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Integral membrane proteins of the inner nuclear mem-
brane (INM) are inserted into the endoplasmic reticulum
membrane during their biogenesis and are then targeted
to their final destination. We have used human SUN2
to delineate features that are required for INM targeting
and have identified multiple elements that collectively
contribute to the efficient localization of SUN2 to the
nuclear envelope (NE). One such targeting element is a
classical nuclear localization signal (cNLS) present in the
N-terminal, nucleoplasmic domain of SUN2. A second
motif proximal to the cNLS is a cluster of arginines that
serves coatomer-mediated retrieval of SUN2 from the
Golgi. Unexpectedly, also the C-terminal, lumenal SUN
domain of SUN2 supports NE localization, showing that
targeting elements are not limited to cytoplasmic or trans-
membrane domains of INM proteins. Together, SUN2 re-
presents the first mammalian INM protein relying on a
functional cNLS, a Golgi retrieval signal and a perinuclear
domain to mediate targeting to the INM.
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Introduction

The nuclear envelope (NE) consists of two closely juxtaposed
lipid bilayers termed outer and inner nuclear mem-
brane (ONM and INM). These are fused at numerous sites,
generating NE perforations occupied by large marco-
molecular assemblies called nuclear pore complexes (NPCs)
(Tran and Wente, 2006). NPCs serve as diffusion barrier
and mediate receptor-facilitated transport of macromolecules
between the nucleus and the cytoplasm. Although INM
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and ONM are connected at the sites of pore insertion, both
membranes possess a distinct membrane protein composi-
tion. In metazoan cells, the INM is tightly associated with the
nuclear lamina, an intermediate filament network composed
of nuclear lamins, and many INM proteins are lamin inter-
action partners (Worman and Courvalin, 2000; Stewart et al,
2007). The ONM is an extension of the rough endoplasmic
reticulum (ER) membrane. These contiguous membranes
share a common set of integral membrane proteins. Some
membrane proteins, however, are ONM specific and are
retained at the ONM by interaction with INM proteins in
the perinuclear space (PNS).

Like ER and ONM proteins, newly synthesized
integral INM proteins are inserted into the ER membrane.
INM-destined proteins diffuse laterally through the ER
membrane system and the ONM, where they encounter
NPCs. To traverse NPCs, INM proteins move along the pore
membrane, likely passing peripheral channel-like openings
of the NPC by a poorly defined mechanism. Only a dozen
INM-specific proteins were known in mammalian cells until
recently when proteomic approaches identified many novel
INM proteins (Schirmer and Gerace, 2005). To date, we know
a little <100 INM-resident integral membrane proteins. Many
of them connect to chromatin, the nuclear lamina or both.
Those associated with lamins and linked to genetic diseases
have been studied in particular detail (Burke and Stewart,
2002; Gruenbaum et al, 2005).

The specific targeting of proteins to the INM has long
been explained solely by the ‘diffusion-retention model’
(Smith and Blobel, 1993; Soullam and Worman, 1995;
Holmer and Worman, 2001). According to this model, sorting
of INM proteins relies on their diffusion from the membrane
insertion site in the ER along the pore membrane to the
INM followed by their association with nuclear binding
partners. Evidence for this model has been obtained through
the analysis of several INM proteins such as LAP1, LBR,
MANI1, LAP2 and emerin (Powell and Burke, 1990; Smith and
Blobel, 1993; Soullam and Worman, 1993, 1995; Ellenberg
et al, 1997; Yang et al, 1997; Furukawa et al, 1998; Ostlund
et al, 1999; Tsuchiya et al, 1999; Wu et al, 2002). Notably,
the diffusion-retention model does not invoke any energy-
dependent step in the targeting pathway. However, INM
localization of a diffusible INM reporter protein has been
shown to be compromised by ATP depletion without affecting
its mobility in the peripheral ER, suggesting that an energy-
dependent step might help INM proteins during NPC passage
(Ohba et al, 2004).

The universality of the diffusion-retention model has
further been challenged by the concept of receptor-mediated
translocation of certain yeast INM proteins through
NPCs (King et al, 2006). The yeast INM proteins Heh1p and
Heh2p possess classical nuclear localization signals (cNLSs),
normally directing import of soluble nuclear transport
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cargo. Mutation of the NLS sequence in Heh2 causes its
mislocalization to the ER. INM targeting of the Heh proteins
requires both the heterodimeric NLS import receptor formed
by karyopherin (kap) o and B1 and a functional RanGTPase
system. Thus, mechanistically, import of the Heh proteins
shares features with facilitated transport of soluble cargo
through the NPC. It is currently unclear if NLS-dependent
INM protein sorting is limited to yeast. Notably, NLS-like
sequences can be identified in a significant number of
mammalian INM proteins by computer prediction, yet direct
evidence for the functionality of any of these NLSs is lacking
(Lusk et al, 2007).

Sorting of INM proteins has also been explained by
the existence of INM sorting motifs (INM-SMs), first disco-
vered in baculovirus-derived membrane proteins (Braunagel
et al, 2004). INM-SMs are characterized by positively
charged amino acids located 4-8 amino acids from the
nucleoplasmic face of the transmembrane domain. These
INM-SMs are found in many INM proteins from different
species (Braunagel et al, 2004). INM-SMs are recognized
co-translationally by a truncated, membrane-associated iso-
form of karyopherin o referred to as importin-o. (Impar)-16/
KPNA-4-16 (Saksena et al, 2006; Braunagel et al, 2007).
Impa-16 has been suggested to facilitate accumulation of
newly synthesized INM proteins at the nuclear periphery
(Braunagel et al, 2007) as well as their subsequent transport
to the INM (Braunagel et al, 2009).

To elucidate the mechanisms that underlie integral INM
protein sorting in mammalian cells, we have used human
SUN2 as a model protein for analysis of sequence elements
that contribute to its INM targeting. SUN2 belongs to the
family of conserved SUN domain containing transmembrane
proteins that are part of so-called LINC complexes involved in
connecting the NE to the cytoskeleton (Hodzic et al, 2004;
Crisp et al, 2006; Tzur et al, 2006; Stewart et al, 2007; Starr,
2009). Mammals encode for at least five different SUN
proteins, of which SUN1 and SUN2 are known to localize
specifically to the INM (Hodzic et al, 2004; Padmakumar
et al, 2005; Crisp et al, 2006; Haque et al, 2006; Hasan et al,
2006). The N-termini of SUN1 and SUN2 extend into the
nucleoplasm, whereas their conserved C-terminal SUN
domains reside in the PNS. Within the PNS, the SUN domains
associate with short, lumenal peptides of KASH domain
containing membrane proteins of the ONM to form a mole-
cular bridge linking the ONM and INM (Padmakumar et al,
2005; Crisp et al, 2006; McGee et al, 2006). SUN2 forms stable
homodimers through coiled-coil regions adjacent to its
SUN domain, but may also heteroligomerize with SUN1 to
some extent (Wang et al, 2006; Lu et al, 2008). Our analysis
reveals that INM targeting of SUN2 is a robust process that
relies on several sorting elements present in its N-terminal,
nucleoplasmic domain as well as in its C-terminal, lumenal
region.

