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Myocardin-related transcription factors (MRTFs) are actin-
regulated transcriptional coactivators, which bind G-actin
through their N-terminal RPEL domains. In response to
signal-induced actin polymerisation and concomitant
G-actin depletion, MRTFs accumulate in the nucleus and
activate target gene transcription through their partner
protein SRF. Nuclear accumulation of MRTFs in response
to signal is inhibited by increased G-actin level. Here, we
study the mechanism by which MRTF-A enters the nu-
cleus. We show that MRTF-A contains an unusually long
bipartite nuclear localisation signal (NLS), comprising two
basic elements separated by 30 residues, embedded within
the RPEL domain. Using siRNA-mediated protein depletion
in vivo, and nuclear import assays in vitro, we show that
the MRTF-A extended bipartite NLS uses the importin
(Imp)o/p-dependent import pathway, and that import is
inhibited by G-actin. Interaction of the NLS with the Impa-—
Impp heterodimer requires both NLS basic elements, and
is dependent on the Impa major and minor binding
pockets. Binding of the Impo-Impp heterodimer to the
intact MRTF-A RPEL domain occurs competitively with
G-actin. Thus, MRTF-A contains an actin-sensitive nuclear
import signal.
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Introduction

Regulated nuclear entry and export has a critical role in
controlling the activity of the MRTF transcriptional coactiva-
tors. These new G-actin-binding proteins regulate a subset of
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genes controlled by serum response factor (SRF), linking
their transcription to changes in actin dynamics
(Sotiropoulos et al, 1999; Cen et al, 2003; Miralles et al,
2003). In resting cells, MRTF-A (also known as MAL and
MKL1) rapidly shuttles in and out of the nucleus, its cyto-
plasmic location being promoted by interaction of G-actin
with its N-terminal RPEL domain (Miralles et al, 2003; Posern
et al, 2004; Vartiainen et al, 2007; Guettler et al, 2008).
Serum-induced RhoA activation promotes F-actin assembly,
resulting in the depletion of G-actin pool and reduced
actin-MRTF-A interaction, which inhibits actin-dependent
MRTF-A export, thereby promoting its nuclear accumulation
(Vartiainen et al, 2007). Interestingly, although MRTF-A
nuclear import occurs constitutively in fibroblasts and its
rate does not increase upon G-actin depletion, it is inhibited
upon overexpression of G-actin (Vartiainen et al, 2007).
Nuclear import of MRTF-A requires a putative import signal
(B2) within the RPEL domain (Miralles et al, 2003; Vartiainen
et al, 2007), but the nature of this signal and its functional
relationship with actin binding has not been investigated.
Although proteins smaller than ~40kDa in size can tra-
verse the NPC by passive diffusion, nuclear accumulation of
larger proteins is energy-dependent and is mediated by spe-
cialised import receptors, the majority of which belong to the
Impp superfamily (Goérlich and Kutay, 1999; Fried and Kutay,
2003; Poon and Jans, 2005; Stewart, 2007). These receptors,
which continuously transit between the cytoplasm and the
nucleus, interact with import signals in the cargo protein,
either directly or through adaptor proteins such as Impo
(Gorlich and Kutay, 1999; Pemberton and Paschal, 2005;
Poon and Jans, 2005; Stewart, 2007). Nuclear localisation
signals (NLS) can be operationally defined as required for
nuclear import in their natural context, functional when
attached to an heterologous protein, and sufficient for effective
interaction with the import receptors or receptor complexes
(Damelin et al, 2002; Lange et al, 2007). Classical NLS
sequences consist either of a single basic element, as in
SV40 large T, or are bipartite, comprising two basic elements
separated by a 10-12 residue linker, as in nucleoplasmin
(Dingwall and Laskey, 1991; Robbins et al, 1991). Recent
studies have identified atypical bipartite NLS that contain
extended linkers (see Corredor et al, 2010; Lange et al, 2010).
Short NLS sequences engage only one of the two binding
pockets of the adaptor Impa, whereas bipartite ones interact
simultaneously with both (Fontes et al, 2000, 2003; Kosugi
et al, 2009). Impa in turn associates with Impf through its
Impp-binding (IBB) domain to assemble a complex competent
for import (Gorlich et al, 1995; Lange et al, 2007). At least
some atypical bipartite NLS also interact with the classical
Impo/B-dependent import machinery (Lange et al, 2010).

©2010 European Molecular Biology Organization
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In this study, we demonstrate that the RPEL domain of
MRTF-A contains an unusually extended bipartite NLS with a
30-residue linker, and that the integrity of both its basic
elements is required for serum-induced MRTF-A nuclear
accumulation. Using siRNA approaches, in vitro nuclear
import assays and protein interaction experiments, we de-
monstrate that MRTF-A uses the Impa-Impf complex to enter
the nucleus, and that actin both inhibits nuclear import
in vitro and competes with the Impa-Impf complex for
binding to the extended NLS. The MRTF-A thus contains an
actin-sensitive nuclear import signal.

