
Importin 13 Mediates Nuclear Import of Histone
Fold-containing Chromatin Accessibility
Complex Heterodimers*□S

Received for publication, September 3, 2008, and in revised form, February 10, 2009 Published, JBC Papers in Press, February 14, 2009, DOI 10.1074/jbc.M806820200

Patrick Walker, Detlef Doenecke1, and Joerg Kahle2

From the Institut für Biochemie und Molekulare Zellbiologie, Abteilung Molekularbiologie, Universität Göttingen, Humboldtallee
23, 37073 Göttingen, Germany

The histone fold is a structural element that facilitates het-
erodimerization, and histone fold heterodimers play crucial
roles in gene regulation. Here, we investigated the nuclear
import of two human histone fold pairs, which belong to the
H2A/H2B family: CHRAC-15/CHRAC-17 and p12/CHRAC-17.
Our results from in vitro nuclear import assays with permeabi-
lized cells and in vivo cotransfection experiments reveal that
importin 13 facilitates nuclear import of both histone fold het-
erodimers. Using glutathione S-transferase pulldown experi-
ments, we provide evidence that heterodimers are required for
efficient binding of importin 13 because the monomers alone
do not significantly interact. Mutational analysis shows that
stepwise substitution of basic amino acid residues conserved
among the histone fold subunits leads to a progressive loss of
importin 13 binding and nuclear accumulation of CHRAC-
15/CHRAC-17 and p12/CHRAC-17. The distribution of basic
amino acid residues among the histone fold subunits essential
for nuclear uptake suggests that heterodimerization of the his-
tone fold motif-containing proteins forms an importin 13-spe-
cific binding platform.

In eukaryotic cells, bidirectional exchange of macromole-
cules between the cytosolic and nuclear compartment occurs
exclusively through the nuclear pore complexes (1, 2). Mole-
cules larger than 40 kDa have to be actively transported via
soluble transport receptors that bind specific amino acid resi-
dues or sequence elements within the cargo protein. Nuclear
export signals are recognized by exportins (export karyo-
pherins), whereas importins (import karyopherins) bind to
nuclear localization signals (NLS)3 that can be further differen-
tiated in classical and nonclassical types. Proteins bearing a

classical NLS are imported by a heterodimer of importin � and
� (3, 4). Proteins with a nonclassical NLS are directly recog-
nized by one import receptorwithout the help of the importin�
adaptermolecule. In contrast to classicalNLSs, the definition of
a putative nonclassical NLS sequence is difficult because its
length and the pattern of NLS-specific amino acids can vary
strongly among proteins (5). Because of their structural flexi-
bility, transport receptors can bind to very different signals, and
someof themeven function as import and export receptors. For
instance, importin 13 recognizes the export substrate eIF1A
and import cargoes such as hUbc9, RBM8 (6), paired type
homeodomain transcriptions factors (7), the glucocorticoid
receptor (8), and the actin-binding protein myopodin (9). In
addition to the monomeric substrates, our recent studies have
shown that importin 13 mediates nuclear import of the het-
erodimeric NF-YB/NF-YC complex of the transcriptional acti-
vator NF-Y (10). The subunits exhibit a histone fold motif (11,
12), the structural feature responsible for heterodimerization
(13, 14).
In this study, we have analyzed the nuclear import of two

related histone fold pairs, CHRAC-15/CHRAC-17 (CHRAC-
15/17) and p12/CHRAC-17. The CHRAC-15/17 heterodimer
is part of the chromatin accessibility complex (CHRAC) com-
posed of SNF2H (sucrose nonfermenting protein 2 homolog)
(15) and the regulatory subunit ACF1 (16–19). In humans,
CHRAC represents one of five different SNF2H-containing
chromatin remodeling complexes that use ATP to shift the
position of nucleosomes on DNA, thus increasing the accessi-
bility of sequence elements onDNA for regulatory proteins (for
reviews see Refs. 20–23). In addition, chromatin remodelling
factors are also involved in DNA and chromatin replication
(24). The CHRAC-15/17 heterodimer presumably acts as an
adapter between the remodeling complex and DNA, which
results in an enhanced nucleosome sliding activity (17, 25).
The p12/CHRAC-17 heterodimer was identified as an inte-

gral component of DNA-polymerase � (26). Polymerase � is one
of 14 DNA template-directed polymerases in humans respon-
sible for DNA repair and DNA replication, and it is involved in
cell cycle control (27, 28). In addition to the p12/CHRAC-17
complex, polymerase � contains a 59-kDa subunit (p59) and the
261-kDa catalytic subunit (p261) (29).
Here, we show that both histone fold pairs CHRAC-15/17

andp12/CHRAC-17 are transported into the nucleus by impor-
tin 13. Importin 13 binds specifically to the dimerized histone
fold subunits, whereas the monomeric subunits are neither
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bound efficiently nor imported. Mutational analysis reveals
that basic amino acid residues conserved among the histone
fold subunits are necessary for efficient nuclear uptake.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa P4-R5 MAGI (hereafter referred to as
HeLa P4) cells (30) obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program (cata-
log number 3580) were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen). The medium was supplemented with
10% (v/v) fetal bovine serum (Biochrom), penicillin, streptomy-
cin, and 2 mM glutamine.
Expression Constructs—The coding regions of the respective

genes were amplified from plasmid DNA using specific primer
pairs with appropriate restriction sites (for details see supple-
mental “Experimental Procedures”). All of the constructs were
verified by DNA sequencing.
Site-directed Mutagenesis—To generate the nucleotide