Results

To characterize the regions of SUN2 required for its localiza-
tion to the NE, we expressed truncated versions of SUN2
fused to GFP at their C-termini in HeLa cells (Figure 1A).
Similar to endogenous SUN2, full-length SUN2-GFP was
efficiently targeted to the nuclear rim (Figure 1B). Deletion
of most of the N-terminal, nucleoplasmic domain (AN158)
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or of the C-terminal, lumenal domain (1-260) did not
abolish NE targeting. N- or C-terminal deletion led to some
accumulation of these SUN2 fragments in the membrane
system of the ER, and for SUN2(AN158) also in the Golgi,
suggesting that targeting of SUN2 to the INM may rely on
contributions of both its N- and C-terminal domains. In
agreement, concomitant deletion of both the N-terminal 158
aa and the C-terminal, lumenal domain in SUN2(159-260)
caused a loss of NE signal and a pronounced localization of
this SUN2 fragment in the Golgi.

The nucleoplasmic domain of SUN2 binds the Impoa/
Impp heterodimer

Given that its removal affected NE localization of SUN2,
the N-terminal fragment of SUN2 might either constitute
a domain involved in nuclear retention or contain a nuclear
import signal. As active transport of yeast transmembrane
proteins to the INM depends on the karyopherin family
member Kap95, we tested whether the N-terminal domain
of SUN2 can interact with the metazoan homologue of
Kap95p termed importin B (Impp). We expressed and
purified recombinant SUN2(1-158) fused to an N-terminal
protein A tag (2z-tag) from bacteria and used it for pull-down
experiments with HeLa cell extracts (Figure 2A). As a positive
control, we analysed binding of Impf to 2z-KIP1, a cyclin-
dependent kinase inhibitor known to be imported into the
nucleus by use of a classical, basic NLS (Sekimoto et al,
2004). Binding to 2z alone served as a negative control.
Western blot analysis revealed that Impf was recruited to
both 2z-SUN2(1-158) and 2z-Kipl from HeLa cell extract.
Another importin, Imp5, that recognizes a different type of
basic NLS (Jakel and Gorlich, 1998) was not bound.

The binding of importins to their nuclear transport cargo is
known to be sensitive to the addition of RanGTP, which
causes substrate release from nuclear import receptors.
The association of Impf with 2z-SUN2(1-158) was indeed
abolished in the presence of RanQ69L(GTP) (Figure 2A),
a GTPase-deficient Ran mutant locked in the GTP-bound
form, indicating that the interaction satisfies this criterion
for an importin-substrate interaction.

ImpP can bind import substrates either directly or in
conjunction with import adaptor proteins such as Impa,
which recognizes basic NLSs. Immunoblot analysis of
2z-SUN2(1-158)- and 2z-Kipl-bound fractions revealed that
the abundant Impa isoform RCH1 was associated with both
proteins suggesting that the N-terminal domain of SUN2
recruits the heterodimeric NLS import receptor complex
composed of Impa and Impp.

To test whether the interaction of Impa and Impf with
SUN2(1-158) was direct, we performed binding experiments
using purified transport factors expressed in Escherichia coli.
Recombinant Impf bound efficiently to 2z-SUN2(1-158) in
the presence of Impa (RCHI1, hsImpa2), but not if Impa
was omitted from the binding reaction or if an Impa mutant
lacking its N-terminal Impf-binding domain (AIBB) was
used (Figure 2B). The binding of recombinant Impf to
2z-SUN2(1-158) was prevented by the addition of
RanQG69L(GTP). Note that Impa was only strongly recruited
in the presence of Impf because of the auto-inhibitory effect
of Impa’s IBB domain on NLS binding. In contrast, the AIBB
mutant of Impa bound to 2z-SUN2(1-158) in the absence of
Impp. This direct binding between Impa and the N-terminal,
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Figure 1 Deletion of the N- or C-terminal domain of SUN2 results in NE targeting defects. (A) Schematic representation of SUN2 and its
deletion constructs. The conserved SUN domain is depicted in orange, the coiled coils in blue, the transmembrane segment in dark green and
additional hydrophobic stretches in light green. (B) HeLa cells were transiently transfected with GFP, SUN2-GFP, SUN2(1-524)-GFP, SUN2(1-
260)-GFP, SUN2(AN158)-GFP or SUN2(159-260)-GFP; 24 h post-transfection, cells were fixed and analysed by confocal fluorescence

microscopy. Scale bar is 15 pum.

nucleoplasmic part of SUN2 suggested that SUN2 contains
a cNLS that could, in principle, support nuclear import of
SUN2.

Nuclear import of soluble nuclear proteins can be investi-
gated in an in vitro nuclear import assay using digitonin semi-
permeabilized HeLa cells (Adam et al, 1990) and fluores-
cently labelled import cargo in conjunction with purified
nuclear transport factors. To study nuclear import of the
soluble N-terminal domain of SUN2, a GST-GFP fusion of
SUN2(1-158) was generated. Nuclear import of a fluorescent
BSA-NLS conjugate and GST-GFP served as positive and
negative controls, respectively. Both GST-GFP-SUN2(1-158)
and BSA-NLS were efficiently imported into the nuclei of the
semi-permeabilized cells in the presence of both Impa and
ImpB, but not in control reactions containing Impf only
(Figure 3). Collectively, these data suggest that the nucleoplas-
mic domain of SUN2 contains a functional nuclear import
signal recognized by Impao/Impp.
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Mapping the NLS in SUN2
To map the NLS within the N-terminal 158 aa of SUN2,
additional truncation mutants were generated and expressed
as GST-GFP fusion proteins in HeLa cells (Figure 4A).
Whereas GST-GFP-SUN2(1-63), GST-GFP-SUN2(1-109)
and GST-GFP-SUN2(1-158) all displayed efficient nuclear
accumulation, GST-GFP-SUN2(64-158) was excluded from
nuclei, suggesting that the first 63 aa of SUN2 carry the NLS.
The consensus motif of a classical NLS is defined by a
stretch of basic amino acids (5-20 residues) that is sufficient
to direct a heterologous protein to the cell nucleus. Simple,
monopartite cNLSs contain just a single cluster of lysine and
arginine residues, but more complex cNLSs as exemplified by
the bipartite NLS in nucleoplasmin also exist (Dingwall and
Laskey, 1991). Both types of cNLSs are bound by Impa in an
extended conformation (Cook et al, 2007). Inspection of the
N-terminus of SUN2 (Supplementary Figure S1) revealed a
cluster of basic residues between amino acids 41 and 52 for

