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ABSTRACT

Proteins are functionally regulated by various types of posttranslational modifications (PTMs). Ku, a heterodimer complex of Ku70 and Ku80 subunits, participates in
DNA repair processes. Ku is distributed not only in the nucleus but also in the cytoplasm, suggesting that the function of Ku is regulated by its subcellular localization.
Although Ku70 undergoes PTMs including phosphorylation or acetylation, it remains unknown whether the PTMs of Ku70 affect the subcellular localization of Ku.
Using a cell-free pull-down assay technique, we show that Ne-acetylation of lysine residues in the synthetic peptide matched to Ku70’s nuclear localization signal
(NLS) reduces the peptide’s interaction with the nuclear transport factor importin-a. The reduced interaction by acetylation was supported by molecular simulation
analysis. In addition, when expressed in the endogenous Ku80-defective Chinese hamster ovary xrs-6 cells, some full-size human Ku70 mutants with substitutions of
glutamine, a possible structural mimetic of Ne-acetyl-lysine, for lysine at the specific NLS positions exhibited no nuclear distribution. These findings imply that

acetylation of particular lysine residues in the Ku70 NLS regulates nuclear localization of Ku.

1. Introduction

A precise control mechanism of subcellular localization is essential
for intracellular proteins, especially those that have functions in both the
nucleus and the cytoplasm of a cell, such as many transcription factors or
DNA repair proteins [1,2]. Ku70 is a subunit of Ku that forms Ku het-
erodimers with its homologous protein, Ku80. Ku has been well char-
acterized as a DNA double-strand-break (DSB) sensor in the process of
non-homologous end-joining, which is a major pathway for the repair
of DSBs [3,4]. Because Ku70 and Ku80 coexist in the cytoplasm and their
heterodimers have been discovered at least in the cytoplasm of HeLa
cells during the mitotic phase, Ku heterodimers may develop in the
cytoplasm [5]. On the other hand, it was reported that the cytoplasmic
distribution of Ku70 is significantly higher than that of Ku80 in HeLa
cells [6], suggesting that Ku70 and Ku80 can function separately in the
cytoplasm [6-8]. We previously discovered that the nuclear localization
signal (NLS) of human Ku70 is located between residues K539 and K556,
the NLS is bound and transported to the nuclear rim by the nuclear
transport factors importin-o/importin-f complexes (Impo/Impp) [9],
and the translocation of Ku70 from the cytoplasm to the nucleus is
inhibited when lysine residues in the NLS region are replaced with
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alanine [10,11]. The NLS of Ku70 was thought to be classified as a
bipartite NLS [12,13], and the molecular structure of the Ku70
NLS-Impa complex solved by X-ray crystallographic analyses revealed
that the C-terminal of Ku70 NLS (N547 to K556) fit into the interaction
site of Impa [14]. These findings indicate that Ku70 is translocated to the
nucleus via the classical Impa/Impp-mediated nuclear import pathway.
In addition, the Ku70 NLS contains five lysine residues (K539, K542,
K544, K553, and K556) that were identified as targets for acetylation in
vivo [6,9]. Acetylation is a major protein posttranslational modification
(PTM) that is thought to promote conformational changes that control
association with or dissociation from other biomolecules by neutralizing
positive charges [15]. However, whether the acetylation of the five
lysine residues in the Ku70 NLS functions as a switch governing Ku70
translocation from the cytoplasm to the nucleus remains unknown. Here
we demonstrate that the acetylation of lysine residues in the Ku70 NLS
reduces the interaction with Impa using both experimental and theo-
retical approaches, and that recombinant Ku70 mutants in which spe-
cific NLS lysine residues were substituted with the uncharged amino
acid glutamine exhibited reduced translocation to the nucleus. These
findings imply that acetylation of certain lysine residues in the NLS
regulates Ku70 translocation to the nucleus.
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Fig. 1. Effect of substitution of lysine residues in the Ku70 NLS with ace-
tyl-lysine on binding to Impa. (A) The effect of amino acid substitutions in the
Ku70 NLS on Impa binding. The binding activity of Ku70 NLS and its mutant
peptides to Impa in the presence of Impp was analyzed by probing immunoblots
with antibodies against Impa. (B) Quantification of the pull-down assays pre-
sented in panel (A). Measurements of the blot band intensity were performed
using ImageJ 1.52a. Each graph represents the relative intensity with Ku70 NLS
WT defined as 100%. The error bars indicate the standard deviation from three
independent experiments. *p < 0.05 significant differences from the case when
the expected value was defined as 100.