Results

The RPEL domain contains two basic clusters required
for MRTF-A nuclear import

The MRTF-A RPEL domain, together with the 72 residues
N-terminal to it, are sufficient to confer actin-regulated
nucleocytoplasmic shuttling to heterologous proteins, such
as GFP or pyruvate kinase (Miralles et al, 2003; Vartiainen
et al, 2007; Guettler et al, 2008). We previously demonstrated
that a short basic sequence between RPEL2 and RPEL3,
termed B2, is necessary for MRTF-A nuclear import
(Miralles et al, 2003; Vartiainen et al, 2007). As our prelimin-
ary experiments suggested that this sequence does not func-
tion as an effective NLS element (see below), we sought to
identify other sequences required for MRTF-A nuclear import.
Inspection of the RPEL domain sequence revealed an addi-
tional short basic element, "'>KRKIRSR'?°, embedded within
RPEL2 sequences mediating actin contact (Mouilleron et al,
2008), to which we will refer as B3 (Figure 1A).

An alanine substitution mutant of the three consecutive B3
basic residues "KRK!?' (B3A hereafter) localised to the
cytoplasm in resting cells, and failed to accumulate in the
nucleus on serum stimulation, as did B2A, an alanine sub-
stitution mutation of B2 residues '“?KLK!** (Figure 1B).
To confirm that B3 is involved in nuclear import, we tested
whether the B3A mutation impaired nuclear accumulation of
MRTF-A after treatment with leptomycin B (LMB), which
blocks nucleocytoplasmic shuttling in resting cells by inacti-
vating exportin 1/Crml. The B3A mutant exhibited more
pronounced cytoplasmic localisation in untreated cells, and,
although wild-type MRTF-A became entirely nuclear after a
30-min LMB treatment, the B3A mutant showed little change
from untreated cells (Figure 1C). Unlike the B2A mutant,
however, which showed very little nuclear accumulation
even over a 7-h LMB treatment, B3A did accumulate in the
nucleus at later time points (Figure 1C), suggesting either that
the B2 element can act as a weak autonomous NLS, or that
the alanine substitution does not completely inactivate this
element (see below). Taken together, the data identify the B3
element as an additional basic sequence required for efficient
MRTF-A nuclear import.

We carried out alanine-scanning mutagenesis through the
regions including the B3 and B2 elements to define them
more rigorously. Within B3, only mutation of the basic triplet
prevented MRTF-A nuclear accumulation in serum-stimu-
lated cells, whereas within the B2 region, mutations in
three successive triplets (***KLKRARLAD'®), all located
within the RPEL2-RPEL3 linker sequence, impaired serum-
induced nuclear accumulation (Figure 1D). In contrast,
mutations at neighbouring residues implicated in actin
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contacts led to increased MRTF-A nuclear accumulation in
resting cells (Supplementary Figure S1), consistent with our
previous results (Mouilleron et al, 2008).

To test the significance of the NLS for MRTF-A function, we
used siRNA treatment to deplete cells of endogenous MRTFs.
Expression of an siRNA-resistant form of MRTF-A rescued
both basal and serum-induced transcription in cells, and this
was significantly reduced by mutation of the NLS (Figure 1E).
The effect of the NLS mutation was more pronounced in the
context of MRTF-A lacking its leucine zipper, suggesting that
at least part of the residual activity is due to import with
residual MRTF-A.

The basic elements constitute an extended bipartite
NLS

As independent mutation of either the B2 or B3 sequences
effectively abolished MRTF-A nuclear import, we speculated
that together the two elements might constitute a bipartite
nuclear import signal. To test whether this is the case, we
assessed the subcellular localisation of fusion proteins in
which peptide sequences encompassing B2, B3 or both ele-
ments were joined to the normally cytoplasmic pyruvate
kinase protein (Figure 2A). Fusion proteins containing either
B2 or B3 alone were predominantly cytoplasmic (Figure 2B).
In contrast, the fusion protein containing the entire putative
NLS sequence (111/166-PK) localised exclusively to the
nucleus, and this was dependent on the integrity of the two
basic elements, as seen with MRTF-A itself (Figure 2C). Actin
overexpression did not cause relocalisation of 111/166-PK to
the cytoplasm (data not shown), consistent with the observa-
tion that the entire RPEL domain is required for correct
MRTF-A regulation (Miralles et al, 2003; Vartiainen et al,
2007; Guettler et al, 2008).