©2010 European Molecular Biology Organization
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Figure 2 The N-terminal domain of SUN2 binds the nuclear transport receptor heterodimer Impo/Impp. (A) HeLa cell extract was incubated
with 1.5 pM of recombinant, purified 2z, 2z-SUN2(1-158) or 2z-KIP1 in the absence or presence of 2.5 uM RanQ69L(GTP). 2z-tagged proteins
and associated factors were retrieved from the reaction mixtures with IgG sepharose. Bound proteins were eluted and separated by 8% SDS-
PAGE followed by immunoblotting using antibodies directed to human Impf, Impa (RCH1) and Imp5. The load in the extract lanes corresponds
to 0.1% of the input and the load for the bound fractions corresponds to 1/12 of the total. (B) 2z-SUN2(1-158) directly binds the Impa;/Impf
heterodimer; 1.5 uM recombinant, purified 2z-SUN2(1-158) was mixed with the indicated purified factors (Impo, Impp, AIBBImpa; 0.4 uM
each) in E. coli lysate (starting lysates) in the absence or presence of 2.5 uM RanQ69L(GTP). For control reactions, 2z-SUN2(1-158) was omitted
(w/0). Bound proteins were retrieved from the reaction mixtures with IgG sepharose, eluted and separated by 8% SDS-PAGE followed by
colloidal Coomassie staining. Load for the starting material corresponds to 1% of the total and load for the bound fraction corresponds to 20%

of the total.

which no secondary structure is predicted using PSIPRED.
To test whether this basic cluster contributes to NE targeting
of SUN2, basic residues within this stretch, namely R41, K44,
R45, K46, R51 and R52, were mutated to alanines in the
context of both GST-GFP-SUN2(1-63) and GST-GFP-
SUN2(1-158). When expressed in HeLa cells, both mutants,
GST-GFP-SUN2(1-63mut) and GST-GFP-SUN2(1-158mut),
failed to accumulate in nuclei and displayed a cytoplasmic
localization pattern (Figure 4B). Note that mutation of the
three central amino acids namely K44A, R45A, K46A were
sufficient to abolish nuclear import (data not shown).
This import defect of the NLS mutant constructs is consistent
with the loss of Impe/Impf binding in vitro (Figure 4C). The
2z-SUN2(1-158mut) protein used in this in vitro binding
experiment could be purified efficiently after expression in
E. coli suggesting that the mutations do not induce protein
misfolding and aggregation.

To test whether the NLS of SUN2 can function in an isolated
manner, we fused the putative SUN2-NLS to GST-GFP.
Whereas GST-GFP alone was predominantly cytoplasmic,
GST-GFP-SUN2(38-55) localized to the nucleus (Figure 4D).
Nuclear import of this reporter was dependent on the function-
ality of the NLS, as the NLS mutant was cytoplasmic. Thus,
SUN2 contains a bona fide NLS between aa 38 and 55.

©2010 European Molecular Biology Organization

Contribution of the NLS to NE localization of SUN2
Having identified an NLS in the N-terminal domain of SUN2,
we next addressed whether the NLS contributes to NE
targeting in the context of the full-length protein. SUN2-
GFP and SUN2-GFP(NLS-mut) were transiently expressed
in HeLa cells. To our surprise, we only observed a subtle
effect of the NLS mutation, as SUN2-GFP(NLS-mut) was
efficiently targeted to the NE and only showed minor mis-
localization to the ER network in comparison with wild-type
SUN2-GFP (Supplementary Figure S2A and B). To obtain a
quantitative readout for this difference, we measured the
ratio of GFP fluorescence between NE and ER. This quanti-
fication showed a minor, but significant difference between
wild type and mutant SUN2-GFP. As SUN2 is known to form
homodimers (Wang et al, 2006), we reasoned that formation
of mixed homodimers between endogenous and exogenous
SUN2 might overcome NLS requirement of the mutant for
INM targeting. Therefore, we repeated our localization ana-
lysis after depletion of endogenous SUN2 by RNA interfer-
ence (RNAI). Still, only a subtle contribution of the NLS to NE
localization of SUN2 could be found (Supplementary Figures
S2A, B, C and S3).

To exclude that we might have overlooked an accumula-
tion of the NLS mutant at the ONM, we compared antibody
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Figure 3 The N-terminal domain of SUN2 is imported by Impo/
Impp in vitro. Nuclear import of recombinant, purified GST-GFP,
GST-GFP-SUN2(1-158) (1.5uM each) or an Alexa488-labelled
BSA-NLS conjugate (0.75 uM) into the nuclei of semi-permeabilized
HeLa cells was performed in the presence of Ran and energy mix in
either buffer alone, in the presence of Impf (0.5uM) or of both
Impa (0.6 uM)/ImpP (0.5 uM). After import, samples were fixed and
analysed by wide-field fluorescence microscopy. Note that import of
the BSA-NLS conjugate was more efficient because of the presence
of multiple NLS peptides per BSA molecule; pictures were taken at
half of the exposure time that was used for GST-GFP and GST-GFP-
SUN2(1-158).

accessibility of an N-terminal epitope of SUN2 by immuno-
fluorescence after differential permeabilization of cells. After
fixation, cells were either permeabilized only with a low
concentration of digitonin that fails to solubilize the nuclear
membrane, or additionally treated with a mixture of Triton
X-100 (TX) and SDS that allows access of the antibodies to
the nuclear interior. With this differential permeabilization
protocol, antibody accessibility to an epitope exposed to the
cytoplasm or nuclear interior is evaluated, as verified by
nuclear laminA/C staining. This experiment confirmed that
both wild-type SUN2-GFP and SUN2-GFP(NLS-mut) effi-
ciently reached the INM (Supplementary Figure S2D). Thus,
the NLS in the N-terminal domain of SUN2 does not strongly
contribute to NE localization in the context of the full-length
protein, indicating that either the NLS is of minimal impor-
tance for INM targeting or that an additional targeting
signal exists.

Identification of a coatomer-binding motif in SUN2
To elucidate whether other sequence elements in SUN2 over-
ride the requirement for the NLS, we constructed a series of
additional truncation mutants. We created a C-terminal dele-
tion of SUN2, SUN2(1-260), to study NE localization in the
absence of signals provided by the entire C-terminal region.
SUN2(1-260) was enriched at the NE, but also localized
significantly to the ER network (Figures 1A and 5A). Deletion
of the N-terminal 24 or 63 aa did not grossly change this
localization pattern. In contrast, the lack of the first 109 aa
caused a decrease of nuclear rim signal and a striking
accumulation of the construct in the Golgi, as verified by
colocalization with the Golgi marker protein giantin (Supple-
mentary Figure S4). Removal of additional 49 or 71 aa
(constructs SUN2(159-260) and SUN2(181-260), respectively)
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did not further strengthen the phenotype, suggesting that
deletion of an element in between aa 64 and 109 is causing
mislocalization of the protein from the NE/ER to the Golgi
complex.