2. Materials and methods
2.1. Binding assay

Immobilization of the synthetic Ku70 NLS peptides (Eurofins Geno-
mics, Tokyo, Japan) (Table S1) to Thiopropyl-Sepharose 6B (Sigma-
Aldrich, St. Luis, MO, USA) was performed batchwise in a coupling
buffer (0.1 M Tris-HCI, pH 7.5, 0.1 M NaCl, 1 mM EDTA) at room
temperature (23 °C-25 °C) for 2 h. One mg of each peptide was used
with 0.2 ml of swollen sepharose. After immobilization, the gel was
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Fig. 2. Box plots of the distribution of binding energy between Impa and the
Ku70 NLS during the simulation time. (A) Total binding energy (AGp,) in so-
lution and (B) total gas-phase energy (AGy,) of Impa and wild-type Ku70 NLS
(WT.1-WT.3), KQ mutants (KQ.1-KQ.3), KR mutants (KR.1-KR.3), or K°K
mutants (K*K.1-K°K.3) of Ku70 NLS. Note that lower binding energies indicate
stronger interactions. Boxes represent half the amount of data in each respec-
tive distribution. The bars in each box indicate the median of the distribution.
Open circles represent outlying data.

treated with 5 mM dithiothreitol to remove the remaining 2-thiopyridyl
groups on sepharose beads before washing with transport buffer (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.3, 110 mM
potassium acetate, 2 mM magnesium acetate, 5 mM sodium acetate, 1
mM ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic acid).
A binding assay was performed with 50 pl NLS-immobilized sepharose,
1 mg/ml bovine serum albumin, 0.1 pg recombinant human Impa2
(NBP1-78888; Novus Biologicals, Centennial, CO, USA), and 0.1 pg re-
combinant human Impp (NBP1-78815; Novus Biologicals) in 0.5 ml
transport buffer by incubation for 2 h at 4 °C with gentle rotation. The
gel was washed with transport buffer, and the bound importin was then
eluted with sodium dodecyl sulfate-lysis buffer. The lysate was sub-
jected to western blot analysis to detect Impa using an ImageQuant LAS
4000 (GE Healthcare, Chicago, IL, USA).

2.2. Molecular modeling and simulations

Molecular models of the wild-type or mutant Ku70 NLS in complex
with Impa were constructed based on the reported crystallographic
structure (PDB ID: 3RZX) [14], and 5-ns molecular dynamics (MD)
simulations were executed. The binding free energies between the
C-terminal region of the Ku70 NLS (N547 to E558) and its interaction
site of Impa were calculated using coordinate sets obtained from each
MD simulation by modifying the previous method [16]. The details are
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Fig. 3. Distances from a conserved residue in the
contact site of the Ku70 NLS to adjacent residues in
Impa during the simulation time. (A) Snapshot of the
interaction site between Ku70 NLS and Impo.
SS3KRPK®®® of Ku70 NLS is illustrated as a green stick,
and amino acids of Impa located near four Ku70
residues are presented as a gray stick. The molecular
surface of Impa near the four Ku70 residues is also
shown, with blue or red coloration on the surface
indicating positive or negative charge, respectively.
Pockets on the molecular surface in the major binding
site of Impa are labeled as (P2) to (P5) [29]. (B)
Distances between CD atoms in K553 of Ku70 and CG
atoms in N188 and D192 of Impa ((1), (2)), CD atoms
in R554 of Ku70, and CG atoms in N228 and D270 of
Impa ((3), (4)), and CD atoms in K556 and CZ3 atoms
in W142 and W184 of Impa ((5), (6)) are plotted
during the simulation time from 3 to 5 ns (CD atoms
in K553, R554, and K556 of the Ku70 NLS are rep-
resented as green balls in panel (A)). In each panel,
the left graph represents the distribution of distances
when none of the acetylation targets in the Ku70 NLS
were replaced (K; red dots) or when they were
replaced with acetyl-lysine (°K; blue dots) residues,
and the right graph indicates the distribution of dis-
tances when all acetylation targets in the Ku70 NLS
were replaced with arginine (R; red dots) or gluta-
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given in the supporting information.
2.3. Plasmid construction, cell lines, and transfection