exchanges K47A, K92A, R69A, and R45A in p12; R25A, K70A,
K47A, and R23A in CHRAC-15; K100A, R92A, K62A, and
K86A in CHRAC-17; K18A, K63A, R40A, and R19A in NC2�
and R101A, R102A, K95A, K64A, and K88A in NC2� site-di-
rected mutagenesis was performed according to the Quik-
Change site-directed mutagenesis kit protocol (Stratagene).
(For details see supplemental “Experimental Procedures.”)
Transfection Experiments—Transfection into HeLa P4 cells

was performed with the EffecteneTM Transfection Reagent
(Qiagen) according to the manufacturer’s instructions. The
cells were fixed 24 h after transfection with 3% paraformalde-
hyde (w/v) in phosphate-buffered saline and analyzed directly
by fluorescencemicroscopy. Inactivation of exportin 1 in trans-
fectedHeLa P4 cells was performed 24 h post-transfection with
10 ng/ml leptomycin B (Sigma-Aldrich) for up to 6 h.
For a semi-quantitative analysis, the cells were scored into

three different categories: N�C (more reporter protein in the
nucleus), N�C (equal distribution of reporter protein between
nucleus and cytoplasm), and N�C (more reporter protein in
the cytoplasm). Localization analysis of protein heterodimers
was performed by measuring the fluorescence intensity in 20
cells using the software ImageJ (National Institutes of Health)
followed by a calculation of the ratio between nuclear and cyto-
plasmic localization.
Recombinant Protein Expression and Purification—Epitope-

tagged CHRAC-15/17 and p12/CHRAC-17 complexes were
generated as follows: CHRAC-15 andCHRAC-17 as well as p12
and CHRAC-17 were coexpressed in Escherichia coli BL21
(DE3). The cultures were grown at 37 °C to an optical density of
0.8 at 600 nm. After shifting the temperature to 25 °C, bacterial
protein expression was induced with 1 mM isopropyl-�-D-thio-
galactopyranoside, and the cultures were grown for 3 h. The
collected bacteria were resuspended in buffer A (20 mM Tris-
HCl, pH 7.5, 300 mM NaCl, 5 mM MgCl2, and 5 mM �-mercap-
toethanol) and lysed by sonication, and the recombinant com-
plexes were purified on nickel nitrilotriacetic acid-agarose
(Qiagen). For GST pulldown assays, a second purification step
on glutathione-Sepharose 4B (GE Healthcare) followed.
The following proteins were expressed in E. coli BL21 (DE3)

as indicated and subsequently purified on glutathione-Sepha-

rose 4B according to the manufacturer’s instructions: GST-
CHRAC-15 and GST-CHRAC-17 at 25 °C for 3 h with 0.5 mM
isopropyl-�-D-thiogalactopyranoside. The collected bacteria
were resuspended in buffer B (50mMTris-HCl, pH 7.5, 500mM
NaCl, 5 mM MgCl2, and 5 mM �-mercaptoethanol).
The following transport receptors were expressed in E. coli

JM109 or TG1 as described in the literature indicated and were
purified on nickel nitrilotriacetic acid-agarose (Qiagen) fol-
lowed by gel filtration on Superdex 200 (GEHealthcare): Xeno-
pus importin �1 (31), human importin � (32), Xenopus impor-
tin 7, human importin 5 (33), murine importin 9 (34), and
human importin 13 (6). Expression and purification of NTF2
(32, 35), Ran, and RanQ69L (35) was performed as described.
Concentration Analysis of Recombinant Transport Receptors—

After expression andpurification of the transport receptors, the
total protein concentration in the fractions was determined
using the Quick Start Bradford Protein Assay Kit 3 (Bio-Rad).
The percentage of full-length import receptor in these fractions
was calculated using the program GelEval (Frogdance Soft-
ware), comparing the band intensity of the full-length protein
(verified by Western blotting) with the other bands. Based on
these percentages, the protein concentration of the represent-
ative import receptor was calculated, and appropriate amounts
were used for subsequent analysis.
GST Pulldown Assays—GST fusion proteins immobilized on

glutathione-Sepharose 4Bwere used as affinitymatrix for bind-
ing experiments. Appropriate amounts of affinity matrix were
incubated for 3 h at 4 °C with 0.2 �M recombinant purified
import receptors in buffer C (50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 5 mM MgCl2, and 5 mM �-mercaptoethanol). The bind-
ing experiments were performed in the absence or presence of
2 �M RanQ69L(GTP). After washing the matrix-bound pro-
teins were analyzed by SDS-PAGE followed by Coomassie
staining.
In Vitro Nuclear Import Assays—Import reactions were per-

formed as described previously (33) based on themethod estab-
lished by Adam et al. (36). Briefly, digitonin-permeabilized
HeLa P4 cells were incubated at 37 °C for 30min with 20 �l of a
transport reaction mix consisting of 0.4 �M GST-CHRAC-15/
His6-CHRAC-17 complex, either 10 �l of reticulocyte lysate
(Promega) or 0.4 �M recombinant import receptor, and an
energy-regenerating system (0.5 mM ATP, 0.5 mMGTP, 10 mM
creatine phosphate, 50 �g/ml creatine kinase) in buffer D (20
mM HEPES-KOH, pH 7.4, 110 mM potassium acetate, 5 mM
magnesium acetate, 0.5 mM EGTA, 2 mM dithiothreitol, 250
mM sucrose). Performing reconstitution experiments with
recombinant import receptors a Ran mix (3 �M RanGDP, 0.5
�M NTF2) was added. The GST-CHRAC-15/His6-CHRAC-17
complex was detected by indirect immunofluorescence using
an anti-GST polyclonal antibody (Santa Cruz). For quantifica-
tion of nuclear import, 50–100 fluorescent cells were scored
into the following categories: N�C (more reporter protein in
the nucleus), N�C (equal distribution of reporter protein
between nucleus and cytoplasm), and N�C (more reporter
protein in the cytoplasm).
Immunoblotting—HeLa P4 cells were harvested, and the pro-