A series of internal deletions within this region was used to
further narrow the responsible sequence element. Deletion of
aa 92-109 (SUN2(1-91/110-260)) was sufficient to cause
Golgi accumulation. Strikingly, when this deletion was com-
bined with the N-terminal NLS mutation, the resulting double
mutant SUN2(1-91/110-260mut) strongly accumulated in the
Golgi and was barely visible at the NE (Figure 5B). This result
suggested that the NLS together with a motif located between
aa 92 and 109 ensures NE targeting of SUN2(1-260).

Within the region comprising aa 92-109, we spotted a
conserved cluster of 3-4 Arg residues (Supplementary Figure
S1). We changed these four arginines (aa 102-105) of human
SUN2 into alanines, in the backbones of SUN2(1-260)-GFP,
SUN2(1-524)-GFP and SUN2(FL)-GFP. In all cases, the 4A
mutations gave rise to accumulation of a fraction of SUN2 in
the Golgi, an effect that was most striking for SUN2(1-260)4A
and SUN2(1-524)4A (Figure 6).

Retrieval of many membrane proteins from the Golgi to the
ER relies on the recognition of ER localization signals by the
coat protein complex I (COPI, coatomer). The identified
arginine cluster in SUN2 resembles known Arg-based
ER localization signals earlier characterized in multimeric
membrane proteins (for review see Michelsen et al, 2005).
To test whether the N-terminal domain of SUN2 can associate
with coatomer dependent on the presence of the 4R motif, we
performed pull-down experiments from HeLa cell extracts using
wild-type 2z-SUN2(1-158) and 2z-SUN2(1-158)4A as baits.
COPI was efficiently recruited to wild-type 2z-SUN2(1-158)
as judged both by mass spectrometric analysis of bands
from Coomassie stained gels (identified subunits were o-COP,
B-COP, B'-COP, y-COP, 8-COP) and by immunoblotting using
B-COP-specific antibodies. When the 4R motif was mutated
(2z-SUN2(1-158)4A), COPI association was lost (Figure 5C).
In contrast, 2z-SUN2(1-158) harbouring the NLS mutation still
bound the coatomer complex, albeit with reduced efficiency
when compared with the wild-type construct. Together, these
data show that the 4R motif represents a Golgi retrieval signal.

To verify that the NLS and the 4R motif together ensure NE
localization of SUN2, we next combined the mutations in
both elements. Importantly, the GFP fluorescence at the
nuclear rim was significantly diminished by the combined
mutations in the background of SUN2(1-260), and also for
SUN2(1-524), whereas the localization of full-length SUN2
was less affected (Figure 6).

To test whether the identified sequence elements in the
N-terminal domain of SUN2 can confer NE localization
to a reporter membrane protein, we used a domain transfer
approach to the related SUN protein SPAG4 (SUN4). Unlike
SUN2-GFP, SPAG4-GFP localizes to the ER in HelLa
cells (Hasan et al, 2006). We fused a SUN2 fragment (aa
25-120), which contains both the NLS and the 4R motif, to
full-length SPAG4-GFP (Figure 7A). The resulting fusion
protein was targeted to the NE and also showed residual ER
localization (Figure 7B). To confirm that SUN2(25-120)-
SPAG4(FL) had reached the INM, we performed antibody
accessibility analysis using an antibody recognizing an epi-
tope in the N-terminal domain of SPAG4 after differential
detergent permeabilization of cells (Figure 7C). SPAG4(FL)

©2010 European Molecular Biology Organization
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Figure 4 The N-terminal domain of SUN2 contains a functional NLS. (A) The N-terminal domain of SUN2 can target a heterologous protein to
the nucleus. HeLa cells were transfected with the indicated derivatives of GST-GFP; 24 h post-transfection, cells were fixed and analysed by
confocal fluorescence microscopy. Scale bar is 15um. (B) Mutation of the SUN2-NLS abolishes nuclear import of the N-terminal domain
in vivo. HeLa cells were transfected with the wild type or NLS mutant versions of GST-GFP-SUN2(1-158) and GST-GFP-SUN2(1-63); 24h
after transfection, cells were fixed and analysed by confocal fluorescence microscopy. (C) Mutation of the SUN2-NLS impairs Impa,/Impf
binding. 1.5 uM recombinant, purified 2z, 2z-SUN2(1-158wt) or 2z-SUN2(1-158mut) were mixed with Impo and Impf in E. coli lysate
(starting lysates) in the absence or presence of RanQ69L(GTP) as in Figure 2B. Bound proteins were retrieved from the reaction mixtures
with IgG sepharose, eluted and separated by 8% SDS-PAGE followed by colloidal Coomassie staining. (D) Amino acids 38-55 of human
SUN2 function as NLS. HeLa cells were transfected with GST-GFP, GST-GFP fused to the SV40-NLS, GST-GFP-SUN2(38-55wt) or
GST-GFP-SUN2(38-55mut); 24 h after transfection, cells were fixed and analysed by confocal fluorescence microscopy.

served as negative control. This analysis verified that
SUN2(25-120)-SPAG4(FL) was targeted to the INM as
shown by the nuclear rim staining obtained by the anti-
SPAG4 antibody upon full permeabilization of the NE with
Triton/SDS.