c¢DNAs for human Ku70 were derived from pEGFP-Ku70 (1-609) [9,
11]. Ku70 site-specific mutants were generated by incorporating mutant
oligonucleotides via strand extension reactions, as previously described
[11,17]. Following the application of the mutagenesis strategy, each
mutant was identified by DNA sequencing. Chinese hamster xrs-6 cells
defective in Ku80 (derived from CHO-K1 cells based on their sensitivity
to ionizing radiation) were cultured [18,19]. Cells were transfected
using FuGene6 (Roche Diagnostics, Indianapolis, IN, USA) or Lipofect-
amine 3000 (Invitrogen, Carlsbad, CA, USA).

3. Results

3.1. Substitution of Ku70 nuclear localization signal lysine residues to
acetyl-lysine diminishes its interaction with importin-a/importin-f

Amino acid sequences in the Ku70 NLS region are well-conserved
among primates. In particular, four of five lysine residues (K539,
K542, K553, and K556) in human Ku70 are highly conserved among
mammalian and avian Ku70 homologues, although K544 is replaced
with a similar basic residue, arginine, in canine species [9,20] (Fig. S1).

A pull-down assay was performed to investigate whether the

acetylation of lysine residues in the Ku70 NLS affects the interaction
between Ku70 and the nuclear transport factors, Impa/Impf (Fig. 1,
Table S1). The peptide in which four lysine residues in the Ku70 NLS
except K544 substituted with acetyl-lysine had a lower interaction with
Impo/Impp than the wild-type Ku70 NLS (Ku70 NLS WT and Ku70 NLS
K%K in Fig. 1). The effect of amino-acid substitutions with a charge-
conservative residue, arginine, or with an uncharged residue, gluta-
mine, for the same four lysine residues in the Ku70 NLS peptide was
examined for later analyses. The peptide in which these lysine residues
in the Ku70 NLS were substituted with arginine retained a high affinity
for Impa in the presence of Impp (Ku70 NLS KR in Fig. 1), and the
substitution of the Ku70 NLS lysine residues to glutamine significantly
diminished its interaction with Impo/Impf (Ku70 NLS KQ in Fig. 1).

3.2. Structural analysis of the interaction site between the Ku70 nuclear
localization signal and importin-a using molecular simulations

