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Importin 13 is a member of the importin g family of trans-
port receptors. Unlike most family members, importin 13
mediates both, nuclear protein import and export. To
search for novel importin 13 cargoes, we used stable
isotope labeling of amino acids in cell culture (SILAC) and
mass spectrometry. Using stringent criteria, we identified
255 importin 13 substrates, including the known cargoes
Ubc9, Mago and elF1A, and validate many of them as
transport cargoes by extensive biochemical and cell bio-
logical characterization. Several novel cargoes can also
be transported by the export receptor CRM1, demonstrat-
ing a clear redundancy in receptor choice. Using importin
13 mutants, we show that many of the novel substrates
contact regions on the transport receptor that are not
used by Ubc9, Mago or elF1A. Together, this study signif-
icantly expands the repertoire of importin 13 cargoes and
sets the basis for a more detailed characterization of this
extremely versatile transport receptor. Molecular & Cel-
lular Proteomics 17: 1337-1353, 2018. DOI: 10.1074/mcp.
RA118.000623.

Selective transport of macromolecules between the cyto-
plasm and the nucleus occurs through nuclear pore com-
plexes (NPCs)', which are built of ~30 different nucleoporins
and serve as the only gateway across the nuclear envelope
(1). Only small molecules can rapidly move through the NPC
by passive diffusion, whereas larger macromolecules typically
require nuclear transport receptors (NTRs), also referred to as
importins or exportins, for efficient translocation. Transport
selectivity is achieved by a permeability barrier constituted of
phenylalanine-glycine (FG)-repeat domains, which are pres-
ent in ~1/3 of all nucleoporins and which interact with NTRs.
Directionality of transport is mediated by the small GTPase
Ran, which is required for the assembly and disassembly of
transport complexes. Importins bind their cargoes in the cy-
toplasm via nuclear localization signals and are disassembled
in the nucleus by binding of RanGTP. In contrast, exportins
bind their cargoes via nuclear export signals in the nucleus
together with RanGTP to form a trimeric export complex

and are disassembled in the cytoplasm upon GTP hydroly-
sis on Ran. The intrinsic GTPase activity of Ran is enhanced
by the Ran GTPase activating protein (RanGAP) and the
Ran binding proteins RanBP1 and Nup358, also known as
RanBP2. For recent reviews on nucleocytoplasmic transport
see (1-4).

In humans, about 20 different NTRs have been identified
that function in import, export or bidirectional transport (5).
The best-studied transport receptors are the importin o/
heterodimer and the export receptor CRM1. CRM1 typically
recognizes its cargoes through a short leucine-rich or hydro-
phobic nuclear export signal (NES; (6)), whereas the importin
a/B heterodimer recognizes a so called classical nuclear lo-
calization signal (cNLS) rich in lysine or arginines (5). Three
nuclear transport receptors have been reported to mediate
both nuclear import and export of proteins, namely exportin 5
(Msn5 in yeast) (7, 8), exportin 4 (9, 10) and importin 13.
Importin 13 was first identified as a member of the NTR-
family in the year 2000 (termed LGL2; (11)). Shortly after, a few
importin 13 cargoes were identified that bound to immobilized
importin 13 from a Hela cell extract in a RanGTP-dependent
manner (12). RanGTP abolished binding of the import cargoes
Ubc9, an E2 SUMO-conjugating enzyme, the heterodimer
Mago-RBMB8A, a core component of the exon junction com-
plex, the transcription factor subunit NF-YB and the ribosomal
protein RL5. Conversely, RanGTP promoted binding of the
translation initiation factor elF1A to importin 13, identifying it
as a bidirectional transport receptor. Later, a few additional
import cargoes of importin 13 were characterized, e.g. com-
ponents of the chromatin accessibility complex (13), subunits
of the transcription factor NF-Y (14) and of the negative co-
factor 2 (NC2; (15)).

Importin 13 adopts a highly flexible, superhelical structure
ranging from an open to a tight ring-like conformation, which
allows for the accommodation of a range of cargoes. Crystal
structures of importin 13 transport complexes suggest that
importin 13 recognizes its cargoes through different interac-
tion modes (16-18). Cargo binding by importin 13 relies on
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folded domains rather than short linear nuclear localization
signals as known for importin o/ and CRM1. Furthermore,
different regions in importin 13 are involved in binding to
different cargoes. Mago/RBM8A, for example, interacts pri-
marily with the C-terminal, whereas Ubc9 binds to the N-
terminal region of importin 13 (17), largely overlapping the
RanGTP binding site of the transport receptor. The binding
mode of Ubc9 is rather unusual, as most importins bind their
cargoes primarily through their C-terminal arch. An exception
is importin B that binds the parathyroid hormone-related pro-
tein (PTHrP) primarily through its N terminus (19). In contrast
to CRM1, importin 13 interacts with its export cargo elF1A
also in the absence of RanGTP (12) and cooperative binding
as described for CRM1 is not observed in vitro. The general
cargo release mechanisms of importin 13 compared with
other transport receptors are clearly distinct. The import re-
ceptor importin «/B, for example, releases its cargoes in the
nucleus upon RanGTP binding, which induces a conforma-
tional change in importin 8. CRM1, on the other hand, em-
ploys GTP-hydrolysis on Ran to initiate dissociation of the
cargo in the cytoplasm. For importin 13, by contrast, RanGTP
binding seems to facilitate the formation of export complexes
in the nucleus by displacing bound import cargo. In the cyto-
plasm, on the other hand, import cargoes may displace elF1A
or other export cargoes, leading to the concomitant formation
of a novel import complex.

Comprehensive lists of potential transportin- (20), importin
o/B- (21-24), and CRM1- cargoes (25-27) are available. By
contrast, only few importin 13 import cargoes were reported,
as described above. For a long time, elF1A remained the only
identified export cargo. Only recently, eukaryotic translation
initiation factor 42 (elF4G2) and high mobility group protein
20A (HMG20A) were described as export cargoes (28), under-
lining the bidirectional transport capacity of importin 13. Sev-
eral potential importin 13 cargoes were identified in three
systematic screens very recently (28-30). To further expand
the cargo spectrum of importin 13, we applied stable isotope
labeling of amino acids in cell culture (SILAC), to identify
proteins that interact with immobilized importin 13 from a
HelLa cell lysate in a Ubc9- or RanGTP-dependent manner. In
total, 255 proteins were identified as importin 13 cargo can-
didates according to our most stringent criteria. Of these, 117
were enriched in the presence of RanGTP, suggesting them
as potential export cargoes. Several candidates were vali-
dated using importin 13 overexpression experiments and/or
protein-protein interaction studies. Ultimately, the large cargo
spectrum should lead to a better understanding of importin
13-dependent nuclear transport.

" The abbreviations used are: NPC, nuclear pore complex; FBS,
fetal bovine serum; NTR, nuclear transport receptors; FG, phenylala-
nine-glycine; RanGAP, Ran GTPase activating protein; SILAC, stable
isotope labeling in cell culture; TPB, transport buffer.

EXPERIMENTAL PROCEDURES

Plasmids —pcDNA3.1(+)-HA and pcDNA3.1(+)-FLAG were gener-
ated by insertion of C-terminal tag-sequences into the EcoRI- and
Xhol-sites of pcDNA3.1(+) (Invitrogen, Carlsbad, CA). pMal-His-
MCS-MBP was generated by inserting a C-terminal MBP-tag via Sall
and Hindlll and by replacing the N-terminal MBP from the pMal-c2
vector (New England Biolabs, Ipswitch, MA) with an N-terminal His-
tag via Ehel and EcoRI. pGEX-6P-1-MCS2 was generated by inser-
tion of the multiple cloning site of pEGFP-GST into pGEX-6P-1 (Am-
ersham Biosciences, Buckinghamshire, United Kingdom) via EcoNI
and BamHI.

pET23a-Ubc9 (obtained from Frauke Melchior, Heidelberg (31)),
pQE80-His-importin 13 and pQE80-RanQ69L(1-180) (obtained from
Dirk Goérlich, Géttingen (12, 32), pCS2-FLAG-importin 13 (obtained
from Detlef Doenecke, Gottingen (15)), pEGFP-N3-elF1A (obtained
from Flavia Bono, Tibingen (18)) were described previously.
pdEGFP-GST-cNLS and pEGFP-GST were obtained from Detlef Doe-
necke, Géttingen.