NE accumulation of SUN2(25-120)-SPAG4(FL) was sup-
ported by both the NLS and the 4R motif, as a fusion
protein bearing mutations in both signals showed a
SPAG4-like ER localization pattern, whereas fusions bearing
mutations in either the NLS or the 4R were only slightly
compromised in NE localization (Figure 7B). Unlike SUN2,
these SPAG4 derivatives were not found at the Golgi even
when the 4R motif was mutated, suggesting that SPAG4
contains features that prevent Golgi accumulation. These
features are contained in the C-terminal, lumenal part of
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SPAG4, as SPAG4(1-189)-GFP, which is membrane-bound,
but lacks the lumenal domain, was localized to both the
ER and the Golgi (Figure 7B). When the N-terminal fragment
of SUN2 was attached to SPAG4(1-189)-GFP, we again
observed an increase of the GFP signal at the nuclear rim
and loss of Golgi localization. Mutation of the 4R motif
resulted in a strongly increased Golgi accumulation and
a residual localization at the NE that was lost upon the
additional mutation of the NLS. These data show that the
NLS and the 4R motif together promote NE localization of the
SPAG4-derived reporter proteins. Moreover, we also trans-
ferred the wild type and mutant N-terminal fragments of
SUN2 to the ER-resident form of cytochrome b5, confirming
the results obtained for the SPAG4 fusions (Supplementary
Figure S5).
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Figure 5 SUN2 contains an Arg-based ER retrieval signal recognized by COPI (coatomer). (A) Deletion of the N-terminal 109 aa of
SUN2(1-260) leads to its mislocalization to the Golgi. HeLa cells were transiently transfected with the indicated derivatives of SUN2(1-260)-
GFP; 24h post-transfection, cells were fixed and analysed by confocal fluorescence microscopy. Scale bar is 15um. (B) NE targeting of
SUN2(1-260) depends on its NLS and amino acids 92-109 of SUN2. HeLa cells were transfected with the indicated internal deletion mutants of
either wild type or the NLS mutant of SUN2(1-260)-GFP. Cells were fixed 24 h after transfection and analysed by confocal fluorescence
microscopy. (C) The N-terminal domain of SUN2 interacts with the COPI complex depending on the presence of a 4 Arg cluster. HeLa cell
extract was incubated with 1.5uM of recombinant, purified 2z or 2z-SUN2(1-158) wild type and its mutant derivatives: NLS-mut,
4A ("’RRRR' to AAAA), 4A/NLS-mut. 2z-tagged proteins and associated factors were retrieved from the reaction mixtures with IgG
sepharose. Bound proteins were eluted and separated by 8% SDS-PAGE followed by silver staining (upper) or immunoblotting (lower) using
antibodies directed to B-COP. The load in the extract lanes corresponds to 0.25% of the input and the load for the bound fractions corresponds
to 1/6 of the total. Note that the MS analysis of the proteins migrating at the indicated positions (arrow heads) led to the identification
of coatomer subunits (arrows).
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The SUN domain of SUN2 contributes to NE localization
When comparing the effects of NLS and 4R mutations within
full-length SUN2, SUN2(1-524) and SUN2(1-260) on subcel-
lular localization (Figure 6), we observed that the presence of
the C-terminal SUN domain in full-length SUN2 seemed to
enhance NE localization. To directly test the function of the
SUN domain of SUN2 in NE targeting, we attached it to
SPAG4(1-189). The resulting protein fusion SPAG4(1-189)-
SUN2(507-717) was still localized to the ER, but was
additionally found enriched at the NE in most cells
(Figure 8). This result shows that the SUN domain can indeed
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guide a reporter protein to the NE. In agreement with
our earlier conclusions, NE targeting was further enhanced
when the N-terminal domain of SPAG4 was replaced by the
N-terminal domain of SUN2, vyielding SUN2(1-158)-
TM(SPAG4)-SUN2(507-717). In contrast, a fusion construct
of SPAG4(1-189) and the lumenal coiled-coil domain of SUN2
did not support NE targeting.

Again, we confirmed that the SPAG4(1-189)-SUN2(507-717)
and SUN2(1-158)-TM(SPAG4)-SUN2(507-717)-GFP fusion
proteins had reached the INM by antibody accessibility analysis
(Figure 8C). Compared with the control SPAG4(1-189), both
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Figure 6 The NLS and the ER retrieval signal together deter-
mine NE localization of SUN2 fragments lacking the SUN domain.
HeLa cells were transfected with the indicated derivatives of
SUN2(1-260)-GFP, SUN2(1-524)-GFP and SUN2(FL)-GFP. 4A
stands for mutation of '“RRRR'®” to AAAA. Cells were fixed 24 h
after transfection and analysed by confocal fluorescence micro-
scopy. Scale bar is 15 pm.

fusion constructs displayed obvious nuclear rim staining upon
TX/SDS permeabilization, but not after digitonin treatment,
suggesting that both proteins reached the INM. We also noted
that SUN2(1-158)-TM(SPAG4)-SUN2(507-717) was strongly
enriched at the INM, whereas SPAG4(1-189)-SUN2(507-717)
was enriched to a lesser extent and also faintly appeared at the
NE after digitonin permeabilization. Collectively, these data
show that the N-terminal domain of SUN2, containing a
classical NLS and the 4R motif, combined with the C-terminal
SUN domain is sufficient to accomplish efficient targeting to
the INM.

Discussion

We have analysed how the INM protein SUN2 is targeted to
the NE and identified three features that jointly contribute to
its NE localization. The first element is a basic segment
(aa 38-52) in the N-terminal domain matching several
criteria defining classical NLSs: (1) it is required for nuclear
import of the soluble, N-terminal domain of SUN2, (2) similar
to cNLSs, the SUN2-cNLS is recognized by the designated
transport receptor dimer Impo/Impfp and (3) it can direct a
heterologous protein into the nucleus. The second signal
facilitating efficient NE localization of SUN2 is a cluster
of four Arg residues at positions 102-105. This 4R motif
functions as an ER localization signal that prevents accumu-
lation of SUN2 in the Golgi complex by serving as a binding
platform for the coatomer complex I (COPI). The third
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contribution to NE targeting of SUN2 stems from its
C-terminal SUN domain.

The SUN domain contributes to INM targeting of SUN2
The SUN domain of SUN2 functions as a transferable
NE targeting element (Figure 8). In the context of SUN2,
the necessity of the SUN domain became most obvious when
the two signals in the N-terminal domain, the cNLS and the
4R motif, were inactivated. SUN2 bearing mutations in both
N-terminal signals still accumulated at the NE, but additional
deletion of the SUN domain greatly reduced NE targeting
(Figure 6). Thus, an interaction of the SUN domain with
factors in the PNS may help retaining SUN2 at the NE,
thereby contributing to its INM localization. Prime candidates
for such interaction partners are the KASH proteins of the
ONM. The interaction between lumenal SUN and KASH
domains is well established and KASH proteins themselves
are recruited to the ONM by interaction with SUN family
members in various organisms (Starr and Han, 2002; Malone
et al, 2003; Padmakumar et al, 2005; Crisp et al, 2006; Ketema
et al, 2007; Kracklauer et al, 2007; Minn et al, 2009; Roux
et al, 2009).

The identification of the SUN domain as one NE targeting
element in SUN2 may suggest that the localization of SUN
and KASH proteins is in part interdependent. Whereas KASH
proteins seem to rely exclusively on the interaction of their
KASH domains with SUN family members for NE targeting,
SUN2 uses its N-terminal nucleoplasmic domain in addition
to the lumenal SUN domain to reach its final destination in
the INM. According to one possible scenario, the initial
targeting of SUN2 to the INM is mediated by its N-terminal
domain and occurs independently of KASH interaction of the
C-terminal SUN domain. On arrival of SUN2 at the INM,
SUN-KASH interactions may be established to stabilize NE
localization. Anchorage of these SUN2-KASH complexes
might be further supported by higher order structures built
through the interaction of KASH proteins with cytoskeletal
components in the cytoplasm. The use of a protein domain
exposed to the PNS such as the SUN domain has not yet been
described to support INM protein sorting and thus adds a new
mechanistic facet to this targeting pathway.