The basic elements of some bipartite NLS exhibit some
ability to function as weak monopartite NLS, which may be
revealed when nuclear export is inhibited (Kosugi et al, 2009;
Corredor et al, 2010). To test whether this is also the case
with the MRTF-A extended NLS, we evaluated the behaviour
of the peptide-PK fusion proteins in cells treated with LMB.
In this assay, the B2-PK fusion protein displayed LMB-
dependent nuclear accumulation, indicating that this element
does possess autonomous NLS activity in this context
(Figure 2B). In contrast, the B3 element did not display
autonomous NLS activity either alone or in the context of
the B2 + B3 peptide with the B2 element mutated to alanine
(Figure 2C). Taken together these results identify the B2 and
B3 elements as parts of an unusually extended bipartite
nuclear import sequence.

Impp1 activity is required for MRTF-A nuclear import
in vivo

We next sought to identify the import machinery involved in
MRTF-A nuclear import. As Impp has been shown to function
as a nuclear import receptor for proteins containing a con-
ventional bipartite NLS, we tested its involvement in MRTF-A
nuclear import by use of siRNA to silence its expression.
Knockdown of Impf in NIH 3T3 cells stably expressing
MRTF-A-GFP resulted in the substantial inhibition of LMB -
induced MRTF-A nuclear accumulation (Figure 3A). Similar
results were obtained when MRTF-A nuclear accumulation
was induced by cytochalasin D, which interferes with actin—
MRTF-A interaction, and thereby blocks actin-mediated
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Figure 1 The MRTF-A RPEL domain contains two basic elements required for nuclear import. (A) Domain organisation of MRTF-A. RPEL,
RPEL domain; B1, basic region 1; Q, Q-rich region; SAP (SAP, SAF-AIB, Acinus, Pias) domain; LZ, leucine zipper motif; TAD, transcription
activation domain. The RPEL domain and motifs (pfam PF02755) are shown in red and the basic boxes are indicated with bars (B2 and B3).
Bottom: sequence of the RPEL domain fragment containing the two basic boxes. (B) Mutation of B2 or B3 blocks serum-induced MRTF-A
nuclear accumulation. Cells were transiently transfected with wild type or mutants of MRTF-A-GFP, starved for 24 h and stimulated with 15%
serum for 30 min. The localisation of the proteins in NIH 3T3 cells was visualised by fluorescence microscopy. (C) The B2 and B3 mutations
block MRTF-A import. Localisation of MRTF-A proteins after leptomycin B treatment (30 nM) was assessed as in panel B. C, cytoplasmic; N/C,
pancellular; N, nuclear (>100 cells per condition). (D) Alanine-scanning mutagenesis of the B2 and B3 regions. Wild-type MRTF-A-GFP or the
mutants in three consecutive residues were analysed for localisation after serum stimulation as in panel C. (E) The extended NLS is required for
full reporter activation. B16F2 cells were treated with MRTF-A/MRTF-B siRNA and transfected with expression plasmids for MRTF-A, either
containing or lacking the leucine zipper sequence, with MRTF activation by Cytochalasin D treatment (2 pM), as indicated. Error bars represent
s.e.m. values (n=4).

MRTF-A export (Vartiainen et al, 2007). The effect of Impf that serum stimulation, unlike CD or LMB treatment, does
depletion on serum-stimulated nuclear accumulation was not completely block nuclear export (Vartiainen et al, 2007),
more marked (Figure 3A). Probably, this reflects the fact although we cannot exclude the possibility that basal import
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Figure 2 The B2 and B3 elements constitute an extended bipartite NLS sufficient for nuclear import of a heterologous protein. NIH 3T3 cells
were transfected with the PK fusion proteins and analysed by immunofluorescence microscopy 24 h later with or without a 30-min treatment
with 30 nM leptomycin B (LMB). (A) Schematic representation of pyruvate kinase (PK) fusion proteins. (B) The B2 and B3 elements constitute
a bipartite NLS, and the B2 element possesses weak autonomous NLS activity. (C) Nuclear accumulation of MRTF-A(111-166)-PK requires

intact B2 and B3 elements.

involves additional Impp-independent import signal(s) active
only in unstimulated conditions. Expression of an siRNA-resis-
tant Impp derivative restored nuclear accumulation of MRTF-A
in response to serum stimulation, indicating that the effect was
specific (Figure 3B). Depletion of Impp also impaired serum- or
cytochalasin D-induced activation of an SRF reporter gene
(Figure 3C). In MDA-MB-231 cells, in which MRTF-A is nuclear
even under resting conditions (Medjkane et al, 2009), Impf
depletion restored its cytoplasmic localisation (Figure 3D).

To confirm directly that Impf interacts with MRTF-A
in vivo, we used an in situ proximity ligation assay, in
which a subset of target protein interactions are visualised
in fixed cells as discrete foci generated by localised fluorescent
rolling-circle amplification reactions dependent on the close
proximity of antibodies against the target proteins (Soderberg

©2010 European Molecular Biology Organization

et al, 2006). In this assay, MRTF-A-Impf interactions were
detectable as distinct cytoplasmic foci, number of which was
substantially reduced on overexpression of B-actin (Figure 3E),
which impairs nuclear import of MRTF-A (Vartiainen et al,
2007).