For generation of pEF-HA-snurportin 1, the coding sequence of
human snurportin 1 was inserted into a pEF-HA-vector (33) via Ncol/
EcoRI. The coding sequence of human importin 13 was amplified by
PCR from pQE80-His-importin 13 and inserted into a modified pET-
vector containing ten N-terminal His- and two Z- tags (the IgG binding
domain of Protein A), followed by a TEV-protease cleavage site (34),
via Agel and Xhol. FLAG-importin 13-E436R/D481R was generated
by cutting the mutated region of importin 13 from HA-importin 13-
E436R/D481R (18) via Smal and EcoRV and insertion into pCS2-
FLAG-importin 13. FLAG-importin 13-D426R and FLAG-importin 13-
K802E/R803E were obtained by site-directed mutagenesis on the
wild type plasmid pCS2-FLAG-importin 13. The coding sequence of
Ubc9 was amplified by PCR from pET23a-Ubc9 and inserted into
pEGFP-GST via EcoRI and Sall. The coding sequence of Mago was
amplified by PCR from HelLa cDNA and inserted into pEGFP-GST via
Hindlll and EcoRl.

Coding sequences of importin 13 cargo candidates were amplified
by PCR from HeLa cDNA and cloned with a C-terminal HA-tag into
pcDNAS3.1(+)-HA, an N-terminal GFP-GST-tag into pEGFP-GST, an
N-terminal GST-tag into pGEX-6P-1-MCS2 and/or a C-terminal MBP-
tag into pMal-His-MCS-MBP.

N-terminal GST and C-terminal MBP expression constructs of
elF1A and Ubc9 were generated by PCR amplification of the coding
sequences and cloning into pGEX-6P-1 (Amersham Biosciences) and
pMal-His-MCS-MBP, respectively. The His-tagged expression con-
struct of elF1A was generated by PCR amplification of the coding
sequence and cloning into pET28a (Merck Biosciences, Darmstadt,
Germany) via EcoRI and Sall.

Protein Expression and Purification— Expression and purification of
RanQ69L (35), RanQ69L(aa1-180) (36), importin B (37) and Ubc9 (31)
was adapted from published protocols. GTP-loading of Ran was
described previously (38).

His-importin 13 was transformed in E. coli JM109 and grown in 2X
YT-medium supplemented with 2% glycerol and 30 mm K,HPO, to an
ODgqp Of 0.6. The culture was diluted 1:2.5 with cold medium, grown
to an ODgqq of 0.75 and protein expression was induced with 0.1 mm
IPTG overnight at 16 °C. HZZ-importin 13 was expressed in BL21
(DE3) codon+ cells in LB medium with 1 mm IPTG overnight at 16 °C.
His- and HZZ-tagged importin 13 were purified in buffer A (50 mm Tris
pH 7.5, 500 mm NaCl, 10 mm Mg(OAc)2, 5% glycerol, 10 mm B-mer-
captoethanol, 0.1 mm PMSF, and 1 ug/ml each of leupeptin, pepsta-
tin, and aprotinin) over Ni-NTA Sepharose (Qiagen, Hilden, Germany),
followed by separation over a HiLoad 26/60 Superdex 200 prep grade
column connected to a AKTApurifier system (GE Healthcare, Chi-
cago, IL) using buffer B (50 mm Tris pH 7.4, 200 mm NaCl, 5%
glycerol, 2 mm DTT).
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MBP-tagged proteins were expressed in E. coli BL21 (DE3)
codon+ cells in MBP medium (1% tryptone, 0.5% yeast extract,
0.5% NaCl and 0.2% glucose). Expression was induced with 0.3 mm
IPTG and cells were grown overnight at 18 °C. MBP-tagged proteins
were purified in buffer C (50 mm Tris, pH 7.4 (NELFCD, PFKFB2,
NSUN2, XRCC5) or pH8.8 (NOSIP, TBPL1), 200 mm NaCl, 1 mm
MgCl,, 10% glycerol, 10 mm B-mercaptoethanol, 0.1 mm PMSF, and
1 pg/ml each of leupeptin, pepstatin and aprotinin) over Ni-NTA
Sepharose (Qiagen) followed by purification over amylose resin (New
England Biolabs).

GST-Ubc9 and GST-elF1A were expressed in E. coli BL21 (DE3) in
LB medium and GST-tagged importin 13 cargo candidates in BL21
(DE3) codon+ cells in LB medium overnight at 16 °C with 1 mm IPTG.
GST-tagged proteins were purified in buffer D (50 mm Tris, pH 6.8,
300 mm NaCl, 1 mm MgCl,, 2 mm DTT, 0.1 mm PMSF, and 1 pg/ml
each of leupeptin, pepstatin and aprotinin) over glutathione-Sephar-
ose (GE Healthcare).

Antibodies—The polyclonal rabbit anti-importin 13 antibody was
raised in rabbits by injection of His-importin 13 and affinity purified
using GST-importin 13 coupled to CNBr beads. The rabbit polyclonal
anti-importin B antibody was raised in rabbits by injection of GST-
importin 8 and affinity purified using His-importin 8 coupled to CNBr
beads. For the detection of tagged proteins by indirect immunofluo-
rescence, a polyclonal rabbit anti-HA antibody (Sigma, St. Louis, MI,
H6908, 1:500) or a monoclonal mouse anti-FLAG antibody (Sigma,
F3165, 1:3,000) were used. Endogenous elF1A was detected with a
monoclonal rabbit anti-elF1A antibody (Abcam, Cambridge, UK,
ab177939, 1:500). For immunoblotting, mouse monoclonal anti-trans-
portin- (BD Biosciences, Franklin Lakes, NJ, 558660), anti-Ran- (BD
Biosciences, 610340, 1:20,000), anti-Ubc9- (Santa Cruz, Dallas, TX,
sc-271057, 1:5,000) and rabbit monoclonal anti-elF1A- antibodies
(Abcam, ab177939, 1:200,000) were used. Horseradish peroxidase-
coupled secondary antibodies for Western blotting were obtained
from Jackson ImmunoResearch (West Grove, PA). Alexa Fluor sec-
ondary antibodies for immunofluorescence were obtained from
Thermo Fisher Scientific (Waltham, MA).

Experimental Design and Statistical Rationale—The goal of the
quantitative triple SILAC approach was to compare binding of cargo
proteins from a labeled Hela cell extract to importin 13 under differ-
ent conditions. The rationale for the assay workflow is described in
the Results section (Figs. 1 and 2). For SILAC 1, a single experiment
was performed. SILAC 2-4 correspond to three biological replicates,
including label-swap experiments. p values were calculated for SILAC
2-4 with a right-sided one-sample t test. See below (“Data process-
ing for identification of importin 13 cargoes”) for details on our sig-
nificance criteria.

SILAC Labeling of HelLa Cells and Preparation of Cell Extracts—
Hela P4 cells (39) were grown in Dulbecco’s modified Eagle medium
(DMEM), high glucose, no glutamine, no lysine, no arginine (Thermo
Fisher Scientific) supplemented with 10% dialyzed fetal bovine serum
(FBS), 6 mm L-glutamine, 100 U/ml penicillin, 100 ng/ml streptomycin
and 4,4,5,5-D4-L-Lysine 2HCI (Lys4) and '*Cg4-L-arginine HCI (Arg6)
(“medium condition,” Silantes, Miinchen, Germany) or '3C¢'*N,-L-lysine
HCI (Lys8) and "3C4'°N,-L-arginine HCI (Arg10) (“heavy condition,” Si-
lantes) at final concentrations of 73 mg/l and 42 mg/|, respectively. For
“light conditions,” DMEM, high glucose, no glutamine, no lysine, no
arginine was mixed in a 1:1 ratio with DMEM, high glucose, containing
light L-lysine (Lys0) and L-arginine (Arg0) at final concentrations of 146
mg/l and 84 mg/l, respectively. FBS, glutamine and antibiotics were
added as above. To achieve high labeling efficiencies (>95%), cells
were subcultivated for at least five passages.

