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Smoothelin Contains a Novel Actin Cytoskeleton
Localization Sequence With Similarity to Troponin T
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Abstract
Smoothelin, a cytoskeletal protein, exists in a large isoform speci®cally expressed in vascular smooth
muscle cells, and a small visceral isoform generated by a downstream transcriptional start site. Using fusions to the green
¯uorescent protein, we could show that both smoothelin isoforms are localized at actin containing ®laments and
mapped two domains that are each suf®cient for localization at the actin cytoskeleton. The ®rst domain is located in the
vascular-speci®c, N-terminal half of smoothelin and the second in the common, C-terminal half. The second domain
shares clear sequence similarity with a domain of troponin T involved in actin ®lament association. These results suggest
that the tissue-speci®c expression of smoothelin isoforms might contribute to the different contractile properties of
smooth muscle cells. J. Cell. Biochem. 85: 403±409, 2002. ß 2002 Wiley-Liss, Inc.
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Smooth muscle cells (SMC) play an essential
role in the maintenance of homeostasis in
vertebrates through changes in their contraction-relaxation cycle. The features of these cells
differ markedly between tissues and species;
moreover, there are often regional differences
within a given tissue [Kuriyama et al., 1998].
Smooth muscles are responsible for the longlasting movements characteristic of enteric
organs and may display a highly contractile
type with fast contraction velocities or a less
contractile type with slow contraction [Arner
and Malmqvist, 1998]. The regulation of Ca2dependent contraction and relaxation in smooth
muscle is much less understood than in striated
muscles [Geeves, 1999].
Two independently working proteins, caldesmon and calponin, are involved in regulation of
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contraction [Czurylo et al., 1997]. Both caldesmon and calponin inhibit the actin regulated
ATPase activity of myosin in a Ca2-calmodulin
dependent manner [Marston et al., 1994;
Winder and Walsh, 1996]. The mechanism by
which caldesmon controls actin-tropomyosin
interaction in smooth muscle is comparable to
the troponin complex in skeletal and cardiac
muscle [Marston et al., 1998]. Additional proteins in¯uence the inhibitory action of caldesmon like the S100 protein [Polyakov et al., 1998]
or PAK1, which can phosphorylate caldesmon
[Foster et al., 2000].
Nearly all proteins involved in SMC force
generation are expressed as alternatively
spliced variants. SMC speci®c isoforms of
muscle and nonmuscle proteins are responsible
for SMC contraction. There are SMC speci®c
isoforms of tropomyosin, actin, MHC, MLC,
MLCK, caldesmon, calponin, S100, Ca2-calmodulin dependent kinase II (for review see
[Sobue et al., 1999]). Expression levels and isoform expression patterns of these proteins and
additional unidenti®ed ones contribute to the
special contractile properties of a given SMC.
Smoothelin is a recently identi®ed cytoskeletal protein which is speci®cally expressed in
differentiated SMC [van der Loop et al., 1996].
Smoothelin is expressed as a large vascular
speci®c and as a small visceral speci®c isoform
[van Eys et al., 1997; KraÈmer et al., 1999],
resulting from alternative transcriptional start
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sites [KraÈmer et al., 2001]. In addition, we
recently identi®ed two novel variants with
different C-terminal spectrin family similarity
(SFS) domains generated by alternative splicing [KraÈmer et al., 2001]. Smoothelin was
shown to colocalize with the actin crosslinking
protein ®lamin [Wehrens et al., 1997] and with
a-SMA [Christen et al., 1999].
To study functional differences between the
vascular and visceral speci®c smoothelin isoforms, we generated GFP fusion proteins to
investigate their subcellular localization and to
identify the domains responsible for association
with the actin cytoskeleton. A deletion analysis
showed that the SFS domain of smoothelin is
neither necessary nor suf®cient for binding to
actin containing ®laments. Instead, we mapped
two novel domains that independently mediate
association with actin ®laments. The ®rst
domain is located in the vascular speci®c, Nterminal half, while the second one is located in
the common C-terminal part and shares clear
sequence similarity with the tail domain of
troponin T (TnT). These results suggest that the
cell type speci®c expression of smoothelin isoforms with different actin ®lament binding
domains might in part account for the distinct
contractile properties of different types of SM.
MATERIALS AND METHODS
Smoothelin Expression Constructs
For the functional characterization of smoothelin isoforms, cDNA fragments [KraÈmer et al.,
1999, 2001] were fused in frame at the C-terminus of a red-shifted, humanized, enhanced
green ¯uorescent protein (GFP) gene, and
expressed under the control of the cytomegalovirus promoter in the backbone of the pEVRF1
vector [Matthias et al., 1989]. The constructs
were created by an intermediate PCR cloning
step and then subcloned with restriction
enzymes into the above mentioned eukaryotic
expression vector. Amino acids from smoothelin
present in the fusion construct are indicated in
Figure 2.