teins were separated on a SDS-polyacrylamide gel and trans-
ferred electrophoretically to nitrocellulose. Uniform blotting
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was checked by staining the nitrocellulose with Ponceau S
(Sigma). The blots were probed with a rabbit polyclonal anti-
FLAG antibody (Sigma), polyclonal anti-green fluorescent
protein antibody (Santa Cruz), a rabbit polyclonal anti-RFP
antibody (MoBiTec), or anti-actin antibody (Sigma). The
immunoreactive proteins were visualized using the chemilumi-
nescence ECL plus detection system (Amersham Biosciences)
after incubationwith a horseradish peroxidase-conjugated goat
anti-rabbit antibody (Sigma) at a 1:100,000 dilution.

RESULTS

The CHRAC-15/17 Complex Is Recognized and Imported by
Importin 13—As part of the human chromatin accessibility
complex CHRAC (17), the CHRAC-15/17 complex fulfills its
function in the nuclear compartment. This and the close rela-
tionship to the histone fold-containing NF-YB/NF-YC het-
erodimer, which is specifically imported into the nucleus by
importin 13 (10), led to the question of whether the CHRAC-
15/17 complex or histone fold heterodimers in general are rec-
ognized by importin 13. To address this question and to eluci-
date the potential role of importin 13, we first performed in
vitro binding studies. For that purpose, the immobilized
GST-CHRAC-15/His-CHRAC-17 complex was incubated
with preassembled importin �/�, importin �, importin 5,
importin 7, importin 9, and importin 13. Because dissocia-
tion of cargo proteins from the import receptors is controlled
by RanGTP (37, 38), the binding studies were performed in the
absence or presence of RanGTP. Importin 13 bound effectively
and RanGTP sensitively to the CHRAC-15/17 complex,
whereas binding of the other transport receptors to the het-
erodimer was not detected (Fig. 1A). To verify that importin 13
also mediates nuclear import of the CHRAC-15/17 complex,
we next performed in vitro nuclear import assays (36) with
the affinity-purified GST-CHRAC-15/His-CHRAC-17 com-
plex (Fig. 1C). Incubationwith reticulocyte lysate led to a strong
accumulation of the CHRAC-15/17 complex in the nucleus,
whereas in the absence of transport factors a strict cytoplasmic
retention was observed. As suggested by the strong RanGTP-
sensitive binding of importin 13, the CHRAC-15/17 complex
was imported into the nuclei of permeabilized cells by importin
13 (for quantification see Fig. 1D). Surprisingly, importin 5
facilitated nuclear uptake of the heterodimer, although it had
not bound to the CHRAC-15/17 dimer in the binding studies.
Taken together, the data suggest that importin 13 is a primary
nuclear transport receptor for the CHRAC-15/17 heterodimer.
Nuclear Accumulation of Overexpressed CHRAC-15/17 Com-

plex Requires Coexpression of Importin 13—To elucidate
nuclear import of the CHRAC-15/17 heterodimer in vivo, we
coexpressed EGFP-CHRAC-15 and RFP-CHRAC-17 in HeLa
P4 cells. Despite the exclusive nuclear localization of endoge-
nous CHRAC-15 and CHRAC-17 (data not shown) and the
strong nuclear accumulation of the GST-CHRAC-15/His-
CHRAC-17 complex in the presence of nuclear transport recep-
tors (reticulocyte lysate) in vitro (Fig. 1C), the fluorescently labeled
subunits remained exclusively in the cytoplasm of transfected
cells (Fig. 2A, top row). The same result was observed when the
fluorescent proteins were exchanged among the two CHRAC
subunits (supplemental Fig. S1A) or when the position of the

fluorescent tags was changed from the N terminus to the C
terminus (data not shown). Thus, the position of the two flu-
orescent tags within the CHRAC complex has presumably
no effect on the cytoplasmic retention of the CHRAC-15/17
heterodimer.
Because cytoplasmic localization of proteins results not only