For the importin 13 binding assays, cells from two 15-cm plates per
labeling condition were collected, adjusted to 1 x 108 cells/ml in
transport buffer (TPB, 20 mm HEPES, 110 mm KOAc, 2 mm Mg(OAc),,

1 mm EGTA, pH 7.3, 2 mm DTT, 1 pug/ml of each aprotinin, leupeptin
and pepstatin, and 1X complete protease inhibitor mixture (Roche,
Basel, Switzerland)) and permeabilized with 0.07% digitonin on ice for
5 min. Cell lysates were cleared by centrifugation at 1500 X g for 15
min at 4 °C, followed by ultracentrifugation at 100,000 X g for 30 min
at 4 °C. Supernatants were incubated with 60 ug HZZ immobilized to
20 ul IgG-Sepharose 6 Fast Flow (GE Healthcare), to remove unspe-
cific interaction partners, and 80 ul phenyl-Sepharose (GE Health-
care) to deplete the cell extract of nuclear transport receptors (40) for
2 h at 4 °C. Flow-throughs were collected and immediately used for
binding experiments.

Binding Assays for the Identification of Importin 13 Cargoes—For
SILAC experiments 2—-4, HZZ-importin 13 (0.5 nmol) was immobilized
on 20 wl IgG-Sepharose equilibrated in TPB containing 10 mg/ml BSA
for one hour at 4 °C. The HZZ-importin 13 affinity matrix, preincu-
bated for one hour with either 10 um RanQ69L-GTP (RanQ69L for
short), 5 um Ubc9 or TPB alone in a final volume of 500 ul, was
incubated with 350 ul labeled Hela cell extract from two 15-cm
plates (precleared with IgG-HZZ and phenyl-Sepharose) and either 10
uM RanQ69L-GTP, 5 um Ubc9 or TPB alone in a final volume of 500
wul for two hours at 4 °C, respectively. The beads were washed three
times with TPB and beads from all three binding conditions were
combined for the last washing step. Bound proteins were eluted with
150 ul 1.5 M MgCl, in 50 mm Tris, pH 7.4 and precipitated with
isopropanol. The protein pellet was dissolved in 4X SDS sample
buffer. Eluates were analyzed by SDS-PAGE, followed by mass
spectrometry.

For SILAC 1, a condition with an HZZ-affinity matrix (0.5 nmol HZZ
immobilized on 20 ul IgG-Sepharose) was included to detect proteins
binding unspecifically to the HZZ-tag. Furthermore, the affinity mat-
rices were not preincubated with RanQ69L-GTP nor Ubc9 and incu-
bated with labeled HelLa cell extract that had not been precleared with
IgG-HZZ and phenyl-Sepharose.

Sample Preparation for Mass Spectrometry— One-third of the mag-
nesium chloride eluate from the importin 13 binding reaction was
separated by SDS-PAGE. Each sample lane was split into 6 parts and
in-gel digestion was performed as published (41). In brief, proteins
were reduced with 10 mm DTT, 100 mm NH,HCO, for 1 h at 56 °C,
followed by alkylation with 55 mm iodoacetamide, 100 mm NH,HCO4
for 45 min at room temperature in the dark and digestion with 20
ng/ml trypsin (Serva Electrophoresis GmbH, Heidelberg, Germany)
overnight at 37 °C. Peptides were extracted from the gel pieces (41)
and desalted with C18 cartridges (3M, Maplewood, MN) as published
(42, 43). Peptide eluates were dried by vacuum evaporation in a
SpeedVac and dissolved in 20 ul of 2% acetonitrile, 0.1% formic acid
for LC-MS analysis.

LC-MS Analysis—Peptides of 1 to 2 ul sample solution were
loaded and washed on an Acclaim® PepMap 100 pre-column (100
um X 2cm, C18,5 um, 100 A, Thermo Fisher Scientific) at a flow rate
of 25 wl/min for 6 min in 100% solvent A (98% water, 2% acetonitrile,
0.07% TFA). Analytical peptide separation by reverse phase chroma-
tography using the RSLCnano Ultimate 3000 system (Thermo Fisher
Scientific) was performed on an Acclaim® PepMap RSLC column (75
um X 50 cm, C18, 2 um, 100 A, Thermo Fisher Scientific) running a
gradient from 98% solvent A (water, 0.1% formic acid) and 2%
solvent B (80% acetonitrile, 20% water, 0.1% formic acid) to 32%
solvent B within 110 min and to 65% solvent B within the next 16 min
at a flow rate of 300 nl/min (solvents and acids from Fisher Chemi-
cals). Peptides eluting from the chromatography were on-line ionized
by nano-electrospray (nESI) using the Nanospray Flex lon Source
(Thermo Fisher Scientific) at 2.4 kV and continuously transferred
into the Orbitrap Velos Pro mass spectrometer (Thermo Fisher
Scientific). Full scans in the mass range of 300-1850 m/z were
acquired with the Orbitrap-FT analyzer and a resolution of 60,000.
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For parallel data-dependent top 10 fragmentation, the LTQ Velos
Pro linear ion trap (CID) was used. LC-MS method programming
and data acquisition was performed with the software XCalibur 2.2
(Thermo Fisher Scientific).

MS Data Analysis—Raw mass spectrometry files were analyzed
with the MaxQuant software (version 1.5.1.0) (44) and searched
against a reviewed human protein database derived from UniProt
(Proteome ID: UP000005640, 20,243 entries, download August 2017).
Search parameters were set as follows: trypsin/P digestion mode
(tryptic specificity with no proline restriction) with maximum of two
missed cleavages, oxidation of methionine and N-terminal protein
acetylation were set as variable modifications and carbamidomethy-
lation of cysteine was set as a fixed modification. Arg6 and Lys4 were
defined as medium peptide labels and Arg10 and Lys8 as heavy
peptide labels. The mass tolerance for peptide precursors was 4.5
ppm and for fragment ions 0.5 Da. Fourier transform-based mass
spectrometer (FTMS) requantification and FTMS recalibration were
enabled. Protein quantification was performed with a minimum ratio
count of two and unique plus razor peptides were considered. False
discovery rates were calculated by MaxQuant, using the revert-decoy
mode and the filter for valid peptide sequence matches was set to
0.01. MaxQuant output data was further processed using Perseus
software version 1.5.0.15 (45, 46).

Data Processing for Identification of Importin 13 Cargoes—Three
biological replicates were performed including label-swap experi-
ments (SILAC 2-4) to increase the specificity of the identified proteins
and to exclude experimental bias. Note that for SILAC 1 only one
experiment was performed. Proteins identified with “only identified
by site,” “reverse,” and “potential contaminants” (Perseus version
1.5.0.15) were excluded from further analysis. An overview of the
proteome data evaluation with Perseus can be found in supplemental
Tables S3 (SILAC 1) and S4 (SILAC 2-4). In total, 1390 proteins were
quantified, and for each protein, the normalized log2-ratios of reac-
tions containing or lacking RanQ69L-GTP or Ubc9 were calculated
(SILAC 2-4). In the case of SILAC 1, normalized log2-ratios for each
protein were calculated for reactions with HZZ-importin 13 in the
presence or absence of RanQ69L or the HZZ-tag alone. For easier
visualization, the log2-ratios were plotted against each other to gen-
erate the scatter plots depicted in Fig. 1B (SILAC 1) and 2B and 2C
(SILAC 2-4). Proteins were significantly enriched if they had normal-
ized log2 SILAC ratios = 0.5 in at least two out of three SILAC
replicate experiments (SILAC 2-4), which corresponds to an enrich-
ment of more than 1.4-fold. A right-sided one-sample t test was done
for SILAC 2-4 to determine if the log 2 ratios were significantly
different to the value zero. Proteins that were statistically significant
with a threshold p value = 0.01 or a threshold p value = 0.05 are
highlighted in supplemental Table S1. Peptides that were identified in
SILAC 1-4 are listed in supplemental Table S2.