These results show that Impf is involved in MRTF-A
nuclear import, but give no insight into the potential role of
Impa proteins, which function in many cases as heterodimers
with Impp. Although siRNAs targeting individual Impa genes
were also tested for the ability to affect MRTF-A nuclear
accumulation, in no case did we observe significant inhibi-
tion of MRTF-A nuclear import (data not shown). Given the
in vitro data described below, this probably reflects functional
redundancy among Impo proteins (Goldfarb et al, 2004; see
Discussion section).
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Figure 3 Importin B activity is required for MRTF-A nuclear accumulation. (A) Impf was silenced in R332 cells (NIH 3T3 cells stably
expressing MRTF-A-GFP) using RNA interference, and the localisation of the protein was analysed under different conditions. FCS, fetal calf
serum; CD, Cytochalasin D (2 uM); LMB, leptomycin B. (<100 cells per point, n=3 independent experiments, error bars indicate s.e.m.
values). Right: western blotting showing Impp depletion (B) Similar as in panel A, serum stimulation. The Impp knockdown was rescued by
transient transfection of an siRNA-resistant form of Impp-mCherry. mCherry empty plasmid was used as control. (C) Inhibition of SRF reporter
3D.A-Luc activation after Impp depletion. Three independent experiments were performed; error bars represent s.e.m. values. (D) The
localisation of transiently transfected MRTF-A-GFP in resting MDA-MB-231 cells. Phalloidin staining in red. Right: quantification. (E) Impp-
MRTF-A interaction detected by proximity ligation assay, using anti-impf and anti-MRTF-A antibodies, is reduced in cells transfected with a
B-actin expression plasmid, identified by coexpressed GFP marker. PLA was scored as cytoplasmic foci per cell (error bar indicates s.e.m.

values; n=55; ***P<0.001, unpaired Mann-Whitney test).

Impa and impp are both required for MRTF-A NLS
function in vitro

To investigate MRTF-A nuclear import directly, and to gain
insight into whether it requires Impa, we developed an
in vitro nuclear import assay. Semi-permeabilised cells were

The EMBO Journal VOL 29 | NO 20 | 2010

incubated with recombinant GFP-tagged MRTF-A derivatives,
together with reticulocyte lysate as a source of import factors,
and an energy source. MRTF-A(2-204)-2GFP, which exhibits
similar regulation to intact MRTF-A in vivo (Guettler et al,
2008), was imported into nuclei in this assay; import was

©2010 European Molecular Biology Organization



dependent on soluble import factors, as it was inhibited by
RanQ69L, which mimics RanGTP, dissociating importins
from their cargoes (data not shown). Mutation of basic
elements B2 and B3 also prevented nuclear import of
MRTF-A(2-204)-2GFP (Figure 4A). The in vitro assay thus
faithfully reproduces MRTF-A import.

Impp functions together with Impa for import of many of
its cargoes (Lange et al, 2007). Consistent with the involve-
ment of Impa, nuclear import of MRTF-A(2-204)-2GFP was
inhibited by the bimax2 peptide, a high-affinity Impa ligand
derived from iterative mutational analysis of the SV40 large T
NLS (Kosugi et al, 2008), and was also blocked by an Impa
IBB peptide, which disrupts Impoa-Impp interactions
(Figure 4B). In contrast, import was not affected by the
M9M peptide, an Impf2-specific competitor peptide derived

A MRTF-A(2-204)-2GFP WT

Actin regulation of MRTF-A nuclear import
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from the transportin PY-type NLS (Cansizoglu et al, 2007).
These results strongly suggest that Impo-Impf heterodimers
are required for activity of the MRTF-A NLS. To test whether
they are sufficient, we used a reconstituted import system
containing recombinant NTF2, RanGDP, RanGAP, RanBP1
and importins. In this assay, the combination of Impa3 and
Impp was sufficient for import, but neither protein functioned
alone (Figure 4C).