from the absence of a NLS, but also from nuclear export, we
examined a possible role of the export receptor Crm1/exportin
1 (39). For that purpose, HeLa P4 cells cotransfected with plas-
mid DNA encoding EGFP-CHRAC-15 and RFP-CHRAC-17 or
RFP-CHRAC-15 and EGFP-CHRAC-17 were treated with lep-
tomycin B, a specific inhibitor of exportin 1 (40). The cytoplas-
mic distribution of the fluorescently labeled CHRAC-15/17
complex was not affected by leptomycin B treatment (supple-
mental Fig. S2A), demonstrating that the CHRAC-15/17 dimer
is not exported via exportin 1.Next, we examinedwhether inac-
curate folding of the CHRAC-15/17 complex as a result of the
overexpression was responsible for the cytoplasmic retention.
For that, we coexpressed the HSP70 chaperone with fluores-
cently tagged CHRAC-15 and CHRAC-17 as shown in supple-
mental Fig. S2. The coexpression of HSP70, however, had no
effect on the cytoplasmic localization of the CHRAC-15/17
complex (supplemental Fig. S2B). To investigate whether the
CHRAC-15/17 dimer is imported in the nucleus via a piggy-
back mechanism, the ATP-utilizing chromatin assembly and
remodeling factor 1 (ACF1) was coexpressed with CHRAC-15
and CHRAC-17 fused to either EGFP or RFP, respectively.
Overexpression of ACF1 did not change the cytoplasmic local-
ization of the CHRAC-15/17 complex (supplemental Fig. S2C).
Finally, the influence of additionally coexpressed transport
receptors was tested by cotransfection of EGFP-CHRAC-15
and RFP-CHRAC-17 with FLAG-tagged importin 13, importin
�, importin 5, importin 7, or importin 9 (Fig. 2A). The coexpres-
sion of exogenous importin 13 led to an exclusively nuclear
distribution of the CHRAC-15/17 complex (for quantitative
analysis see Fig. 2B). In contrast, the coexpression of importin
�, importin 5, importin 7, and importin 9, although expressed
to a slightly lower degree than importin 13 (Fig. 2C), did not
lead to any nuclear accumulation of the CHRAC-15/17 dimer.
The same results were obtained when the fluorescent sub-
units were exchanged among the two CHRAC subunits (sup-
plemental Fig. S1A) . In summary, the nuclear transport
capacity for the CHRAC-15/17 complex was confirmed for
importin 13. In addition, a functional significance for importin
5 in the nuclear import of CHRAC-15/17 was excluded,
because importin 5 depletion by small interfering RNA did not
affect the endogenous localization of CHRAC-17, and func-
tionality of coexpressed FLAG-tagged importin 5 was verified
via nuclear uptake of PGC7/Stella (supplemental Fig. S3), a
known importin 5 cargo (41).
Full-length Importin 13 Is Required to Mediate Efficient

Nuclear Import of the CHRAC-15/17 Complex—After confirm-
ing that importin 13 is the functional import receptor for the
CHRAC-15/17 complex, wewanted to characterize the binding
sites in importin 13. For that purpose, we generated different
deletion constructs of importin 13 and tested their import
capacity for the CHRAC-15/17 complex. According to the sec-
ondary structure prediction program PSIPRED (42, 43), impor-
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tin 13 contains 38 �-helices. This is in line with the hypothesis
that all transport receptors of the importin � family are com-
prised of 19 HEAT (huntingtin, elongation factor 3, protein
phosphatase 2A, TOR1) repeats (44). Based on this prediction,

we selectively deleted parts of importin 13 and coexpressed
these truncated constructs with EGFP-CHRAC-15 and RFP-
CHRAC-17. Among the different importin 13 deletions, amino
acids 1–784 and 45–963were still capable of facilitating nuclear

FIGURE 1. Accumulation of the CHRAC-15/17 heterodimer in the nucleus of permeabilized cells is mediated by importin 5 and importin 13. A, GST-
CHRAC-15 and His-CHRAC-17 were coexpressed in E. coli and immobilized on glutathione-Sepharose. The CHRAC-15/17 complex was incubated with equal
concentrations (�0.2 �M) of recombinant purified importin �/� dimer, importin �, importin 5, importin 7, importin 9, or importin 13. Binding was performed
in the absence (�) or presence (�) of RanGTP (Q69L mutant) to simulate cytoplasmic and nuclear conditions, respectively. Bound fractions were analyzed by
SDS-PAGE followed by Coomassie staining. The CHRAC-15/17 heterodimer binds predominantly to importin 13 in a RanGTP-sensitive manner. Binding of other
nuclear transport receptors was not detected. B, the transport receptors importin �, importin �, importin 5, importin 7, importin 9, and importin 13 used for in
vitro studies were expressed in E. coli, analyzed by SDS-PAGE, and either stained with Coomassie or analyzed by Western blot using anti-His6 antibody.
C, digitonin-permeabilized HeLa P4 cells were incubated with 0.4 �M purified GST-CHRAC-15/His-CHRAC-17 heterodimer, reticulocyte lysate (retic), or the
indicated nuclear transport receptors (�0.4 �M each), a RanGDP/NTF2 mix, and an energy regenerating system for 30 min at 37 °C. For a negative control,
reticulocyte lysate was replaced by transport buffer (buffer). The cells were fixed, and the subcellular localization of the CHRAC-15/17 complex was visualized
by indirect immunofluorescence (anti-GST). The DNA was counterstained using 4�,6-diamidino-2�-phenylindole. D, the mean distribution of the CHRAC-15/
CHRAC-17 heterodimer was quantified for 50 cells/condition in the three categories: N�C, N�C, and N�C. Mw, molecular mass; imp, importin; WB, Western
blot; DAPI, 4�,6�-diamino-2-phenylindole.
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accumulation of the CHRAC-15/17 complex (supplemental
Fig. S4). All other importin 13 fragments did not transport
CHRAC-15/17 into the nucleus. Because the importin 13 dele-
tion that contains amino acids 45–963 lacks the putative
RanGTP-binding site, which is essential for the dissociation of
receptor-cargo complex, the last step of this particular nuclear
transport process requires direct competition for either the
cargo (CHRAC-15/17) or the receptor (importin 13).
CHRAC-15 and CHRAC-17 Heterodimerize Prior to Nuclear