Transfection, Immunofluorescence, and Confocal Microscopy—
HelLa P4 cells (39) were grown on coverslips in 24-well plates and
cotransfected with plasmids coding for tagged importin 13 cargo
candidates and either FLAG-tagged importin 13 or an empty vector
using the calcium phosphate method (47). For indirect immunofluo-
rescence, cells were fixed with 3.7% formaldehyde in PBS, permea-
bilized with 0.5% Triton X-100 in PBS for 5 min on ice, blocked with
1% BSA in PBS for 10 min and incubated with primary antibodies
diluted in 1% BSA/PBS for one hour. After three washing steps with
PBS, cells were incubated with Alexa Fluor secondary antibodies
(Thermo Fisher Scientific) diluted in 1% BSA/PBS for one hour. Sam-
ples were mounted with Mowiol-DAPI and analyzed using a LSM
510-META confocal laser scanning microscope (Zeiss, Oberkochen,
Germany) with a 63X Plan-Neofluar 1.3 NA water-corrected objec-
tive. Images were processed using Fiji (48).

For leptomycin B (LMB) treatment, cells were incubated with 10 nm
LMB (Enzo Life Sciences, Farmingdale, NY) for 2 h, 24 h post trans-
fection, followed by fixation and immunofluorescence staining as
described above.

Image Analysis—Confocal microscopy images were analyzed us-
ing CellProfiler (49). Cell nuclei were identified using the adaptive Otsu
thresholding method on DAPI-stained images. The identified nuclei
were expanded by 20 pixels to yield the cell area followed by sub-
traction of the nuclear area to obtain the cytoplasmic area. Cells
touching the border of an image were excluded from the analysis.
Fluorescence intensities were measured in each cell and cells were
filtered to have a minimum mean intensity of 0.05 for each overex-
pressed protein. Filtered cells were used to measure the fluorescence
intensity in both the nucleus and cytoplasm and generate the ratio of
the mean intensities in the nucleus and cytoplasm. For statistical
analysis, a one-way analysis of variance (ANOVA) followed by Bon-
ferroni post-test was performed.

Binding Assays with HelLa Cell Lysate—HZZ-tagged importin 13
(20 wg) immobilized on 20 wl IgG-Sepharose equilibrated with 5
mg/ml BSA in TPB (supplemental Fig. S1B) or PBS (supplemental Fig.
S1C) was incubated with a HelLa cell extract prepared from two
15-cm plates in a total volume of 500 ul for one hour. Cell extracts
were generated either by treatment with 0.07% digitonin on ice for
3-5 min (supplemental Fig. S1B) or three freeze/thaw cycles in liquid
nitrogen (supplemental Fig. S1C). The digitonin lysate was cleared
with phenyl-Sepharose and the IgG-HZZ affinity matrix as described
above. Lysates were cleared by centrifugation at 1500 X g for 15 min
to remove nuclei and cell debris, followed by ultracentrifugation at
100,000 X g for 30 min. Beads were washed three times with PBS or
TPB and bound proteins were eluted with either magnesium chloride
followed by isopropanol precipitation (supplemental Fig. S1B) as
described above or with 0.1 m glycine, pH 3 (supplemental Fig. S1C).
Glycine eluates were neutralized with 5 ul 1 m Tris, pH 10.4 and mixed
1:1 with 4x SDS sample buffer. Eluates were analyzed by SDS-PAGE,
followed by Western blotting.

Pulldowns—GST- or MBP- fusion proteins (100 pmol) were immo-
bilized on 10 ul glutathione-Sepharose (GE Healthcare) or amylose
resin (New England Biolabs), respectively, equilibrated in TPB
supplemented with 20 mg/ml BSA. The beads were incubated with
100 pmol of His-importin 13 in the presence or absence of 300 pmol
Ubc9 or RanQ69L(aa1-180)-GTP in a total volume of 500 ul for 2 h
at 4 °C and washed 3 times with 500 ul TPB lacking BSA. Bound
proteins were eluted in 4X SDS sample buffer and analyzed by
SDS-PAGE followed by Coomassie staining or Western blotting.

Determination of Endogenous Protein Concentrations—Hela cells
were lysed by boiling in 4X SDS sample buffer and defined amounts
of Hela cell lysate and His-tagged recombinant proteins were ana-
lyzed by SDS-PAGE followed by Western blotting and densitometry.
Endogenous protein concentrations were determined assuming a
HelLa cell volume of ~2500 um?®.

RESULTS AND DISCUSSION

A Proteomic Screen for the Identification of Importin 13
Cargoes—Compared with our detailed understanding of im-
portin 13-cargo interactions at a structural level, our knowl-
edge on importin 13-mediated transport in general and the
importin 13 cargo spectrum in particular is rather limited. To
identify novel binding partners of the transport receptor, we
set up proteomic screens using immobilized importin 13 fused
to an HZZ-tag (i.e. a His-tag linked to two IgG-binding ZZ-
domains of Protein A from Staphylococcus aureus) as bait and
HelLa cell extracts as a source of potential substrates. Func-
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tionality of HZZ-importin 13 was confirmed with in vitro nu-
clear import assays (data not shown). In a first version of the
screen (“SILAC 17), which served as a feasibility test toward
the more sophisticated screens (“SILAC 2-4”), we either im-
mobilized the HZZ-importin 13 fusion protein or the HZZ-tag
alone and compared binding of cytosolic proteins to the two
different matrices and to importin 13 in the presence or ab-
sence of RanGTP.

To this end, we devised triple-SILAC experiments, where
immobilized proteins were incubated with extracts from HelLa
cells that had been grown under three different conditions: in
“light” medium, containing the “normal” amino acids lysine
and arginine (Lys0, Arg0); in “medium” medium containing
4,4,5,5-D4-lysine and '3Cg4-arginine (Lys4, Arg6); in “heavy”
medium, containing '3Cg'°N,-lysine and 'C4'°N,-arginine
(Lys8, Arg10). The “heavy” extract was supplemented with
RanQ69L-GTP (RanQ69L for short), a Ran mutant that is
resistant to the GTPase activating protein RanGAP (50), and
the mixture was added to immobilized HZZ-importin 13. Note
that endogenous RanGTP is expected to hydrolyze its bound
nucleotide in the presence of RanGAP from the cell extract.
The “medium” extract was added to HZZ-importin 13 beads,
whereas the “light” extract was added to HZZ-beads, both
without exogenous Ran. After the binding reactions, the
beads were washed and combined, and bound proteins were
eluted and analyzed by LC-MS. A comparison of ratios of
tryptic peptides derived from “light,” “medium,” and “heavy”
extracts should allow conclusions about specific binding of
individual proteins to importin 13 in the absence or presence
of RanQ69L.

