil) with purity higher than
98%. The peptides contain N- and C-terminal residues
additional to the minimal identified NLSs8,9 to avoid
artifactual binding at the termini.14

Protein expression and purification

Hexa-His-tagged truncated Mus musculus Impα2,
comprising amino acids 70–529 (mImpαΔIBB), was
expressed and purified by nickel affinity chromatography
as described previously.30 Additionally, cation-exchange
chromatography using a Resource Q (GE Healthcare)
column was also performed to increase purity. The
protein was eluted using a gradient of sodium chloride
followed by dialysis to remove excess salt. Then, the
Impα sample was stored in a buffer composed of 20 mM
Tris–HCl (pH 8.0), 100 mM sodium chloride and 10 mM
DTT at −20 °C. The purity was estimated to be 98% by
SDS-PAGE.

Quantitative binding assay

The glutathione S-transferase (GST)-Ku70 and GST-
Ku80 NLS fusion proteins were expressed in Escherichia
coli BL21 (DE3) for 6 h at 37 °C followed by 18 h at 20 °C in
an auto-induction medium.31 The bacterial pellet was
resuspended with GST-A buffer (50 mM Tris–HCl, 1 mM
DTT and 125 mM NaCl at pH 7.8) and frozen–thawed in
three cycles before purification. We added 1 mg/ml
lysozyme, 1 mg DNase and 1 mM PMSF (Sigma) to the
cell crude extract and mixed them thoroughly. After
centrifugation, the soluble fraction was loaded into a
GSTrap column (5 ml; GE Healthcare) and then washed
with 100-ml GST-A buffer. After washing, the GST-
Ku70/Ku80 NLSs were eluted with GST-B buffer
(50 mM Tris–HCl, 125 mM NaCl, 1 mM DTT and
10 mM reduced glutathione at pH 7.8). The eluted
fractions were pooled and concentrated to perform gel-
filtration purification by using a Superdex 200 (20/60)
gel-filtration column (GE Healthcare). Pure GST-Ku70/
Ku80 NLSs were concentrated by Amicon Ultra centrif-
ugal filter devices (10-kDa cutoff).
The solid-phase binding assays were performed essen-

tially as previously described.32,33 The assay was carried
out on an ImmunoMaxiSorp 96-well plate (Thermo Fisher
Scientific). The plates were coated with 50 nM GST-Ku70/
Ku80 NLS or GST in each well. Binding reactions were
carried out for 2 h at 4 °C with 100 μl/well of the indicated
amount of S-tagged mImpαΔIBB (0–20 μM, in 2× serial
dilution) in binding buffer. After binding and few steps of
washing, we incubated the plates in an S-protein
horseradish peroxidase conjugate (Novagen). Horseradish
peroxidase substrate (100 μg/ml 3,3′,5,5′-tetramethylben-
zidine; Sigma) was added for 20 min at room temperature,
and then the reaction was stopped by adding an equal
volume of 0.5 M H2SO4. The signal was determined at
450 nm with a Molecular Devices plate reader (Spectra-
Max 250). The average absorbance values at OD450 were
determined for GST, GST-Ku70 and GST-Ku80 at each S-
tagged mImpαΔIBB concentration. Background absor-
bance values (without mImpαΔIBB added) were sub-
tracted. The average absorbance values were used to
generate binding curves by nonlinear regression using the
GraphPad Prism software. The apparent dissociation
constants (Kd) of mouse ImpαΔIBB binding to GST and
GST-Ku70/Ku80 were also calculated using the GraphPad
Prism software. The curves were plotted against the serial
concentration of mImpαΔIBB and fitted using the
following equation:

Y = Bmax × X = Kd + Xð Þ

where X is the concentration of the protein, Bmax is the
maximum specific binding, and Kd is the apparent
dissociation constant representing the concentration of
the protein yielding half maximal binding.

Crystallization and crystal structure determination

mImpαΔIBB was concentrated to 20 mg/ml using a
Centricon-30 (Millipore) and stored at −20 °C. Crystalli-
zation conditions were screened by systematically altering
various parameters using, as a starting point, the
crystallization conditions that had been successful for
other peptide complexes.12,14 The crystals were obtained
using co-crystallization by combining 1 μl of protein
solution, 0.5 μl of peptide solution (peptide/protein molar
ratios of 4 for Ku70 NLS peptide and 8 for Ku80 NLS
peptide) and 1 μl of reservoir solution on a coverslip and
suspending the mixture over 0.5 ml of reservoir solution.
Single crystals were obtained with a reservoir solution
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containing 0.65–0.70M sodium citrate (pH 6.0) and 10mM
DTT after 15–20 days for both complexes.
X-ray diffraction datawere collected using awavelength

of 1.46 Å at a synchrotron radiation source (Laboratório
Nacional de Luz Sincrotron, Campinas, Brazil) with a
MarMosaic 225 imaging plate detector (Marresearch). The
crystals were mounted in nylon loops, transiently soaked
in reservoir solution supplemented with 25% glycerol and
flash cooled at 100 K in a nitrogen stream (OxfordNitrogen
Cryojet XL; Oxford Cryosystems). Data were processed
using the HKL2000 package.34 The crystals had the
symmetry of the space group P212121 and were isomor-
phous to other mImpαΔIBB:NLS peptide complexes
(Table 1). The structure of the complex with N1N2 NLS
[Protein Data Bank (PDB) ID 1PJN12], with the NLS
peptide omitted, was employed as the starting model for
crystallographic refinement. After a rigid-body refinement
using the program REFMAC5,35 inspection of the electron
density maps confirmed the presence of the peptides at the
major binding site of both models. Rounds of crystallo-
graphic refinement (positional and restrained isotropic
individual B-factor with an overall anisotropic tempera-
ture factor and bulk solvent correction) and manual
modeling using the program Coot36 were used to improve
the models, considering free R-factors. The final model of
the mImpαΔIBB:Ku70NLS complex consists of 427 resi-
dues of Impα (71–497), 1 peptide ligand (12 residues could
be modeled in the major site), 96 water molecules and 1
citrate ion, while the final model of the mImpαΔIBB:
Ku80NLS complex consists of 426 residues of Impα (72–
496), 1 peptide ligand (11 residues could be modeled at the
major site) and 116 water molecules (Table 1). Asn239 is an
outlier in the Ramachandran plot as also observed in all
other structures of mouse Impα.14,19 Structure quality was
checkedwith the programPROCHECK,37 and the contacts
were analyzed by the program LIGPLOT.38

PDB accession codes

Coordinates and structure factors from both structures
have been deposited in the PDB under accession codes
3RZX (Impα:Ku70NLS) and 3RZ9 (Impα:Ku80NLS).
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