Import, Which Is Not Altered by Subunit Phosphorylation—To
analyze the influence of importin 13 on the subcellular localiza-
tion of the individual CHRAC subunits, FLAG-tagged importin
13 was coexpressed separately with either fluorescently labeled
CHRAC-15 or CHRAC-17 (Fig. 3, A and B). Whereas EGFP-
CHRAC-15 was distributed homogenously within the cell,
RFP-CHRAC-15 and the CHRAC-17 fusion proteins showed a
strong cytoplasmic localization. In contrast to the CHRAC-
15/17 dimer, the subcellular distribution of themonomeric his-
tone fold subunits did not change upon coexpression of impor-
tin 13. Furthermore, nuclear accumulation of the individual
subunits was not observed when other nuclear transport recep-
tors were coexpressed (data not shown). Based on these data, it
was not surprising that importin 13 bound only weakly to the
individual GST-tagged subunits, CHRAC-15 or CHRAC-17
(Fig. 3C). These results demonstrate that the individual
CHRAC subunits do not contain a NLS, and nuclear transport
of CHRAC-15 and CHRAC-17 depends strictly on het-
erodimerization in the cytoplasm.
Gnad et al. (45) recently identified three in vivo phosphoryl-

ation sites in the sequence of CHRAC-15 (Ser124 and Ser131)
and in CHRAC-17 (Ser122) by mass spectrometry-based pro-
teomics. To elucidate the potential role of phosphorylation on
the nuclear transport of the CHRAC-15/17 complex, we sub-
stituted the three serine residues for glutamate to mimic the
effect of phosphorylation. However, substitution of these
amino acids did not alter the subcellular distribution of the in-
dividual CHRAC-15 and CHRAC-17 subunits nor of the
CHRAC-15/17 complex. Coexpression of importin 13 led to a
strong nuclear accumulation of the mutated CHRAC-
15(S124E,S131E)/CHRAC-17(S122E) complex (data not
shown). In contrast to our results, Gnad et al. (45) found both
phosphorylated subunits in the cytoplasmatic fraction.
Importin 13 Mediates the Nuclear Import of the p12/CH-

RAC-17 Complex—Because the CHRAC-15/17 heterodimer
behaves like its histone fold relative NF-YB/NF-YC (10), we

FIGURE 2. Importin 13 mediates the nuclear import of the CHRAC-15/17
heterodimer in vivo. A, HeLa P4 cells were transiently transfected with plas-
mid DNA encoding EGFP-CHRAC-15, RFP-CHRAC-17, and FLAG-tagged
importins as indicated. The subcellular localization of the green EGFP and the
red RFP fusion proteins was determined by direct fluorescence 24 h post-

transfection. The overlap is shown in yellow (merge). The DNA was counter-
stained with Hoechst. Coexpression of EGFP-CHRAC-15 and RFP-CHRAC-17
results in a colocalization in the cytoplasm of transfected cells (top row). The
additional coexpression of FLAG-importin 13 leads to a nuclear accumulation
of the CHRAC-15/17 complex. The additional coexpression of importin �,
importin 5, importin 7, or importin 9 in contrast did not change the subcellu-
lar distribution of the EGFP-CHRAC-15/RFP-CHRAC-17 complex. B, the mean
distribution of the EGFP-CHRAC-15/RFP-CHRAC-17 heterodimer with differ-
ent coexpressed import factors was scored into the following three catego-
ries: N�C, N�C, and N�C. C, plasmid DNA coding for EGFP-CHRAC-15, RFP-
CHRAC-17, and FLAG-tagged importin �, importin 5, importin 7, importin 9,
or importin 13, respectively, were cotransfected in HeLa P4 cells. 24 h post-
transfection the cells were harvested, and the import factors, CHRAC-17, and
CHRAC-15 were analyzed by immunoblotting using anti-FLAG, anti-RFP, and
anti-green fluorescent protein antibody. Anti-actin antibody was used to con-
trol equal loading. imp, importin; WB, Western blot; w/o,without importin.
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asked whether importin 13 also transports other histone fold
heterodimers. To address this question, we analyzed the
nuclear import of the p12/CHRAC-17 heterodimer of DNA-
polymerase �. In vitro binding experiments with the immobi-
lized GST-p12/His-CHRAC-17 complex showed strong bind-
ing of importin 13 (Fig. 4A) comparable with the results
observed for the GST-CHRAC-15/His-CHRAC-17 complex
(see again Fig. 1A). Besides importin 13, none of the other tested
transport receptors bound to the p12/CHRAC-17 heterodimer.
Coexpression of EGFP-p12 and RFP-CHRAC-17 in HeLa P4
cells led to a cytoplasmic distribution that upon coexpression of

importin 13 became predominantly nuclear (Fig. 4, B and C).
The same results were obtained when the fluorescent pro-
teins were exchanged among the two subunits (supplemental
Fig. S1B). Coexpression of importin �, importin 5, importin
7, or importin 9 did not influence the cytoplasmic localiza-
tion of the p12/CHRAC-17 complex (supplemental Fig.
S1B). Taken together, these results demonstrate that importin
13 not only facilitates the import of CHRAC-15/CHRAC-17
but is in addition responsible for the nuclear accumulation of
the p12/CHRAC-17 complex.
Basic Amino Acid Residues Conserved among the Histone