A flow chart of the experimental setup is depicted in Fig. 1A
and the result of this experiment (“SILAC 17) in Fig. 1B. For
SILAC 1 only one replicate was performed and the data was
not corrected for intrinsic noise. Although many proteins
showed unspecific binding (log2-ratio ~0) to the affinity ma-
trix or were even enriched (log2-ratio < 0) on the HZZ-tag,
the majority of proteins (506 out of 931 that were quantified)
interacted specifically with importin 13 (log2-ratio > 0.5).
Clearly, many of the known importin 13 substrates were
strongly enriched on the importin 13 matrix as compared with
the HZZ-matrix (Fig. 1B, proteins underlined). The major im-
portin 13-import cargoes, Ubc9 (depicted with its gene name
UBE2I), CHRAC1 (also known as CHRAC15), a component of
the chromatin accessibility complex, and POLE3 (CHRAC17),
a subunit of DNA-polymerase epsilon, for example, were en-
riched ~30-fold (i.e. with a log2-ratio ~5). Likewise, the major
export cargo of importin 13, elF1A, bound strongly to importin
13, even in the absence of added RanQ69L (y axis; log2-ratio
~3), but only weakly to the HZZ-tag. Ran-independent bind-
ing of purified elF1A to importin 13 has been described pre-
viously (12). Note that in the presence of RanQ69L (x axis;
log2-ratio ~5), binding of elF1A was further promoted. An-
other protein showing a strong enrichment on the importin 13
matrix in the presence of RanQ69L was RanBP1 with an

enrichment factor higher than 32 (log2 > 5). RanBP1 is a
well-described RanGTP-binding protein that seems to inter-
act indirectly with immobilized importin 13 under our experi-
mental conditions.

Besides the known binding partners of importin 13, a large
number (~500) of proteins were identified in SILAC 1 that
interacted with HZZ-importin 13 but not with the HZZ-tag
alone (Table | and supplemental Table S1). Somewhat unex-
pected, the effect of RanQ69L on known import cargoes was
rather low under our experimental conditions. Ubc9, CHRACH1
and POLE3, for example, showed very similar enrichment
levels in the absence or presence of RanQ69L. Nevertheless,
several proteins (e.g. APEX1 and BTF3) were found to be
enriched on the importin 13 matrix only in the presence of
RanQ69L, implicating them as potential export cargoes. Pos-
sibly, RanGTP-binding proteins in the cell extract, such as
other nuclear transport receptors, compete with importin 13
for RanGTP binding. Together, RanQ69L-dependence should
not be considered as a simple criterion for identification of
and differentiation between importin 13 import and export
cargoes. However, cargoes that bind to importin 13 only in
the presence of RanQ69L are considered potential export
cargoes.

Ubc9 as a Competitor for Cargo Binding to Importin 13—To
get a better idea about specific importin 13 binding partners
and, ideally, to discriminate between import and export car-
goes, we first treated the cell lysates with phenyl-Sepharose
to deplete endogenous transport receptors, which are known
to interact with RanGTP and might affect binding of potential
substrates to importin 13 (40). Furthermore, several nuclear
transport receptors were identified in SILAC 1 that could
interact with importin 13 indirectly via certain nucleoporins.
Second, we preincubated the lysates with an HZZ-matrix to
preabsorb proteins that might unspecifically interact with the
tag. These treatments resulted in quantitative depletion of the
transport receptors importin 13, transportin and importin 8
from the individual lysates, whereas endogenous Ran and
elF1A were hardly affected (supplemental Fig. S1A). Third, we
included a condition, where Ubc9, a major binding partner of
importin 13, was added in excess to the cell extract. Ubc9 has
previously been shown to compete with other cargoes for
importin 13 binding. Importantly, also cargoes with different
binding sites on importin 13 than Ubc9 like Mago-RBM8A
should be affected (17). Together with the RanQ69L-criterion,
this approach should allow discrimination between specific
and nonspecific interactors.

Before the SILAC-experiments, we validated our experi-
mental approach and analyzed the binding of the export cargo
elF1A from a Hela cytosolic extract to immobilized HZZ-
tagged importin 13. As shown in supplemental Fig. S1B,
elF1A interacted with importin 13 to some extent without the
addition of RanQ69L. RanQ69L clearly enhanced binding of
elF1A to importin 13, as expected. Ubc9, when added as a
recombinant protein in large excess to the reaction, reduced
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Fic. 1. SILAC 1: identification of importin 13 cargoes using mass spectrometry. A, Experimental workflow. HZZ-tagged importin 13 or
the HZZ-tag alone were immobilized on IgG-Sepharose and incubated with Hela cell extracts containing either “light” (Lys0, Arg0), “medium”
(Lys4, Arg6) or “heavy” (Lys8, Arg10) isotopes of lysine and arginine, with or without exogenous RanQ69L, as indicated. B, Scatter plot showing
log2-ratios of importin 13 binding proteins enriched against the HZZ-affinity matrix in the presence (x axis) or absence (y axis) of RanQ69L.
Colored proteins are either known importin 13 cargoes (underlined) or were further analyzed in this study. Gray squares correspond to
proteins enriched with a log2 ratio = 0.5. Gray crosses mark proteins that were considered insignificant. Red, proteins reduced by Ubc9
in SILAC 2-4. Blue, proteins enriched by RanQ69L in SILAC 2-4 (compare Fig. 2B, 2C). Proteins in dark colors were affected by

overexpression of importin 13.

binding of elF1A to its export receptor, as described previ-
ously (12). Next, we analyzed binding of cytosolic Ubc9 to
immobilized importin 13. Here, RanQ69L largely abolished
binding of the cargo to the transport receptor, as expected for

an import substrate (supplemental Fig. S1C). Like the obser-
vation made for the export cargo elF1A, exogenous Ubc9 is
expected to compete with other potential import cargoes for
importin 13 binding. Together, a careful comparison of pro-
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TABLE |
Importin 13 cargo candidates. Proteins (shown with their gene names) that were significant in SILAC 1-4 or only in SILAC 2-4 were extracted
from supplemental Table S1 and sorted from higher to lower confidence cargoes. Ubc9: proteins reduced by Ubc9 in SILAC 2-4. Ran: proteins
enriched by RanQG69L in SILAC 2-4. Green: proteins validated in importin13 overexpression experiments. Yellow: proteins validated in importin
13 overexpression and binding experiments. Blue: previously described importin 13 cargoes. See supplemental Fig. S2A and supplemental
Table S1 for a complete list of cargo candidates and additional information
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teins binding to importin 13 in the absence or presence of
RanQ69L or Ubc9 should allow the identification of specific
import or export cargoes.

SILAC-experiments with Ubc9 as a Competitor—We in-
cluded the above criteria for specific cargo binding in our
subsequent experiments. Again, triple-SILAC experiments
were performed, where immobilized importin 13 was incu-
bated with extracts from HelLa cells that had been grown
under three different conditions as described above. The ex-
tracts were supplemented with RanQ69L (e.g. the “medium”
extract), Ubc9 (e.g. the “heavy” extract) or buffer (e.g. the
“light” extract). We performed three independent biological
replicates with two SILAC experiments under identical label-
ing conditions (SILAC 2 and 3) and a third one (SILAC 4) with
a switch in the labeling scheme (“reverse” and “forward”
reactions). After the binding reactions, the beads were
washed and combined, and bound proteins were eluted and
analyzed by LC-MS. A flow chart of the experimental setup is
depicted in Fig. 2A. Fig. 2B shows the result for proteins that
compete with Ubc9 for binding to immobilized importin 13 in
forward (fwd) and reverse (rev) reactions. As described above,
binding of import and export cargoes to the importin 13 matrix
is expected to be reduced by Ubc9 (supplemental Fig. S1B).
Indeed, many of the previously described importin 13 import
cargoes were re-identified with high scores. CHRAC1, for
example, which forms a heterodimer with POLE3 (13), was
enriched 39-fold (log 2 = 5.3) on the HZZ-importin 13 matrix
in reactions in the absence of Ubc9 as compared with reac-
tions in its presence (mean value of SILAC 2-4). Other known
importin 13 cargoes that were found in this screen (under-
lined) are MAGOH (Mago (12)), NFYB (14), DR1 (NC28 (15))
and DRAP1 (NC2«a (15), some of them with a rather low
enrichment factor. Potentially, these cargoes have a high
affinity for importin 13, resulting in efficient competition with
exogenous Ubc9, and, consequently, a low enrichment
(Imp13/Imp13+Ubc9). Indeed, in SILAC 1 all these proteins
showed a strong enrichment for importin 13 compared with
the novel cargo candidates. Note that Ubc9 itself was identi-
fied with a high log2-ratio in the reverse reaction (see supple-
mental Table S1), because the protein expressed in bacteria
that was added in excess (i.e. Ubc9 with “normal,” light amino
acids) could compete with the isotopically labeled forms of
Ubc9, as present in the “medium” and the “heavy” extracts.
The forward reaction, however, would not result in meaningful
ratios, because high concentrations of “light” recombinant
Ubc9 were present in the “light” extract. With our significance
criteria, 217 proteins, with reduced importin 13 binding in the
presence of Ubc9 were identified, 186 of which were also
identified in SILAC 1. One protein with very high log2-ratios in
forward and reverse reactions was the nitric oxide synthase
interacting protein (NOSIP).