To analyze the molecular structure of the interaction site between
the Ku70 NLS and Impa in detail, molecular models of the wild-type or
mutant Ku70 NLS in complex with Impa were constructed, and 5-ns MD
simulations were then conducted. Because the root mean square devi-
ation values of all of the simulated molecules reached stable conditions
after 3 ns of the MD simulation with few structural changes occurring
(Fig. S2), distributions of the total binding energy (AGyp,) and total gas
phase energy (AGggs) between the Ku70 NLS and Impa were calculated
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from the latter 2 ns of 5-ns MD simulation data (Fig. 2). The AGggs term
principally consists of electrostatic energy, excluding the contribution of
solvation effects of the simulated system, and thus, it is strongly influ-
enced by the total charge of amino acids in the contact region between
the Ku70 NLS and Impa. In all three trials, the total gas phase energy
between the Ku70 NLS and Impa was markedly suppressed when all
lysine residues of interest were substituted with glutamine (K—Q in
Fig. 2B), whereas they remained at the same level as that of the wild type
when lysine residues were substituted with arginine (K—R in Fig. 2B).
This order of binding energy in the gas phase was maintained even when
solvation effects were considered (Fig. 2A). When the lysine residues of
interest were replaced with acetyl-lysine residues (°K), the binding en-
ergy in the gas phase decreased to the same level as that of KQ sub-
stitutions (K—K in Fig. 2B) and, in solution, approximately to the
middle level between the wild-type and KR substitution mutants (K—*K
in Fig. 2A). These findings correspond with the results from the pull-
down assay (Fig. 1) and imply that KQ or KR substitution mutants in
the Ku70 NLS employ as a structural mimetic of acetylated lysine or non-
acetylated [deacetylated] lysine.

The local movements of Ku70 NLS amino acid side chains in the
binding sites on the molecular surface of Impa were studied to determine
the stability of the Ku70 NLS-Impa complex (Fig. 3). The side chains of
K553, R554, and K556 in the wild-type Ku70 NLS and R553, R554, and
R556 in the KR mutant fitted into each contact pocket of Impa during the
simulation time from 3 to 5 ns, with few changes occurring in the
relative position between residues in the Ku70 NLS and their adjacent
residues in Impa [red dots on the left and right graphs in Fig. 3B (1)-(6)].
In contrast, the conformation of the side chains of Q553, R554, and
Q556 in the KQ mutant varied and did not remain constant in the con-
tact pockets of Impa [blue dots in the right graphs in Fig. 3B (1)-(6)].
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Fig. 4. Nuclear localization activity of Ku70. (A)
EGFP signal, differential interference contrast (DIC),
and merged images of the EGFP-wild-type Ku70
fusion protein and EGFP only in xrs-6 cells. Note that
EGFP alone was localized throughout the cell owing
to its having a small molecular mass, which allows its
entry into the nucleus by passive diffusion [11]. (B)
The amino acid sequence of the Ku70 NLS. Five lysine
(K) residues that were reported as targets of acetyla-
tion are indicated in bold letters. Ku70 residue loca-
tions are indicated by numbers on either side of the
sequence and above the lysine residues. (C), (D) KQ
Q and KR mutant EGFP signals in xrs-6 cells. In (A), (C),
and (D), positions of substitution among the five
lysine residues are indicated to the left of each panel;
for example, “Q——" indicates a single mutation,
K539Q. The predominance of localization in xrs-6
cells exhibiting translocation of the EGFP signal in
each case is indicated to the right (N: nucleus, C:
cytoplasm). The scale bar indicates 10 pm.

Merged

When K553 and K556 were replaced with acetylated lysine residues, the
side chains of ?K553 and R554 fluctuated widely as in the case of the KQ
mutant [blue dots on the left graphs in Fig. 3B (1)-(4)], but the side
chain movement of K556 in the contact pocket of Impa remained the
same as in the wild-type or KR mutant [blue dots on the left graphs in
Fig. 3B (5) and (6)]. These findings indicate that K556 continues to
interact with its adjacent residues in Impa, and thus, this could be the
reason why the Ku70 NLS with a K°K substitution would have a slightly
stronger interaction with Impa than the KQ mutant (Ku70 NLS K?K in
Fig. 1 and K=K in Fig. 2A).