Fold Pairs AreNecessary for Importin 13Binding—Nonclassical
NLSs are usually composed of long heterogeneous stretches of
amino acids, making their prediction very difficult (1, 5). To
identify sequence elements necessary for nuclear import of the
CHRAC-15/17 complex, we looked for sequence similarities
among four different histone fold pairs recognized by importin
13, including the NC2�/NC2� heterodimer of the negative
cofactorNC2 (46). BecauseDNA-binding regions often overlap
withNLSs (47), we aligned the related histone fold proteins and
searched for conserved basic DNA binding residues not
involved in subunit heterodimerization (supplemental Fig. S5,
A and B). To elucidate the potential role of these residues for
importin 13 binding, we gradually introduced point mutations,
substituting up to four conserved basic amino acids against ala-
nine (supplemental Fig. S5C). To determine the effect of the
mutations on the subcellular distribution of the CHRAC-15/17
complex, we coexpressedmutated EGFP-CHRAC-15 and RFP-
CHRAC-17 in the presence of FLAG-tagged importin 13. The
progressive substitution of lysine or arginine residues led to an
increased cytoplasmic localization of the CHRAC-15/17 dimer
as compared with the wild type complex (Fig. 5A). Although
single and double mutations in the CHRAC subunits still
allowed nuclear uptake by importin 13, the ratio between
nuclear and cytoplasmic distribution dropped to �50% and
below when three or four basic amino acids, respectively, were
substituted in each subunit. A quantification of the effect is
shown in Fig. 5B. To further analyze the influence of basic
amino acid substitution in CHRAC-15/17 on the binding
capacity to importin 13, we performed in vitro binding assays
with mutated GST-CHRAC-15/His-CHRAC-17 and recombi-
nant importin 13 (Fig. 5C). The strong RanGTP-sensitive bind-
ing of importin 13 to the CHRAC-15/17 heterodimer was grad-
ually reduced with increasing numbers of mutations and
disappeared completely when four basic amino acids on each
subunit were mutated. The necessity of basic amino acids in
both subunits of the CHRAC-15/17 complex for binding to
importin 13 explains the results from our in vivo transfection
experiments (described above). It further led to the conclusion
that positively charged amino acids of each histone fold sub-
unit, CHRAC-15 and CHRAC-17, are part of the importin
13-binding platform.
The Importin 13 Binding Platform Is Conserved between Dif-

ferent Histone Fold Heterodimers—To verify the necessity of
positively charged amino acids conserved among the histone
fold heterodimers for recognition of importin 13, we analyzed
the nuclear transport of the p12/CHRAC-17 and NC2�/NC2�
complexes deficient in conserved basic amino acids, analogous

FIGURE 3. Monomeric CHRAC-15 and CHRAC-17 are not imported by
importin 13. The HeLa P4 cells were transiently transfected with plasmid
DNA encoding CHRAC-15 (A) and CHRAC-17 (B) N-terminally fused either to
EGFP or RFP. FLAG-tagged importin 13 was additionally coexpressed as indi-
cated. The subcellular distribution of the transfected fusion proteins was
determined by direct fluorescence 24 h post-transfection. The DNA was coun-
terstained with Hoechst. Although EGFP-CHRAC-15 shows a homogenous
distribution in transfected cells at steady state, RFP-CHRAC-15 and fluores-
cently labeled CHRAC-17 are localized in the cytoplasm. The coexpression of
FLAG-importin 13 did not change the subcellular distribution of the fluores-
cently labeled CHRAC subunits. C, GST-tagged CHRAC-15 and CHRAC-17
were expressed in E. coli, immobilized on glutathione-Sepharose, and incu-
bated with recombinant purified FLAG-tagged importin 13 in the absence
(�) or presence (�) of RanGTP (Q69L mutant). The input of importin 13 rep-
resents 20% of the amount used in the assay. Bound fractions were analyzed
by SDS-PAGE followed by Coomassie staining. Importin 13 does not bind
efficiently to the monomeric CHRAC subunits. Mw, molecular mass; imp13,
importin 13.
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to previous transfection experiments with CHRAC-15/17 (Fig.
6 and supplemental Fig. S6). Although the substitution results
in a less dramatic effect compared with mutated CHRAC-15/

17, nuclear transport of p12/
CHRAC-17 was reduced strongly if
four basic amino acids on each sub-
unit were mutated (Fig. 6A; see Fig.
6B for quantitative analysis). Addi-
tionally, we performed in vitro GST
pulldown assays with mutated p12/
CHRAC-17 complexes (Fig. 6C).
The loss of basic amino acids
in the p12/CHRAC-17 complex
resulted in decreased importin 13
binding, similar to the observations
made for the mutated CHRAC-15/
CHRAC-17 complex (compare Figs.
6C and 5C). Because CHRAC-17 is
part of both heterodimers, one
could argue that the effect is caused
solely by CHRAC-17. To test this,
we performed transfection experi-
ments with wild type RFP-
CHRAC-17 in combination with ei-
ther mutated EGFP-CHRAC-15 or
mutated EGFP-p12 (supplemental
Fig. S7). The loss of positively
charged amino acids in CHRAC-15
and p12 alone led to a reduced
nuclear accumulation of the corre-
sponding heterodimers. Thus, the
decline of nuclear transport does
not exclusively result from muta-
tions in CHRAC-17 but derives
from the substitution of basic amino
acid residues distributed among
both histone fold subunits. In addi-
tion, as demonstrated for CHRAC-
15/17 and p12/CHRAC-17, in vivo
transfection assays with NC2�/
NC2� complexes also led to a
decreased nuclear uptakewhenpro-
gressively mutated at the predicted
sites (supplemental Fig. S6). In con-
clusion, these data suggest that basic
amino acids conserved among the
histone fold heterodimers are nec-
essary for binding of importin 13.
Because of the necessity of posi-
tively charged amino acids, binding
between the histone fold het-
erodimers and importin 13 is pre-
sumably mediated by electrostatic
interactions.
Taken together, we have shown

that nuclear accumulation of
CHRAC-15/17 and p12/CHRAC-17
can be mediated by importin 13.