Actin overexpression inhibits MRTF-A nuclear accumula-
tion in vivo, whereas RPEL domain mutants that cannot bind
actin in vitro exhibit constitutive nuclear localisation in vivo
and are insensitive to actin overexpression (Miralles et al,
2003; Vartiainen et al, 2007; Guettler et al, 2008). Consistent
with these observations, addition of actin (as nonpolymeriz-
able latrunculin B (LatB)-actin) to the in vitro assay pre-
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Figure 4 Analysis of the MRTF-A nuclear import in vitro. (A) The in vitro nuclear import assay. NIH 3T3 cells were semi-permeabilised with
digitonin and nuclear import of recombinant MRTF-A(2-204)-2GFP or mutant derivatives was analysed. Where indicated, reticulocyte lysate
was omitted. Addition of 5 uM RanQ69L blocked import (data not shown). (B) Peptide competition analysis. Impa—Impp is required for MRTF-
A(2-204)-2GFP import. Competitor peptides (10 uM) were added to import reactions as indicated: IBB, Impp-binding domain peptide that
blocks Impo-Impf interactions; bimax2, high affinity Impa-binding peptide; M9 M, Impf2-specific NLS peptide. (C) Impa-Impp heterodimers
are sufficient for import in vitro. Import assays were carried out with purified cofactors, including Impa, Impf or both as indicated.
(D) Interaction of actin with the RPEL domain inhibits nuclear import. Import reactions were performed with wild-type MRTF-A(2-204)-2GFP
or its 123-1A mutant derivative that cannot bind actin (Vartiainen et al, 2007). Import reactions contained latrunculin B-actin (2 pM) where

indicated.
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vented nuclear import of MRTF-A(2-204)-2GFP (Figure 4D).
A mutant version of the MRTF-A(2-204)-2GFP protein con-
taining a mutation that abrogates actin binding (Vartiainen
et al, 2007; Guettler et al, 2008) was efficiently imported into
nuclei in vitro, but was insensitive to LatB-actin addition
(Figure 4D). Together, these data show that actin directly
inhibits nuclear import of MRTF-A, and this requires its
interaction with the RPEL domain.

Actin inhibits interaction of the MRTF-A NLS with
Impa-Impp in vitro

To study the interaction of the Impoa—Impf heterodimer
with the MRTF-A NLS in more detail, we analysed their
interaction in vitro. In glutathione S-transferase (GST)
pulldown experiments, GST-MRTF-A(2-204)-GFP recruited
recombinant Impa3 and the Impa—Impf heterodimer
(Figure 5A). Recovery was significantly impaired by mutation
of the B2 or B3 basic elements of the NLS, and effectively
abolished by their simultaneous mutation (Figure S5A).
Similar results were obtained when GST-Impa3 was used
as the affinity matrix, although the effects of the B2 and B3
mutations were more marked, probably reflecting limiting
concentration of MRTF-A(2-204)-2GFP (Figure 5B). Classical
monopartite NLS elements interact with the Impo major
binding pocket, whereas bipartite NLS C- and N-terminal
basic elements interact with the major and minor binding
pockets, respectively (Conti et al, 1998; Conti and Kuriyan,
2000). In pulldown experiments using recombinant Impa3
derivatives, effective interaction with the MRTF-A extended

A - - - - + + + + Impp
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NLS was dependent on the integrity of both binding pockets,
and increased upon removal of the N-terminal Impa IBB
domain (Figure 5C). Peptide array experiments confirmed
that residues involved in Impa interaction encompassed the
B2 element identified in the alanine scanning experiments,
including residues overlapping the N-terminal helix of
RPEL3 (Supplementary Figure S2; see Discussion section).
Taken together with the functional data, these results show
that MRTF-A nuclear import requires interaction of
the Impo—Impfp heterodimer with the basic elements of the
extended NLS.

Impf could be also recovered directly, although with low
efficiency, in pulldown assays with GST-MRTF-A(2-204)-
GFP, and this interaction was dependent on the B3 element
but not on B2 (Figure 5D). The Impf-B3 interaction was
competed by the IBB peptide, indicating that the Impf
sequences involved overlap with those mediating dimerisa-
tion with Impa (Figure 5D). The ImpB-B3 interaction cannot
be sufficient for import, which also requires B2 (see
Discussion section).

Actin binding inhibits MRTF-A nuclear import both in vitro
and in vivo, and our data demonstrate that the basic impor-
tin-binding elements within the RPEL domain are intimately
associated with its actin-binding sites: B3 is occluded by actin
contacts with RPEL2 (Mouilleron et al, 2008), whereas B2
abuts RPEL3. We tested whether the inhibitory effect of actin
on MRTF-A nuclear import reflected simple competition for
importin binding by titrating LatB-actin into Impo-Impf
pulldown assays with GST-MRTF-A(2-204)-GFP. As LatB-
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GST-Impa3 pulldown, elution: 3C protease