An ER retrieval signal in SUN2
When the 4R motif in SUN2 is mutated, SUN2 is unable to
interact with COPI in vitro and SUN2 derivatives tend to
enrich in the Golgi. Golgi localization was most striking for
constructs that contained a mutated NLS, showing that Golgi
retrieval becomes crucial if efficient INM targeting of SUN2 is
compromised. Our data indicate that there exist two possible
routes for newly synthesized SUN2—one to the INM and one
to the Golgi from where SUN2 is constantly retrieved to the
ER, maintaining a pool of SUN2 deliverable to the INM.
The presence of an Arg-based ER localization signal in
SUN2 was unexpected and to our knowledge, it is the first
eukaryotic INM protein for which such a signal could be
identified. Earlier, several virus-encoded membrane glycopro-
teins have been suggested to possess similar Arg-based motifs
contributing to their ER/NE localization, although in those
cases binding to COPI has not been investigated (Lee, 1999;
Meyer and Radsak, 2000; Meyer et al, 2002). Interestingly,
when inspecting the sequences of mammalian INM proteins,
we could spot clusters of arginine residues in LBR (74-76),
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Figure 7 An N-terminal fragment of SUN2 comprising the NLS and the 4R motif can target a reporter membrane protein to the NE.
(A) Schematic representation of SUN2, SPAG4 and their derivatives as in Figure 1. The black square and circle indicate the positions of the NLS
and the 4R motif, respectively. (B) HeLa cells were transfected with the indicated C-terminally GFP-tagged derivatives of SPAG4(FL) or
SPAG4(1-189). Cells were fixed 24 h after transfection and analysed by confocal fluorescence microscopy. Scale bar is 15 um. (C) HeLa cells
expressing C-terminal GFP fusions of SPAG4(FL) or SUN2(25-120)-SPAG4(FL) were fixed and permeabilized with either only digitonin or
subsequently also with Triton X-100/SDS (TX/SDS). Immunostaining was performed using a mouse anti-laminA/C antibody detected by an
Alexa633-labelled secondary antibody, and a rabbit anti-SPAG4(N) antibody detected by an Alexa568-labelled secondary antibody. Scans were
taken by confocal fluorescence microscopy by sequential scanning of GFP, Alexa568 and Alexa633. Note that the SPAG4 antibody does not yield
a signal in non-transfected cells (arrows).
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Figure 8 The SUN domain contributes to INM targeting. (A) Schematic representation of SUN2, SPAG4 and their derivatives as in Figure 7.
(B) The SUN domain can target a reporter protein to the NE. HeLa cells were transiently transfected with SPAG4 (FL)-GFP, SPAG4(1-189)-GFP,
TM(SPAG4)-GFP (a SPAG4 fragment comprising the transmembrane domain of SPAG4 (aa 131-189)), or the indicated chimera of SPAG4 and
SUN2; 24 h post-transfection, cells were fixed and analysed by confocal fluorescence microscopy. Scale bar is 15um. (C) The N-terminal
domain of SUN2 and the SUN domain contribute to INM targeting. HeLa cells were transfected with the indicated GFP fusions and treated as in
Figure 7C. Immunostaining was performed using a mouse anti-laminA/C (Alexa633-labelled secondary antibody) and rabbit anti-SPAG4(N) or
anti-SUN2(N) antibodies recognizing epitopes in their respective N-terminal domains (Alexa568-labelled secondary antibody). Scans were
taken by confocal fluorescence microscopy. Note that SPAG4 and endogenous SUN2 are not detected in non-transfected cells (arrows) under
these conditions.

in emerin (44-46) and in LEM2 (130-132; 454-456), indicat- Arg-based sorting signals have been mainly characterized
ing that other INM proteins might also rely on the use of in membrane protein complexes that are destined for the
Golgi retrieval signals to support their efficient delivery to plasma membrane (Michelsen et al, 2005). In these multi-
the INM. meric complexes, the Arg-based signals function in keeping
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unassembled subunits in the ER, whereas the motifs are
thought to be masked once the subunits are assembled.
It remains to be seen if the recognition of the 4R signal in
SUN2 is controlled by the assembly state of SUN2 into
homodimers or higher order complexes.

But does the 4R motif also have a direct function in INM
targeting of SUN2? The combined mutation of the NLS and
the 4R motif in fusions with SPAG4 and cytochrome b5 that
seem not to shuttle to the Golgi synergistically reduced NE
targeting, suggesting that the 4R motif has a positive influ-
ence on NE localization independently of its function in Golgi
retrieval. This could be explained by a contribution of the 4R
motif to nuclear retention and/or receptor-mediated nuclear
import. However, our FRAP analysis did not detect obvious
changes in the diffusional mobility of SUN2 or SUN2(1-524)
at the NE upon inactivation of the 4R motif (Supplementary
Figure S6), indicating that other features are the main deter-
minants of SUN2’s dynamic properties. Further, the 4R to 4A
mutant bound to Impa/Impfp in vitro (not shown) and the
inactivation of the NLS in the N-terminal domain of SUN2
was sufficient to block nuclear import (Figure 4), suggesting
that the 4R motif cannot function as an autonomous nuclear
import signal. Thus, it is presently unclear how the 4R motif
would directly support INM targeting. For SUN2 derivatives,
the main phenotype of inactivating the 4R motif was the
accumulation in the Golgi. These data are consistent with the
assumption that a major function of the 4R motif lies in
retrieving SUN2 from the Golgi to the ER by COPI-meditated
retrograde transport in case it eventually escapes the ER
network.

Contribution of the SUN2-NLS to NE localization

The presence of a cNLS in the N-terminal domain of SUN2
might indicate that karyopherin-mediated nuclear import of
INM proteins is conserved from yeast to mammals. Although
the mutation of the NLS impaired NE localization of full-
length SUN2-GFP to only a minor extent, the combined
mutations of the NLS and the 4R motif diminished
NE enrichment of full-length SUN2 and almost completely
prevented NE targeting of constructs lacking the SUN domain
(Figure 6). These data speak in support of an NLS contribu-
tion to INM targeting of SUN2. Yet, it is important to consider
whether the NLS does so by recruiting Impa/Impf or by
acting as a retention motif. For many NLSs, these two
functions cannot be separated. NLSs can work both as
transport receptor recognition motifs and retention signals,
for instance, as part of DNA or RNA-binding domains
(LaCasse and Lefebvre, 1995; Cokol et al, 2000). Therefore,
the NLS may act as DNA-binding site in SUN2 and could, in
principle, exert its effect by contributing to nuclear retention.
However, mutation of the NLS did not significantly increase
the diffusional mobility of SUN2 in the NE (Supplementary
Figure S6).

So far, targeting of transmembrane proteins to the INM in
higher eukaryotes has not implied the use of NLS sequences.
Instead, many INM proteins are retained at the NE by
interaction with chromatin and/or nuclear lamins (Worman
and Courvalin, 2000). As SUN2 is known to interact with
A-type lamins (Crisp et al, 2006; Haque et al, 2010), we
have also tested whether SUN2 targeting to the NE is
lamin-dependent. In agreement with the published data
(Crisp et al, 2006; Schmitt et al, 2007; Haque et al, 2010),
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we did not observe changes in SUN2 localization on deple-
tion of nuclear lamins by RNAi (not shown).

Direct evidence that the SUN2-cNLS or the earlier identi-
fied NLSs in the yeast INM proteins Hehl and Heh2 con-
tribute to NPC passage by recruiting Impo,/Impp is missing
and difficult to obtain. Development of an in vitro nuclear
transport assay reconstituting nuclear import of INM proteins
may in the future provide an adequate experimental system
to approach this question.