RanGTP Dependent Cargo Binding to Importin 13—To spe-
cifically address potential importin 13 export substrates, we
next analyzed proteins that were enriched on the importin 13

matrix by the addition of RanQ69L, either in the absence or
presence of Ubc9. Fig. 2C shows a plot of log2-ratios for
individual proteins obtained from reactions containing or lack-
ing RanQB9L (x axis) and reactions containing either RanQ69L
or Ubc9 (y axis). As in SILAC 1, RanBP1 was strongly enriched
on the importin 13 matrix in the presence of RanQ69L. An-
other protein with very high ratios is elF1A, the classic impor-
tin 13 export cargo, confirming the robustness of our exper-
imental approach. In total, we identified 175 proteins that
were enriched by RanQ69L in SILAC 2-4, of which 117 were
also significant in SILAC 1, e.g. APEX1, NSUN2 and RTCA
(see Tables | and supplemental Table S1). Therefore, we in-
cluded the results of SILAC 1 in our analysis, where proteins
were identified that interact with HZZ-importin 13 but not with
the tag alone. The combined results of SILAC 1 and SILAC
2-4 are assembled in Tables | and supplemental Table S1. In
total, 255 proteins were identified as potential importin 13
cargoes in all four SILAC experiments. In addition, 82 proteins
were significant in the three experiments SILAC 2-4, but not
in SILAC 1. A Venn-diagram depicting the results of the two
sets of experiments is shown in supplemental Fig. S2A. We
also compared our importin 13 binding partners as identi-
fied in SILAC 2-4 with proteins that had been described in
two previous proteomic studies (29, 30). As shown in sup-
plemental Fig. S2B, a significant overlap (87 proteins) was
observed. In addition, we found 250 proteins that had not
been identified before. Several reasons for only partially
overlapping sets of importin 13 cargoes are obvious:
Imamoto and coworkers (29) used a very different experi-
mental setup, searching for proteins that are imported into
the nucleus in the presence of importin 13. Beck and co-
workers (30), on the other hand, used a proximity ligation
approach (BiolD).

Importin 13 is a Rate-limiting Factor for Nuclear Import and
Export—The CRM1-specific export inhibitor leptomycin B
(LMB) (51) has been an extremely useful tool for the analysis
of CRM1-dependent nuclear export. No such inhibitor is avail-
able for importin 13 or, as a matter of fact, for any other
transport receptor. Therefore, other means are required to
analyze the role of importin 13 in nucleocytoplasmic transport
of candidate cargoes. The cellular concentration of many
nuclear transport factors is in the micromolar range (52) and
may not be rate-limiting for transport, even of overexpressed
cargoes. In our Hela cells, we measured a total concentration
of importin 13 of ~80 nwm, i.e. about one order of magnitude
lower than that of other NTRs (supplemental Fig. S3). For
importin B, for example, we measured a concentration of ~1.7
M. Hence, importin 13 might be rate-limiting for transport.
Indeed, endogenous elF1A, the classic importin 13 export
cargo, was found to localize largely to the nucleus in control
cells (Fig. 3). Upon overexpression of importin 13, however,
the protein was found in the cytoplasm. Essentially the same
observation was made for overexpressed, GFP-tagged elF1A,
as reported previously (18). Likewise, overexpressed GFP-
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Fic. 2. SILAC 2-4: importin 13 binding proteins from HeLa cell
extracts. A, Experimental workflow. HZZ-tagged importin 13 was
immobilized on IgG-Sepharose and incubated with labeled Hela cell
extracts (“light”, “medium”, “heavy”) supplemented with either
RanQ69L, Ubc9 or buffer. B, Scatter plot showing log2-ratios of
proteins binding to the importin 13 matrix in the absence or presence

GST-Ubc9 and GFP-GST-Mago were cytoplasmic in control
cells, but nuclear in importin 13-overexpressing cells. Our
control proteins (dGFP-GST-cNLS, a cargo of the classic
importin «/B pathway, and HA-snurportin 1, an established
cargo of the export receptor CRM1 (53)) were not affected by
exogenous importin 13. Note that the distribution of FLAG-
importin 13 was heterogeneous. This may result from different
expression levels, overexpressed cargo proteins and/or dif-
ferent stages of the cell cycle. Together, these results show
that importin 13 is rate-limiting for nucleocytoplasmic trans-
port of endogenous and exogenous cargoes, because of low
total or active importin 13 concentrations. The activity of
importin 13 could be affected by a cofactor and/or post-
translational modifications. Hence, overexpression of importin
13 could be used to analyze the effect of the transport recep-
tor on candidate importin 13 cargoes.

Functional Validation of Importin 13 Cargoes—To validate
our novel cargo candidates, we performed importin 13 over-
expression experiments. The coding sequences of 45 candi-
date proteins from different categories of significance were
amplified from HelLa cDNA and cloned into expression vec-
tors containing C-terminal HA- or N-terminal GFP-GST-tags.
The latter tag was chosen to significantly increase the molec-
ular weight of the protein of interest, restricting its passive
diffusion across the NPC, whereas the small HA-tag was
chosen to modify the protein as little as possible. Tags were
fused to either the N- or C terminus to ascertain that the tag
position does not interfere with importin 13 interaction. We
then analyzed the subcellular localization of the individual
proteins in the absence or presence of overexpressed FLAG-
tagged importin 13. First, we analyzed putative cargoes,
which showed reduced binding to importin 13 in the presence
of Ubc9 (see Fig. 2B and Table | and supplemental Table S1).
Of 25 proteins tested, only few showed a clear shift toward
the nucleus in importin 13 overexpressing cells, namely the
3-5' exoribonuclease 1 (ERI1-HA), the phosphatidic acid
phosphohydrolase lipin-1 (LPIN1-HA), and the negative
elongation factor C/D (NELFCD-HA; Figs. 4A and 4C).
These proteins had been identified as candidates with high
log2-values for the importin 13/importin 13 + Ubc9 ratio.
Interestingly, importin 13 affected only the localization of

of Ubc9 in forward (fwd, y axis) and reverse (rev, x axis) reactions. C,
Scatter plot showing log2-ratios of proteins binding to the importin 13
matrix in the presence or absence of RanGTP, with (y axis) or without
(x axis) the addition of Ubc9. (B, C) Data are from three independent
biological replicates with two experiments under identical labeling
conditions (reverse) and one with a label switch (forward). Underlined
proteins are known importin 13 cargoes. Proteins highlighted in red
(B) and blue (C) but not underlined are cargo candidates that were
further analyzed, and were (dark color, filled diamonds) or were not
(light color, filled squares) affected by overexpression of importin 13.
Gray open squares and gray crosses correspond to importin 13 cargo
candidates identified in all three or in two out of three SILAC repli-
cates with a log2 ratio = 0.5, respectively.
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Fic. 3. Importin 13 is rate-limiting for transport of cargo proteins. HelLa cells were co-transfected with plasmids coding for elF1A-GFP,
GFP-GST-Ubc9, GFP-GST-Mago, dGFP-GST-cNLS or HA-snurportin 1 and FLAG-importin 13 or an empty vector. For endogenous elF1A,
Hela cells were transfected with FLAG-importin 13 or an empty vector and stained with an antibody against elF1A. FLAG-importin 13 and
HA-snurportin 1 were visualized by indirect immunofluorescence using anti-FLAG and anti-HA antibodies, respectively. DNA was stained with
DAPI. Scale bars, 20 um. Note that elF1A-GFP is enriched in nucleoli whereas endogenous elF1A appears to be excluded from these sites.
This, however, can be ascribed to the elF1A antibody, which does not detect nucleolar elF1A (data not shown).