B2A B3A - — BB

— Imp

— MRTF-A

GST-MRTF-A(2-204)-GFP pulldown; elution: 3C protease

Figure 5 The MRTF-A extended bipartite NLS binds Impa3-Impf heterodimers. (A) Impa3 and Impa3-Impf interact with B2 and B3. GST-
MRTF-A(2-204)-GFP derivatives were used for pulldown of recombinant Impa3 (left) and Impa3-Impf (right). Bound proteins were freed
from the matrix using 3C protease and analysed by SDS-PAGE. (B) Assays were performed as in panel A, but using GST-Impa3 as affinity
matrix. (C) Interaction of Impa with the MRTF-A extended NLS requires both its major and minor binding pockets. Assays were performed with
GST-Impa3 (mutl and mut2 correspond to mutations in major and minor binding pockets, respectively). (D) Impp interacts with the B3
element. Left, MRTF-A(2-204)-GFP derivatives were used for pulldown of recombinant Impf as in panel A. Right, pulldown experiments using
wild-type MRTF-A(2-204)-GFP were performed in the presence of increasing concentrations of IBB peptide (0.1-10 uM).
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Figure 6 Binding of the extended bipartite NLS to Impa3-Impf heterodimers is actin sensitive. (A) GST-MRTF-A(2-204)-GFP was used for
pulldown of Impa3-Impp in the presence of increasing amounts of Latrunculin B-actin (0.25-10 uM). (B) GST-MRTF-A(2-261) was used for
pulldown of actin in the presence of increasing amounts of Impa-AIBB.

actin input was increased, recovery of Impo-Impp was
correspondingly reduced (Figure 6A). Similarly, titration
of recombinant Impa3 AIBB into reactions containing
MRTF-A(2-261) and LatB-actin reduced recovery of actin
(Figure 6B). Thus, actin and Impo-Impf compete for inter-
action with the MRTF-A RPEL domain.

Discussion

In this study, we studied the nuclear import mechanism of
MRTF-A. We observed that the RPEL domain contains an
extended bipartite nuclear localisation signal comprising two
basic elements separated by a 30-residue linker. Both basic
elements are required for effective MRTF-A nuclear import,
and the extended NLS can confer import on a heterologous
protein. The nuclear import of MRTF-A is dependent on the
classical nuclear import pathway, using Impf and the adaptor
protein Impa, which interact with the NLS basic elements.
Our findings support a recent proposal that the definition of a
bipartite classical NLS should be relaxed to include linkers
20-30 residues in length (Lange et al, 2010). Such extended
linkers have been identified in the Impo-Impp-dependent
import of yeast Tyl integrase and Rrp4 (Lange et al, 2010)
and BIV-1 Rev (Corredor et al, 2010), whereas widely sepa-
rated basic elements are also necessary for import of Smad4
(Xiao et al, 2003), topoisomerase II (Kim et al, 2002) and
cFLIP-L (Katayama et al, 2010). The MRTF-A NLS basic
elements are intimately associated with its actin-binding
RPEL motifs, and actin binds competitively with the
Impo—Impp heterodimer, directly inhibiting MRTF-A nuclear
import. The MRTF-A extended NLS therefore represents an
actin-sensitive nuclear import signal. The possibility remains,
however, that MRTF-A contains Impo-Impp-independent
NLS not detected in our experiments.

The Impo—Impf pathway, which may be responsible for
import of 50% of all nuclear proteins in yeast, has been
extensively characterised (Goldfarb et al, 2004; Lange et al,
2007). In this study, we have demonstrated that human
Impa3-ImpB can mediate MRTF-A import, but at least six
genes in the human genome encode for Impo proteins
(Goldfarb et al, 2004; Mason et al, 2009), and these exhibit
a broad functional redundancy (Nadler et al, 1997; Kohler
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et al, 1999, 2002; Goldfarb et al, 2004; Quensel et al, 2004;
Yasuhara et al, 2007). For example, hypoxia-inducible factors
(HIFs) were observed to bind Impal, 3, 5 and 7 in vitro
(Depping et al, 2008), whereas nuclear factor kappa B
(NF-xB) nuclear import relies mostly on closely related
Impa3 and Impad (Fagerlund et al, 2005). We think it is likely
that Impa3 functions redundantly in MRTF-A import with
other Impa family members, as we were unable to see any
significant defect in serum-induced MRTF-A nuclear accumu-
lation on siRNA-induced depletion of individual family mem-
bers, including Impa3. As we have also observed partial
relocalisation of myocardin from the nucleus to the cytoplasm
on Impp silencing (MK Vartiainen, unpublished data), we
speculate that import of all three myocardin-family members
may be dependent on the classical Impa—Impp pathway.