3.3. Mutations of lysine residues 553 and 556 inhibit the nuclear
localization of Ku70

We next attempted to obtain evidence that acetylation of lysine
residues in the Ku70 NLS diminishes the nuclear localization of Ku70.
However, it was technically infeasible to introduce an acetyl-lysine
residue to a specific position in the full-size Ku70. Thus, we tested the
nuclear translocation capacity of Ku70 mutants in which lysine residues
in the NLS were replaced with glutamine residues as a putative struc-
tural imitation of acetylated lysine or with arginine as a structural
mimetic of deacetylated lysine [21,22] (Fig. 4). For monitoring subcel-
lular distribution in intact cells, the full-size Ku70 and its mutants were
tagged with the fluorescent protein EGFP. We used endogenous
Ku80-defective Chinese hamster ovary xrs-6 cells [18] as the parental
cells in this investigation to explore the effects of amino acid changes on
the nuclear translocation of Ku70 without the probable involvement of
Ku80, which forms a heterodimer with Ku70. The double mutant
EGFP-Ku70 K553Q/K556Q (—QQ in Fig. 4C) was detected mostly in the
cytoplasm, but the double mutant EGFP-Ku70 K539Q/K542Q (QQ— in
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Fig. 4C) was detected primarily in the nucleus. These results suggest that
inhibition of the translocation of Ku70 from the cytoplasm to the nucleus
is greater when a substituted lysine residue is located closer to the
C-terminus of the Ku70 NLS. Single mutations at each acetylation site
support this presumption. EGFP-Ku70 K553Q (—Q- in Fig. 4C) or
EGFP-Ku70 K556Q (——Q in Fig. 4C) was detected primarily in the
cytoplasm, whereas the wild-type Ku70 fusion proteins EGFP-Ku70
(——— in Fig. 4A), EGFP-Ku70 K539Q (Q— in Fig. 4C), EGFP-Ku70
K542Q (-Q— in Fig. 4C) or EGFP-Ku70 K544Q (-Q- in Fig. 4C) were
detected primarily in the nucleus, suggesting that two of the five lysine
residues in the Ku70 NLS (K553 and K556) play more important roles in
nuclear import of Ku70. In contrast, the inhibition of Ku70 translocation
to the nucleus was not significant when K539, K542, K544, or K556 was
replaced separately or when K539/K542 was substituted concurrently
with arginine residues (RR—, R——, -R—, -R—, ——R in Fig. 4D). The
level of nuclear localization of Ku70 was declined slightly when K553
was replaced with arginine (—RR, —R- in Fig. 4D). These observations
are consistent with the consequence deduced from several preceding
studies that the first amino acid in the typical NLS motif (K553 of
553KRPK>%® in the case of the Ku70 NLS) should be a lysine [23-25].

4. Discussion

The molecular structures of the core of the Ku heterodimer and the C-
terminal DNA-binding domain (SAP domain) of Ku70 were separately
resolved by X-ray crystallographic and nuclear magnetic resonance
analysis, respectively [26,27]. The Ku70 NLS is found in the linker re-
gion that connects these two parts of Ku70 and is assumed to be unable
to fold into a specific three-dimensional structure on its own. It was
reported that at least eight lysine residues in Ku70 are targets for acet-
ylation [6] and five of those eight lysine residues are concentrated in the
linker region. In solution, this disordered region is likely flexible and
long enough for regulatory proteins such as Impa to bind with Ku70
without sterically interfering with the remainder of the Ku70 molecule
(Fig. S3).

In the current study, two of five lysine residues in the C-terminus of
the Ku70 NLS, K553 and K556, were identified as strong candidates for
modulating the nuclear transport of Ku70 (Fig. 4), although the
remaining three lysine residues were also found to contribute to the
nuclear transport function in the previous study [9]. Interestingly, the
substitution of either K539 or K542 with glutamine abolished the
binding of cytosolic Ku70 to both Bax and FLIP [6,7,28]. As a result,
acetylation of the five lysine residues in the Ku70 NLS appears to have
bifunctional biological consequences: acetylation of K553 and K556
suppresses Ku70 nuclear transport for DSB repair, whereas acetylation
of K539 or K542 appears to facilitate activation of the two apoptosis
pathways, though the biological significance of acetylation of K544 in
the Ku70 NLS remains unknown. Further structural analyses are
required to clarify this.
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