Still, some considerations on receptor-mediated import of
INM proteins can be made based on our current knowledge of
NPC structure and constraints for the size of INM proteins to
be transported through the NPC. Several early studies
revealed that nucleoplasmic domains of INM proteins should
not exceed 60kDa to allow for their NPC passage (Soullam
and Worman, 1995; Ohba et al, 2004). In contrast, soluble
nuclear transport cargo can be orders of magnitudes bigger,
such as snRNPs or viral capsids. Is this size limitation valid
only for INM proteins that lack an NLS or, in other words,
does the presence of an NLS allow for a bigger nucleoplasmic
domain in an INM protein? For SUN2, we observed that
attaching two GFP moieties to the N-terminus of SUN2(1-
260) strongly decreased NE localization and three consecu-
tive GFPs prevented INM targeting (Supplementary Figure
S7), suggesting that the SUN2 NLS is unable to overcome this
size restriction.

Unlike soluble cargo, INM proteins must traverse the pore
in close proximity to the pore membrane. Ultrastructural
analysis of NPCs has revealed the existence of lateral chan-
nels of small size (approximately 9nm in diameter; Beck
et al, 2004) that may provide the structural explanation for
the size limitation. On the basis of these current structural
models, it is unclear if these lateral channels would be
wide enough to accommodate Impo/Impf heterodimers.
Moreover, Impf’s function in cargo translocation should be
linked to the binding of FG repeat containing nucleoporins
(nups) and it remains to be seen which FG nups would come
close enough to this translocation route to help pore passage.
Notably, only non-FG nups such as GP210 (Ohba et al, 2004)
in mammalian cells and Nup170 in yeast (King et al, 2006)
have so far been implicated in translocation of INM proteins.

One possibility to reconcile these considerations with
receptor-mediated transport of INM proteins could be that
INM proteins extend their NLSs through sideward openings
of the lateral channels to provide a handle for Impo/Impf
transport through the central FG meshwork. Nucleoporins
such as yeast Nupl70 or mammalian GP210 might be
involved in ensuring structural arrangements of the NPC to
allow for such a scenario. In future, a better understanding of
overall NPC architecture might help to solve the questions of
if and how the NPC can house a classical, receptor-mediated
nuclear import pathway along the pore membrane.

It is noteworthy that a function of Impo in INM targeting
could also be Impp independent. Studies on targeting of INM
proteins in insect cells have discovered INM-SMs that associ-
ate with a shortened Impa variant, Impa-16 (Saksena et al,
2006). Similar truncated Impa isoforms seem to exist in
human cells (Braunagel et al, 2007). Notably, these Impa
derivatives do not possess an IBB and must work indepen-
dently of Impf. Owing to their small size, they are good
candidates for sorting chaperones that would fit through
the lateral NPC channels. Also, SUN2 contains basic residues
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(RR205/206) resembling an INM-SM in close proximity to its
transmembrane segment. Individual mutation of R205 or
R206 has no effect on INM targeting (not shown). When
both these residues are mutated to Ala, SUN2 is still targeted
to the NE; however, the membrane orientation of the SUN
domain is changed (Supplementary Figure S8), making it
difficult to study the contribution of this potential sorting
motif.

A role for NLS sequences of INM proteins

in post-mitotic NE assembly?

Many vertebrate INM proteins contain predictable cNLSs
(Lusk et al, 2007). But why do INM proteins such as SUN2
harbour NLS-like sequences with Impe;/Imp-binding ability?
If it was not only for INM targeting during interphase, then
another function for such NLSs could lie in the process of
open mitosis. During open mitosis, INM proteins are parti-
tioned into the membrane system of the ER (Ellenberg et al,
1997; Yang et al, 1997) from where they need to be sorted
back to chromatin during nuclear assembly. Notably, about
50% of mammalian INM proteins carry basic, extralumenal
domains and several INM proteins can directly bind to DNA
(Ulbert et al, 2006). DNA binding of INM proteins seems
instrumental in the process of NE reformation (Ulbert et al,
2006). As NLS sequences are often found in DNA-binding
motifs, it is tempting to speculate that many more INM
proteins might be able to directly interact with Impo,/Impp.
Thus, in the mitotic cytoplasm, Impa/Impf heterodimers
could serve INM proteins as molecular chaperones to prevent
undesired interactions through their exposed DNA-binding
domains. During NE reformation, Impa/Impf would be
released from NLSs of INM proteins in the vicinity of chro-
matin, guided by the RanGTP gradient, allowing for a spatial
control of DNA-binding activity. For one INM protein, the
lamin B receptor, release of Impf has already been suggested
to control its chromatin reassociation during NE reformation
(Ma et al, 2007).

On the basis of the identification of the NLS in SUN2 and
the likely existence of more INM proteins carrying cNLSs in
higher eukaryotes, it would not be surprising if more INM
proteins benefited from possessing an NLS—for INM target-
ing during interphase and/or an unperturbed transit through
mitosis.

Materials and methods

Molecular cloning

A full-length cDNA clone (pcDNA3.1 TOPO/V5-His SUN2) encoding
for human SUN2 (Hodzic et al, 2004) was kindly provided by P
Stahl (Washington University School of Medicine, St Louis). This
plasmid served as PCR template for the generation of pEGFP-N3-
SUN2(FL), which contains the SUN2 insert in the Bglll/EcoRI sites,
followed by the EGFP open reading frame. For all further
subcloning, pEGFP-N3-SUN2(FL) was used as PCR or mutagenesis
template, yielding the following pEGFP-N3-SUN2 derivatives
(restriction sites used): (1-524) (EcoRI/Bglll); (1-260) (HindIIl/
BamHI); (AN158) (Sall/EcoRI); (25-260), (64-260) (both Pstl/
BamHI); (110-260), (159-260), (181-260) (all Sall/BamHI); (1-63/
92-260), (1-91/110-260), (1-109/130-260), (1-129/140-260),
(1-139/159-260) (all Bglll/Sall/BamHI). The NLS mutants of
human SUN2 derivatives (NLS-mut: R41A, K44A, R45A, K46A,
K51A, R52A) and the respective 4A mutants (R102A, R103A, R104A
and R105A) were generated using the QuikChange Mutagenesis kit
(Stratagene).

©2010 European Molecular Biology Organization

NE targeting of SUN2
Y Turgay et al

For the domain swap experiments, the SPAG4 coding region was
amplified from HeLa cDNA and inserted into the EcoRI/BamHI sites
of pEGFP-N3. pEGFP-N3-SPAG4(FL) served as PCR template for
the generation of the following SPAG4 fragments and fusion
proteins assembled in the pEGFP-N3 backbone (restriction sites
used): SPAG4(1-189), SUN2(25-120)-SPAG4(1-189) (Bglll/EcoRI/Sal);
SUN2(25-120)-SPAG4(FL) (Bglll/EcoRI/BamHI); TM(SPAG4)(131-189)
(EcoRI/Sall); SPAG4(1-189)-SUN2(239-506), SPAG4(1-189)-SUN2
(507-717) (EcoRlI/Sall/Bglll-BamHI); SUN2(1-158)-TM(SPAG4), (Bglll/
EcoRI/Sal); SUN2(1-158)-TM(SPAG4)-SUN2(507-717) (Bglll/EcoRl/
Sall/Bglll-BamHI).