Recognition of importin 13 depends on basic amino acid resi-
dues conserved among CHRAC-15/17, p12/CHRAC-17, and
NC2�/NC2�.

FIGURE 4. Importin 13 also facilitates the nuclear accumulation of the p12/CHRAC-17 heterodimer.
A, GST-p12 and His-CHRAC-17 were coexpressed in E. coli, immobilized on glutathione-Sepharose, and incu-
bated with equal concentrations (0.2 �M) of recombinant purified importin �/� heterodimer, importin �,
importin 5, importin 7, importin 9, or importin 13. Bound fractions were analyzed by SDS-PAGE followed by
Coomassie staining. The histone fold heterodimer p12/CHRAC-17 binds exclusively to importin 13. B, HeLa P4
cells were transiently cotransfected with plasmid DNA coding for EGFP-p12 and RFP-CHRAC-17 (top row) and
additional expression of FLAG-tagged importin 13 (bottom row). The localization of the EGFP-p12 and RFP-
CHRAC-17 fusion proteins was determined 24 h post-transfection by direct fluorescence. Colocalization of p12
and CHRAC-17 is shown in yellow (merge). The DNA was counterstained with Hoechst. The largely cytoplasmic
distribution of the p12/CHRAC-17 heterodimer was abolished in the presence of FLAG-importin 13, leading to
a strong accumulation in the cell nucleus. C, for a semi-quantitative analysis, the mean distribution of the
EGFP-p12/RFP-CHRAC-17 heterodimer with or without the additional coexpression of importin 13 was classi-
fied in the categories N�C, N�C, and N�C. Mw, molecular mass; imp, importin.

Nuclear Import of CHRAC-15/17 and p12/CHRAC-17

11658 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 17 • APRIL 24, 2009

http://www.jbc.org/cgi/content/full/M806820200/DC1
http://www.jbc.org/cgi/content/full/M806820200/DC1
http://www.jbc.org/cgi/content/full/M806820200/DC1


DISCUSSION

In this study, we have analyzed the nuclear import of the
heterodimeric CHRAC-15/17 and p12/CHRAC-17 protein
complexes. We identified importin 13 as transport receptor
that mediates nuclear import of these two histone fold pairs,
both in vitro and in vivo. Thus, besides NF-YB/NF-YC (10)
and NC2�/NC2� (46), CHRAC-15/17 and p12/CHRAC-17
represent two additional importin 13 cargoes that belong to
the H2A/H2B family. Previous binding studies by Mingot et
al. (6) using immobilized importin 13 as bait already identi-
fied CHRAC-17 (referred to as NF-YB-like) as potential
import cargo, pointing toward a functional role of importin
13 for nuclear uptake of either CHRAC-17 alone or in com-

plex. Our data indicate, however, that the individual histone
fold subunits are not imported into the nucleus. The results
of in vivo and in vitro experiments clearly demonstrate that
only the dimerized subunits were efficiently bound and
transported into the nucleus by importin 13.
Surprisingly, endogenous importin 13 alone was not able to

translocate fluorescently labeled CHRAC-15/17 and p12/
CHRAC-17 into the nucleus of transfected HeLa P4 cells. Only
the additional coexpression of importin 13 led to the nuclear
accumulation of these histone fold complexes.One explanation
would be the partial masking of the NLS by the fused RFP and
EGFP fluorescent proteins as shown byWagstaff and Jans (48).
However, exchanging the tags between the two histone fold

FIGURE 5. Basic amino acids in the CHRAC-15/17 subunits are necessary for importin 13 binding. A, HeLa P4 cells were transiently cotransfected
with plasmid DNA coding for wt EGFP-CHRAC-15 and RFP-CHRAC-17 (top row) and fusion proteins carrying an increasing number of mutated basic
amino acid residues as indicated (see also supplemental Fig. S5). FLAG-importin 13 was coexpressed in each approach. The subcellular localization of
wild type and mutated CHRAC-15/17 complexes was determined by direct fluorescence 24 h post-transfection. The colocalization of RFP and EGFP
fusion proteins is shown in yellow (merge). DNA was counterstained with Hoechst. The stepwise substitution of basic amino acids in CHRAC-15 and
CHRAC-17 interferes with the importin 13-mediated nuclear transport and results in an increased cytoplasmic accumulation of the CHRAC-15/17
complex in transfected cells. B, for quantitative analysis, the fluorescence intensity of colocalized wild type and mutated CHRAC-15/17 complexes was
measured in 20 cells using the ImageJ software (National Institutes of Health). The percentage of nuclear (nucl.) and cytoplasmic (cyto.) localization was
calculated. Sites of mutations are indicated with Mut1, Mut2, Mut3, and Mut4 as in A. C, GST-CHRAC-15/His-CHRAC-17 with alanine substitutions of
conserved basic amino acids were coexpressed in E. coli and immobilized on glutathione-Sepharose. Binding studies with the wt and the mutated
heterodimers (described above) were performed using recombinant purified importin 13. 20% of importin 13 used in this assay are displayed as input.
Each indicated amino acid substitution is additional compared with the preceding column. To imitate the RanGTP gradient between the cytoplasmic
and the nuclear compartment, the binding was also performed in the presence (�) of RanGTP (Q69L mutant). After incubation, the bound fractions were
displayed by SDS-PAGE and stained by Coomassie. The loss of positively charged amino acids in the CHRAC-15/17 complex results in a reduced binding
of importin 13. Mw, molecular mass; imp13, importin 13.
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subunits or the position of EGFP and RFP from the N to the C
terminus did not alter the localization of the histone fold pairs.
Another explanation for the necessity of exogenous importin
13 may be a comparatively low concentration of importin 13 in
HeLa cells compared with other import factors. Hence, the
HeLa cell content of importin 13may just not suffice to support
the transport of the strongly overexpressed histone fold com-
plexes. As recently shown by Yang and Musser (49), higher
concentrations of importin � lead to an increased import effi-
ciency and an increased transit speed of signal-dependent car-
goes across the nuclear envelope. Increasing the cellular con-
centration of importin 13 through additional coexpression
most likely results in an advanced nuclear import of the histone
fold heterodimers.
To characterize the binding sites in CHRAC-15/17, p12/