Our biochemical studies indicate that Impa—Impf hetero-
dimers mediate MRTF-A import in vitro, and that direct
interaction between Impa and both the B3 and B2 basic
elements is required for Impo—Impp recruitment. The NLS-
binding domain of Impa is formed from 10 armadillo (ARM)
repeats, and contains two binding pockets formed by repeats
2-4 and 7-9, known as the major and minor binding sites,
respectively (Conti et al, 1998; Conti and Kuriyan, 2000).
Monopartite NLS elements, such as that from SV40 large T,
can interact with either the major or minor sites, whereas the
N- and C-terminal basic elements of a conventional bipartite
NLS interact with the minor and major sites respectively, with
the 10-12 residue matching the distance between them and
making few if any specific contacts (Conti and Kuriyan, 2000;
Fontes et al, 2000, 2003). The extended bipartite MRTF-A NLS
also uses the two Impa-binding pockets, and its longer linker
sequence may therefore be looped out from the complex. We
observed that the B2 element of the extended NLS, but not
the B3 element, retains a weak ability to act autonomously,
and suggest that it interacts with the major Impa-binding
pocket. We propose that the functionally effective complex
formation with Impa is dependent on the additional interac-
tion between the NLS B3 element and the Impa minor
binding pocket. These observations, which are consistent
with other recent observations (Kosugi et al, 2009; Corredor
et al, 2010), begin to blur the distinction between bipartite
and classical monopartite NLS elements.
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Our results indicate that the B2 element of the extended
NLS also encompasses acidic residues C-terminal to the basic
residues implicated in pocket binding, and peptide array
experiments indicate that these residues are required for
Impo binding. Previous studies have implicated residues
outside the basic elements in recognition of both conven-
tional and bipartite NLS by Impa (Kosugi et al, 2008, 2009).
We also observed that Impf alone exhibits affinity for the B3
basic element, and that the surface involved in this interac-
tion overlaps with that which interacts with Impa. This
interaction cannot be sufficient for nuclear import, however,
which also requires the B2 element. Perhaps Impfp-B3 inter-
action facilitates assembly of Impa-ImpB-MRTF-A complex.
More detailed biochemical analysis of the MRTF-A NLS
interaction with the two importins, including structural
studies, is underway to address these issues.

The activity of nuclear import and nuclear export signals
can be controlled through regulation of their interactions with
importins and exportins, respectively (Kaffman and O’Shea,
1999; Poon and Jans, 2005). Such regulation can occur
through intramolecular masking of the import signal, fre-
quently by phosphorylation at sites within or near the signal
itself, as in the case of yeast Pho4 at Ser'>? (Kaffman et al,
1998), or by occlusion of the signal through interaction of the
potential cargo with other proteins, as in the case of IkB-
NFkB interaction (Beg et al, 1992). Regulation of MRTF-A
nuclear import is an example of the latter mechanism, as
Impo-Impp competes with G-actin for access to the NLS,
which is located within the MRTF-A actin-binding RPEL
domain. This competition is probably direct, as the B3
basic element is embedded within sequences physically
masked by RPEL2-actin interactions, whereas the B2 basic
element is in close apposition to RPEL3. It remains unclear
whether the utilisation of the extended bipartite NLS is
functionally significant in this context, or whether it has
been selected because the shorter NLS elements cannot be
successfully embedded within functional G-actin-binding
sites. The RPEL domain contains multiple actin-binding
sites, however, and it is tempting to speculate that the widely
separated basic elements allow the activity of the NLS to be
fine-tuned according to the stoichiometry of actin binding.
This possibility, as well as the mechanism by which actin
binding promotes MRTF nuclear export, will be interesting
subjects for future studies.

Materials and methods

Plasmids

Sequences containing parts of the putative NLS of mouse MRTF-A
were inserted into a pEF-Flag-PK vector for mammalian expression
described previously (Sotiropoulos et al, 1999; Miralles et al, 2003).
The B2A and B3A mutations used in the study are alanine
substitutions of '>KLK'®* and "°KRK'?! within the B2 and B3
elements. The MRTF-A-GFP fusion protein has been described
previously (Vartiainen et al, 2007). Dimerisation-defective MRTF-A
ALZ lacked residues 612-652 (Miralles et al, 2003). In siRNA-resistant
MRTF-A, 5'-"*TGGAGCTGGTGGAGAAGAA™®-3" within RPEL 3 was
changed to 5'-TGGAACTAGTAGAAAAGAA-3'. The MRTF-A 123-1A
mutation has been described earlier (Vartiainen et al, 2007).

For bacterial expression of GST-tagged fusions, MRTF-A(2-204)
linked to one or two GFP molecules, human Impa3 and Impf
sequences were expressed using a pET-4la(+) derivative as
described previously (Vartiainen et al, 2007; Mouilleron et al,
2008). Impa3-AIBB lacks residues 1-55. The Impa3 major and
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minor pocket mutants contain two alanine substitutions at W179/
N183 and W390/N394, respectively.

Mutations were introduced with quick-change exchange amino-
acids method and the full sequences were verified by sequencing.

Proteins and peptides

The GST fusion proteins were purified from 2-1 culture using 2 ml of
glutathione-Sepharose. After elution, the GST moiety was cleaved
off with 3C protease (20png) at 4°C overnight in 4ml of buffer
(50mM Tris (pH 7.5), 100mM NaCl, 1mM DTT and protease
inhibitors). Proteins were further purified using ion-exchange
chromatography, followed by dialysis into binding buffer (50 mM
Tris pH (7.5), 50 mM NaCl and 5mM MgCl,) containing 2 mM DTT
and protease inhibitors. LatB-actin was prepared as described
previously (Morton et al, 2000; Hertzog et al, 2004; Mouilleron et al,
2008).