For expression of GST-GFP fusion proteins in HeLa cells, PCR
fragments obtained on SUN2(FL) and mutant derivatives were
subcloned into pK7-GST-GFP (Erkmann et al, 2005) using the
BamHI-EcoRI sites, yielding the following C-terminal fusions:
SUN2(1-158wt), SUN2(1-158mut), SUN2(1-109), SUN2(1-63wt),
SUN2(1-63mut), SUN2(64-158). pK7-GST-GFP-SUN2 NLS (wt or
mut, aa 38-55) were generated by annealing the respective sense/
antisense primers and cloning into the BamHI-EcoRI sites. pK7-
GST-GFP-NLS(SV40) has been described earlier (Erkmann et al,
2005).

For expression of proteins in E. coli, the respective PCR
fragments were either cloned into the Ncol-BamHI sites of pQE60-
2z (Kutay et al, 1997b) or of pQE60-GST-GFP (generated by
subcloning GST-GFP as a BspHI/Ncol fragment into the Ncol site of
pPQEGO (Qiagen)), yielding the following constructs: (1) pQE60-2z
derivatives: SUN2(1-158wt), SUN2(1-158mut), Kipl (amplified
from HeLa cell cDNA) and (2) pQE60-GST-GFP derivatives:
SUN2(1-158wt), SUN2(1-158mut).

Antibodies

Antibodies against Impa2 (RCH1), Imp and Imp5 were kind gifts of
D Gorlich (MPI Gottingen, Germany). Anti-B-COP (ab2899) was
purchased from Abcam, anti-laminA/C was from Novacastra.
Antibodies to human SUN2 and SPAG4 were generated in rabbits
using aa 1-158 of SUN2 and the peptide RPGSASSSRKHTPNFF
SENC (aa 6-24 of SPAG4) as antigenes and affinity purified.

Recombinant protein expression
The expression and purification of human Impa (RCH1) and AIBB-
Impa (AIBB-RCH1) (Kutay et al, 1997a), human Impf (Kutay et al,
1997b), and RanQG69L (Izaurralde et al, 1997) has been described.
2z, 2z-Kipl, 2z-SUN2(1-158wt), 2z-SUN2(1-158mut), GST-
GFP-SUN2(1-158wt) and GST-GFP were expressed in E. coli
BLR(pREP4) at 20°C by induction with 0.5mM isopropyl
fB-d-thiogalactoside. Cells were lysed by sonication in 50mM Tris,
pH 7.5, 700mM NaCl, 3mM MgCl,, 5% glycerol, 2mM 2-mercapto-
ethanol. The lysate was cleared by ultracentrifugation, passed over
Ni-NTA agarose (Qiagen) and eluted with 400 mM imidazole in lysis
buffer. Peak fractions were pooled and buffer exchanged to 50 mM
Tris, pH 7.5, 350mM NaCl, 3mM MgCl,, 250mM sucrose for 2z,
2z-Kipl, 2z-SUN2(1-158wt), 2z-SUN2(1-158mut) and to 50mM
Hepes pH 7.5, 150mM potassium acetate, 5mM Mg acetate for
GST-GFP-SUN2(1-158wt) and GST-GFP.

Pull-down experiments

HeLa cell extract was prepared as described in Kutay et al (1998). A
total of 500 pl of HeLa cell extract (adjusted to 50 mM Tris, pH 7.5,
225mM potassium acetate, 2mM MgCl,) was supplemented
with purified 2z, 2z-Kipl, 2z-SUN2(1-158wt) (1.5uM each) and,
if indicated, RanQ69L(GTP) (2.5uM) was added. Samples were
incubated on ice for 4 h. Then, 12.5 pl of IgG sepharose was added
and samples were gently mixed for 45min. Beads were washed
three times in 1.5ml of binding buffer. Bound proteins were
eluted with 1.5M MgCl,, 50mM Tris, pH 7.5, precipitated with
isopropanol, and dissolved in SDS sample buffer.

For binding experiments using purified factors, each sample
contained 225 ul of E. coli lysate in 50 mM Tris, pH 7.5, 230 mM
potassium acetate, 2mM MgCl, supplemented with purified
recombinant transport receptors Impa (RCH1), AIBB-Impa (AIBB-
RCH1), Impp to 0.4 uM (starting lysates). Then, 2z-tagged proteins
(2z, 2z-Kipl, 2z-SUN2(1-158wt) or 2z-SUN2(1-158mut); 1.5uM
each), and, where indicated, RanQ69L (2.5uM) were added.
Samples were incubated on ice for 2h and further processed as
described above. Elution was with SDS sample buffer to which DTT
was added after the elution step.

The EMBO Journal VOL 29 | NO 14 ] 2010 2273



NE targeting of SUN2
Y Turgay et al

Cell culture and transient transfections

HeLa cells were maintained in DMEM containing 10% FCS and
penicillin/streptomycin at 37°C, 5% CO,. Transient transfections
were performed using FuGene transfection reagent (Roche). Cells
were fixed 20-36h after transfection with 4% PFA for 10 min. After
washing with PBS, cover slips were mounted in VectaShield
(VectorLabs) for microscopic analysis.

In vitro nuclear import assay

Alexa488 (Molecular Probes) labelling of BSA-NLS conjugates was
performed according to (Gorlich et al, 1994). In vitro transport
reactions were performed essentially as described (Adam et al,
1990; Gorlich et al, 1994). HeLa cells were grown on coverslips and
permeabilized with PB buffer (20mM Hepes, pH 7.5, 110mM
potassium acetate, 5mM magnesium acetate, 0.5mM EGTA,
250 mM sucrose) containing 40 pg/ml digitonin. The 20 pl import
mixtures in 50mM Hepes, pH 7.5, 80 mM potassium acetate,
S5mM magnesium acetate, 250mM sucrose contained 0.75 or
1.5uM import substrate (Alexa488-BSA-NLS and GST-GFP,
GST-GFP-hSUN2(1-158wt), respectively), and, where indicated,
Impf (0.5pM) and Impa (0.6 uM). All samples also contained an
energy regenerating system (Gorlich et al, 1994) and Ran mix
(Kutay et al, 1997a). Import was allowed to proceed for 20 min at
room temperature. Then, coverslips were washed once with PB,
cells were fixed with 3% PFA, washed in PBS and mounted for
microscopy.

Microscopy

For immunofluorescence analysis, cells were fixed in 4% PFA and
washed with PBS. Permeabilization was either performed with
0.001% digitonin for 14 min at 4°C only, or for additional 5min
using a mixture of 0.1% Triton X-100 and 0.02% SDS at RT.
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