HA- but not of GFP-GST-tagged substrates (data not
shown). This observation suggests that the transport recep-
tor may bind to N- or C-terminal regions of the respective
proteins, an interaction that could be compromised by ar-
tificial tags.

Several other proteins including NOSIP (nitric oxide syn-
thase interacting protein), TBPL1 (TATA box-binding protein-
like protein 1), NELFA (negative elongation factor A) and
GTF2F2 (general transcription factor IIF subunit 2; Figs. 4B
and 4C) as well as WDR61, XPA, SQSTM1, RBM22 (data not
shown) were rather shifted toward the cytoplasm in importin
13-overexpressing cells or were not affected (e.g. GBF1;

compare color code in Fig. 2B and supplemental Table S1). Of
these, only GTF2F2 and TBPL1 were slightly enriched on
importin 13 beads in SILAC 2-4 in the presence of RanQ69L,
implicating them as bona fide export cargoes, albeit with
rather low scores.

A somewhat clearer picture emerged when we analyzed
putative importin 13 export cargoes, i.e. proteins enriched in
the presence of RanQ69L (see Fig. 2C and Tables | and
supplemental Table S1). As shown in Figs. 5A and 5B, many
of the candidate proteins with different significance levels
were affected by overexpression of importin 13, with all pro-
teins showing a shift from the nucleus to the cytoplasm.
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Fic. 4. Analysis of importin 13 cargo candidates. Hela cells were transfected with plasmids coding for C-terminal HA-tagged or N-terminal
GFP-GST-tagged importin 13 cargo candidates (i.e. proteins with reduced binding to importin 13 in the presence of Ubc9; compare Fig. 2B)
and FLAG-importin 13 or an empty vector. Expressed proteins were detected by indirect immunofluorescence using anti-HA or anti-FLAG
antibodies, or directly via the GFP-tag. NELFCD, LPIN1, and ERI1 showed a more nuclear localization upon importin 13 overexpression (A),
and NOSIP, TBPL1, NELFA and GTF2F2 a more cytoplasmic localization (B). C, Dot plot of the log2-ratios of nuclear and cytoplasmic
intensities of importin 13 cargo candidates with average values (green bars) and standard deviation (error bars). Data were scored from a
minimum of three independent experiments. n, number of cells analyzed. ***, p value < 0.001. See Fig. 2B and Table | and S1 for additional

proteins tested. Scale bars, 20 pum.

Again, some proteins only changed their subcellular localiza-
tion when expressed as either N- or C-terminal tagged pro-
teins. RTCA-HA, SNRPA-HA and APEX1-HA, for example,
showed a similar distribution in the absence or presence of
overexpressed importin 13, whereas the GFP-GST-tagged
proteins were clearly shifted toward the cytoplasm by exog-
enous importin 13. For the heterogeneous nuclear ribonucle-
oprotein HNRNPD, a shift toward the cytoplasm was
observed for the HA-tagged version, whereas GFP-GST-HN-
RNPD was always cytoplasmic. Likewise, the serine-threo-
nine kinase receptor-associated protein STRAP was only af-
fected if fused to a C-terminal HA-tag (data not shown). For
NSUN2 and XRCC5, a shift toward the cytoplasm was ob-
served with both tags. Curiously, importin 13 had opposing
effects on the negative elongation complex subunits NELFA
and NELFCD. Whereas NELFA shifted toward the cytoplasm,
NELFCD showed a more nuclear localization in cells coex-

pressing exogenous importin 13. Possibly, importin 13 can
mediate transport of a single NELF subunit in one direction
and of the entire NELF complex in the opposite direction.

Of 45 proteins tested, 21 were not affected by importin 13
overexpression. Several explanations appear plausible: First,
some of these proteins exhibited rather unspecific binding to
the HZZ-matrix in SILAC 1 (i.e. PRMT5, EIF3F, EIF3G, GPN1,
BYSL; compare Fig. 1B). Second, posttranslational modifica-
tions like phosphorylation or SUMOylation, or additional co-
factors might become rate-limiting for transport under our
experimental conditions. Finally, some of the interaction part-
ners could reflect transport-independent functions of importin
13. In this regard, additional cellular roles have been de-
scribed for importin B (54, 55) and CRM1 (56) that are not
related to nucleocytoplasmic transport.

Direct Interaction of Cargo Proteins with Importin 13—To
corroborate our findings, we performed binding experiments
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Fic. 5. Analysis of importin 13 cargo candidates enriched with RanQ69L. A, HelLa cells were transfected with plasmids coding for
C-terminal HA- or N-terminal GFP-GST-tagged importin 13 cargo candidates (compare Fig. 2C) and FLAG-importin 13 or an empty vector.
Expressed proteins were detected by indirect immunofluorescence using anti-HA or anti-FLAG antibodies or directly via the GFP-tag. Scale
bars, 20 um. B, Dot plot of the log2-ratios of nuclear and cytoplasmic intensities of importin 13 cargo candidates with average values (green
bars) and standard deviation (error bars). Data were scored from a minimum of three independent experiments. n, number of cells analyzed.
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, p value < 0.001. See Fig. 2C and Table | and S1 for additional proteins tested.
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Fic. 6. Importin 13 cargo candidates interact directly with importin 13. GST- (A) or MBP- (B) tagged importin 13 cargo candidates or the
tags alone were immobilized on glutathione or amylose beads, respectively, and incubated with His-importin 13 in the absence or presence
of RanQ69L(aa1-180)-GTP or Ubc9, as indicated. Bound proteins were analyzed by SDS-PAGE, followed by Coomassie staining (top) and
immunoblotting with anti-importin 13 antibodies (bottom). GST-Ubc9 served as a positive control for importin 13 binding. The input
corresponds to 10% or 1% of His-importin 13 used in the binding reactions for the Coomassie gels or the Western blots, respectively.

with purified proteins. Several candidate substrates were ex-
pressed as GST- (Ubc9 as a control and LPN1, ERI1 and
NELFCD) or MBP- (NELFCD, PFKFB2, NSUN2, NOSIP,
TBPL1, XRCC5) tagged fusion proteins, immobilized on
beads and tested for interaction with importin 13 in the ab-
sence or presence of Ubc9 or RanQ69L, respectively. For
these experiments, we used a C-terminally truncated version
of RanQ69L (RanQ69L(aa1-180)), which is frequently used in
binding studies and crystallization trials (36, 57). No binding of
importin 13 to immobilized GST or MBP was observed (Fig.
6A and 6B). Likewise, we could not detect significant binding
of the transport receptor to GST-NELFCD (Fig. 6A), NELFCD-
MBP (Fig. 6B) or XRCC5-MBP (data not shown). These pro-
teins might only interact with importin 13 in the context of a
larger complex containing additional components. In this re-
gard, several known importin 13 cargoes have been reported
to bind only as heterodimers (e.g. CHRAC1/POLES3) but not as
individual subunits to importin 13 (13). This could also apply to

XRCC5, which forms a heterodimer with XRCC6 (58), and
NELFCD, a subunit of the negative elongation complex (59).
Note that NELFA and NELFCD show a similar enrichment on
the affinity matrix (compare Fig. 2B), as do many of the known
importin 13 cargo heterodimers. Ubc9, ERI1, LPIN1 (Fig. 6A)
and PFKFB2, NSUN2 and NOSIP (Fig. 68) and TBPL1 (data
not shown), by contrast, did form a complex with the transport
receptor in the absence of RanQ69L and Ubc9, but not in the
presence of either protein, demonstrating the specificity of the
interaction. Note that some interactions could only be de-
tected by Western-blotting. Perhaps, stable binding to impor-
tin 13 requires a posttranslational modification of the cargo
protein and/or the transport receptor that is not present in
our bacterially expressed proteins. Furthermore, binding of
physiological cargoes to importin 13 might require the pres-
ence of certain co-factors (“co-cargoes”) that are present in
the cellular extracts but not in our binding reactions with
purified proteins.
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Fic. 7. Redundancy in importin 13 and CRM1 mediated trans-
port. HelLa cells were transfected with plasmids coding for HA-
tagged importin 13 cargo candidates BTF3, EIF2D and SQSTM1 or
HA-snurportin 1 and FLAG-importin 13 or an empty vector. Where
indicated, cells were treated with 10 nm LMB for 2 h. Proteins were
detected by indirect immunofluorescence using anti-HA or anti-FLAG
antibodies. DNA was stained with DAPI. Scale bars, 20 pum.