Peptides used in this study were synthesised and purified by the
LRI Peptide Chemistry Laboratory. Peptide sequences were as
follows:

IBB: AARLHRFKNKGKDSTEMRRRRIEVNVELRKAKKDDQMLK

RRNVS

MI9M: GGSYNDFGNYNNQSSNFGPMKGGNFGGRFEPYANPTKR

bimax2: RRRRRRKRKREWDDDDDPPKKRRRLD

In vitro import assays

The NIH 3T3 cells were grown on coverslips in 10% FCS DMEM
until they reached 60-70% confluency. Semi-permeabilisation was
performed in import buffer (250mM sucrose, 20 mM HEPES (pH
7.3), 110 mM KOAc, 5mM MgOAc, 0.5mM EGTA, 2mM DTT and
protease inhibitors) with 20pug/ml digitonin for 5-10min. After
washing with import buffer without detergent, the cells were
incubated with 50 pl import mix (60% reticulocyte lysate dialysed
against import buffer, 10mM creatine phosphate, 0.5mM ATP,
0.5mM GTP and 20U/ml creatine kinase in import buffer)
containing 1 pM test proteins for 10 min at room temperature. For
assays with purified components, the reticulocyte lysate was
replaced with import buffer containing 0.8 uM NTF2, 4 uM RanGDP,
0.05uM RanBP1, 0.4 uM RanGAP, with 1 uM Impa and 2 uM Impf
(final concentrations) as required. To stop the reaction, the cells
were rinsed briefly with PBS and fixed with formaldehyde; nuclei
were stained with DAPI. Competitor peptides were included at
10 uM and LatB-actin at 2 pM.

RNAi analysis

For the NLS studies, 70% confluent cells were transfected with
100 ng of plasmid (pyruvate kinase fusions, MRTF-A-GFP and their
derivatives) using Lipofectamine™ 2000 (Invitrogen) according to
the manufacturers instructions. After transfection, cells were
maintained in 0.3% FCS DMEM for 24 h and subsequently treated
with 30nM LMB, 0.5 uM LatB or 15% FCS for 30 min, unless stated
otherwise. When required (PK fusions), the staining was performed
with anti-Flag antibody (F7425, Sigma). The localisation of MRTF-A
was scored as predominantly nuclear, predominantly cytoplasmic
or pancellular in >100 cells.

For siRNA transfections, B16F2 cells, NIH 3T3 cells or R332 cells
(Vartiainen et al, 2007) were plated onto 24-well tissue culture
plates at a density of 40000 cells per well. The following day, cells
were transfected with siRNA (mouse Impf: 5-CAACUGAAACCAUU
AGUCA-3’ from Sigma Genosys; negative control: AllStars negative
control from Qiagen; MRTF-A/MRTF-B, 5-UGGAGCUGGUGGAGA
AGAA-3' (Medjkane et al, 2009)). On day 4, cells were transfected
with DNA constructs when required (SRF reporter: 3D.A-Luc;
control, pTK-renilla, mCherry, mCherry-Impf, Flag-MRTF-A (wild
type or NLS mutants)) as described previously (Vartiainen et al,
2007) and cultured in 0.3% FCS DMEM overnight. On the last day,
cells were subjected to appropriate treatment and processed for
western blotting, microscopy or luciferase assay as described earlier
(Vartiainen et al, 2007). When using R332 cells, tetracycline
(1pug/ml) was added to the growth medium to induce the
expression of MRTF-A-GFP.

Protein interaction assays

For GST pulldown analyis, glutathione-Sepharose was saturated
with GST-MRTF-A(2-204)-GFP, GST-MRTF-A(2-261) or GST-
Impa3 derivatives from bacterial lysates. After extensive washing,
the beads were incubated with purified recombinant importins or
MRTF-A(2-204)-2GFP derivatives for 3h at 4°C in binding buffer
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(50 mM Tris (pH 7.5), 50 mM NaCl and 5 mM MgCl,). The resin was
washed four times with binding buffer, after which 3C protease was
used to cut MRTF-A or Impa3 derivatives off the GST. The resin was
spun down and the supernatant was subjected to 4-12% SDS-PAGE.
Gels were stained with Coomassie Brilliant Blue.

For proximity ligation analysis of protein interactions in
cells (Soderberg et al, 2006), we used the Duolink II proprietary
system according to the manufacturer’s protocol, using anti-
bodies against MRTF-A (C19, Santa Cruz Biotechnology) and Impf
(2811, Abcam).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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