CHRAC-17, and NC2�/NC2� for importin 13, we analyzed
the nuclear import of histone fold pairs in which basic amino
acids that are conserved among different histone fold pairs,
but not involved in dimerization (50), were gradually
mutated. Our results of in vitro binding studies show that
these conserved basic residues are essential for efficient
binding of importin 13. These results were further con-
firmed by in vivo cotransfection experiments. Substitution of
three conserved positively charged amino acids on each sub-
unit in CHRAC-15/17 and NC2�/NC2� and four on each sub-
unit in p12/CHRAC-17 strongly reduced nuclear import in
vivo.
The three-dimensional arrangement of the essential basic

residues in CHRAC-15/17 based on the structure of the
homologous Drosophila CHRAC-16/14 complex (51) and in
NC2�/NC2� (50) shows that all of the basic residues except
for Lys70 in CHRAC-15 and Lys63 in NC2� are clustered in
close proximity to each other. This observation suggests that
positively charged residues in the heterodimerized histone
fold subunits form a region of positive electrostatic potential
that permits favorable interactions with negatively charged
amino acid residues of importin 13. Similarly, based on the
three-dimensional structure of the Pax6 homeodomain (52)
showing that two basic clusters essential for nuclear uptake
of Pax6 localize close to one another, Ploski et al. (7) pro-
posed that the homeodomain has a structural role of expos-
ing the clusters in the proper position and orientation for
importin 13 contact.

FIGURE 6. Basic amino acids conserved among the histone fold family are
necessary for the interaction between importin 13 and the p12/CHRAC-
17 heterodimer. A, HeLa P4 cells were transiently transfected with plas-
mid DNA encoding wt or stepwise mutated EGFP-p12 and RFP-CHRAC-17
carrying alanine residues in exchange for basic amino acids as indicated. In
addition, plasmid DNA coding for FLAG-importin 13 was coexpressed. Sub-
cellular localization of the p12/CHRAC-17 heterodimer was determined 24 h
post-transfection by direct fluorescence. Colocalization is shown in yellow

(merge), and the DNA was stained using Hoechst. Increasing the quantity of
mutated basic residues in p12 and CHRAC-17 has an influence on the subcel-
lular distribution of the heterodimer resulting in a cytoplasmic accumulation.
B, the subcellular distribution of colocalized wt and mutated p12/CHRAC-17
complex was quantitatively analyzed using the program ImageJ (National
Institutes of Health). The fluorescence intensity of 20 cotransfected cells was
measured, and the ratio between nuclear (nucl.) and cytoplasmic (cyto.) local-
ization was calculated. C, recombinant GST-p12/His-CHRAC-17 wt het-
erodimer and heterodimers with alanine substitutions of conserved basic
amino acids were incubated with recombinant, purified His-importin 13.
Binding was determined in the absence (�) or presence (�) of RanGTP
(Q69L mutant). 20% of the applied importin 13 is represented as input.
Bound fractions were analyzed by SDS-PAGE followed by Coomassie stain-
ing. Substitution of basic residues in p12 and CHRAC-17 leads to a decreas-
ing binding capacity of the p12/CHRAC-17 complex to importin 13. Mw,
molecular mass; imp13, importin 13.
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Sequence comparison showed that the positively charged
residues essential for nuclear transport of the complexes stud-
ied here are not conserved in the histones H2A andH2B. Inter-
estingly, the nuclear transport receptors that facilitate nuclear
import of H2A/H2B and of the three related histone fold pairs
differ. Nuclear import ofH2A andH2B ismediated viamultiple
pathways but does not involve importin 13 (34, 53, 54). Thus,
the H2A/H2B histone fold pair does not represent a bona fide
importin 13-binding site. Additionally, the Ras activator Son
of Sevenless, which contains an intramolecular histone fold
pseudodimer of the H2A/H2B-type, is a cytoplasmic protein
(55).
Regarding the binding mechanism of CHRAC-15/17 to

importin 13, we propose the following model: Importin 13
simultaneously contacts both subunits, CHRAC-15 and
CHRAC-17. This hypothesis is supported by our data show-
ing that (i) nuclear uptake of histone fold subunits depends
strictly on heterodimerization and (ii) the basic amino acids
essential for nuclear accumulation are distributed on both
histone fold subunits. This type of cooperativity between the
individual histone fold subunits for nuclear import was also
observed in situ for the nuclear accumulation of the p12 and
CHRAC-17 homologs Dpb3 and Dpb4 in fission yeast. In
that case, the repression of Dpb3 expression abrogated
nuclear localization of Dpb4 (56).
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