Together, several candidate proteins were verified as novel,
bona fide transport cargoes of importin 13. Our results, how-
ever, suggest that the RanQ69L-criterion does not always
allow a clear distinction between import and export sub-
strates under our experimental conditions, although in the
pilot experiment (supplemental Fig. S1C), the classic import
cargo Ubc9 was affected as expected. Binding of NOSIP to
importin 13, for example, was not enhanced by RanQ69L,
although the protein showed a more cytoplasmic localization
in cells overexpressing importin 13, indicative of nuclear ex-
port. Apart from direct export, other mechanisms could ac-
count for a more cytoplasmic localization of NOSIP and other
cargo candidates in importin 13 overexpression experiments,
including indirect stimulation of export or inhibited nuclear
import, as has been suggested for the testis specific form of
importin 13 (28). Together, functional experiments in cells are
required to understand the effects of importin 13 on the
subcellular localization of such proteins.

Common Cargoes of Importin 13 and CRM1—Several of
the chosen export candidates were cytoplasmic even in con-
trol cells, precluding an export-promoting effect of overex-
pressed importin 13. We therefore tested if these proteins
could be substrates of the classic export receptor CRM1.
Indeed, the CRM1-inhibitor LMB led to a nuclear localization
of the transcription factor BTF3-HA, the eukaryotic translation
factor elF2D (EIF2D-HA) and the ubiquitin-binding protein
sequestosome 1 (SQSTM1-HA; Fig. 7A). Strikingly, these pro-
teins were shifted back to the cytoplasm in the presence of
LMB in importin 13 overexpressing cells, suggesting that at
least two factors, CRM1 and importin 13, can serve as alter-
native export receptors. As a control, we transfected cells
with a plasmid coding for snurportin 1, a classical CRM1-
export cargo (53). Like the novel importin 13 cargoes, snur-
portin 1 also accumulated in the nucleus in the presence of
LMB. This block in nuclear export, however, could not be
overcome by overexpression of importin 13. In light of these
results, we compared our list of putative importin 13 cargoes
(SILAC 2-4) with two comprehensive lists of CRM1 cargoes
(25, 26). Our analysis revealed 94 proteins that might use both
transport pathways for nuclear export (supplemental Fig. S2C
and supplemental Table S1). This redundancy could reflect
differential usage of transport receptors in different cell types
and/or during different stages of the cell cycle.

Together, our results show that our experimental setup is a
valid approach for the identification of importin 13-dependent
nuclear export cargoes. With our criteria of statistical signifi-
cance, 175 were identified as potential export substrates
(SILAC2-4). Using functional assays, not only proteins with a
high score, but also with intermediate (e.g. BTF3-HA) or rather
low scores (e.g. GST-GFP-XRCCB6) could be validated.

Different Importin 13 Interaction Modes of Individual Car-
goes—As a bi-directional transporter, importin 13 uses differ-
ent regions for interaction with import or export cargoes (17,
18). Curiously, however, also import cargoes bind differently
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Fic. 8. Importin 13 has different binding modes for
cargo proteins. A, HelLa cells were transfected with
plasmids coding for GFP-tagged known importin 13
cargoes (Ubc9, Mago and elF1A) or HA-tagged importin
13 cargo candidates (LPIN1, NELFCD, NSUN2) and
FLAG-tagged wildtype (wt) or mutant importin 13 (mt1:
E436R/D481R, mt2: E426R, mt3: K802E/R803E) or an
empty vector (-FLAG-Imp13). Expressed proteins were
detected by indirect immunofluorescence using anti-HA
antibodies or directly via the GFP-tag. Scale bars, 20
pm. See supplemental Fig. S4 for DAPI staining and
FLAG-Imp13 co-transfection. B, Dot plot of the log2-
ratios of nuclear and cytoplasmic intensities of importin
18 cargo candidates with average values (green bars)
and standard deviation (error bars). The number below
each dot plot corresponds to the number of cells ana-
lyzed. Data were scored from a minimum of three inde-
pendent experiments. ***, p value < 0.001.

to importin 13 (17). Importin 13 mutants deficient in importing
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porting elF1A, whereas the mutants E426R and K802E/R803E

either Ubc9 or Mago, for example, were still able to transport  are deficient in importing Ubc9 and Mago, respectively (17,

the other protein. We therefore tested different importin 13
mutants for their ability to import or export newly identified

18). As shown in Figs. 8A and 8B, our control substrates
GFP-GST-Ubc9, GFP-GST-Mago and elF1A-GFP were af-

cargo proteins. Importin 13 E436R/D418R is deficient in ex- fected by the different importin 13 mutants as expected.
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Import of LPIN1-HA was promoted by wild type importin 13
and by the mutant K802E/R803E, but not by the mutants
importin 13 E436R/D418R and E426R, suggesting that lipin-1
uses similar regions on importin 13 for interaction compared
with two well-established transport cargoes. Nuclear import
of NELFCD-HA, on the other hand, was equally efficient
with wild type importin 13 or any of the three mutant proteins.
Likewise, all forms of importin 13 promoted export of
NSUN2-HA (Figs. 8A and 8B) and several other proteins that
were tested (e.g. HNRNPD-HA and GFP-GST-RTCA, data not
shown). Together, these results show that different regions in
importin 13 can mediate the interaction with transport car-
goes, demonstrating the versatility of this transport receptor.
As already shown for Ubc9 and elF1A by X-ray crystallogra-
phy (17, 18), importin 13 may not recognize simple, linear
transport signals, but rather complex structures as they occur
only in correctly folded molecules or even in multimeric pro-
tein complexes.

CONCLUSION

Three recent large-scale studies used different approaches
for the identification of importin 13 cargoes: Imamoto and
coworkers (29) used reconstituted nuclear import in permea-
bilized cells, Jans and coworkers (28) a yeast-two-hybrid
approach and Beck and coworkers (30) proximity ligation
coupled to mass spectrometry (BiolD). Our study is based
on specific interactions of importin 13 with cargo proteins.
Hence, it nicely complements the three previous studies,
yielding a significant overlap of cargoes but also many
uniquely identified proteins (supplemental Fig. S2B). Using
two different experimental setups in SILAC 1 (Fig. 1) and
SILAC 2-4 (Fig. 2), we identified a total of 255 high-confi-
dence importin 13 cargoes, which (i) bound to HZZ-importin
13 but not to the HZZ-tag, and whose binding was (ii) reduced
by exogenous Ubc9 or (iii) affected by RanQ69L (see supple-
mental Table S1). The latter criterion was not a perfect
predictor of a cargo protein being an import or an export
substrate. For the very versatile transport receptor importin
13, detailed analyses are required to clarify its exact role in
the regulation of the subcellular localization of cargo pro-
teins. We initiated such a detailed analysis for a large num-
ber of proteins, using biochemical and cell biological
assays.
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