Cell Culture and Transfection
NIH 3T3 mouse ®broblasts were cultured in
DMEM supplemented with 10% fetal calf serum
in a humidi®ed atmosphere of 5% CO2 at 378C.
The cells were transiently transfected with the
various plasmid contructs using GenePorter
reagent (GeneTherapy Systems). For micro-

scopy, coverslips were placed in the culture dish
before plating the cells. One or 2 days after
transfection, cells were either ®xed for subcellular localization studies or scraped for Western
blot analysis. All fusion proteins showed the
expected size (data not shown).
F-Actin Detection and Microscopy
All procedures were carried out at room temperature and all solutions were done in phosphate buffered saline (PBS), unless speci®ed
otherwise. Transfected cells grown on coverslips were removed 19 and 40 h post-transfection, washed with PBS, ®xed with 3.7%
formalin. Extraction of the cells before ®xation
was performed with 3% Triton X-100 or with
0.5% Triton X-100 in 10 mM Pipes, pH 6.8/
100 mM NaCl/300 mM sucrose/3 mM MgCl2 for
1 min on ice. After washing with PBS, cells were
®xed with 3.7% formalin. For F-actin staining
cells were permeabilized with 0.25% Triton
X±100 for 10 min and blocked with 0.2% ®sh
skin gelatine for 30 min. Cultures were then
incubated for 30 min with Alexa-594 phalloidin
(Molecular Probes) diluted 1:40 in PBS with
0.2% ®sh skin gelatine, washed, and mounted
with Mowiol. Samples were screened on a Zeiss
Axioplan 2 microscope and images were taken
with a BioRad MRC1024 or a Zeiss LSM510
confocal systems. Images were assembled and
annotated with Adobe Photoshop and Illustrator software.
RESULTS AND DISCUSSION
Smoothelin Is Localized at Actin Filaments
To investigate the subcellular localization of
smoothelin isoforms, we generated fusion proteins with the GFP. The mouse cDNA of the
large c2 (Lc2) and small c1 (Sc1) smoothelin
isoforms [KraÈmer et al., 2001] were subcloned in
frame downstream of the GFP sequence and the
resulting constructs used to transfect mouse
®broblasts. Already 1 day after transfection,
®lamentous structures became visible in living
cells. To further characterize the intracellular
location of GFP fusion proteins, cells were ®xed
and stained with phalloidin that speci®cally
labels cellular F-actin ®laments. The direct
comparison of the GFP signal with the phalloidin staining clearly shows that both, the short
and the long, smoothelin fusion proteins are
localized at cytoplasmic F-actin ®laments
(Fig. 1). These results are in good agreement
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Fig. 1. Both smoothelin isoforms localize at actin containing
®laments. Representative images of mouse ®broblasts, transiently transfected with full length large, Lc2 (a), and small, Sc1
(b), smoothelin isoforms. Each row shows the GFP-smoothelin
signal (left) and corresponding phalloidin staining of actin
®laments (right). Scale bars, 20 mm.

with the reported colocalization of smoothelin
and a-SMA in primary porcine VSMC obtained
by antibody staining [Christen et al., 1999].
Mapping Smoothelin Domains Involved in
Binding to Actin Containing Filaments
To map the domain(s) responsible for this
association with the actin ®laments, we generated a set of deletions in these GFP-smoothelin
fusion constructs. The structure of the constructs is outlined in Figure 2A. We could show
before that smoothelin is expressed in two
different splice variants (c1 and c2), resulting
from alternative exon usage at the 30 end
[KraÈmer et al., 2001]. This splice site falls
directly into the similarity region to the members of the spectrin family of actin binding
proteins. Although this region results from
different exons, the resulting protein isoforms
have the same good similarity to the spectrin
family [KraÈmer et al., 2001]. Therefore, we
analyzed in parallel the different splicing
variants and their ability to localize at the actin
cytoskeleton. GFP-fusion proteins with the
small isoform splice variants show the same
localization at actin ®laments. Expression of
the SFS domain alone (c1- or c2-form) fused with
the GFP showed that this domain is neither
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necessary nor suf®cient for association with
actin ®laments. This holds true for both splice
variants (SFSc1 and SFSc2). That is in agreement with recent crystallographic studies on
the corresponding domain of utrophin, showing
that this region does not play a central but
rather a supporting role in actin binding [Keep
et al., 1999; Moores et al., 2000].
Since the C-terminus of smoothelin is not
mediating the actin ®lament association, we dissected the N-terminus of the small smoothelin
isoform. By further deletion of N-and C-terminal amino acids (constructs SN1-6), we could
de®ne a region between amino acids 535 and
682 (construct SN5), which is minimally necessary for actin ®lament localization (Fig. 2).
Further N- and C-terminal deletions (construct
SN6) resulted in a diffuse distribution of the
fusion protein within the cytoplasm.
We then analyzed the unique large vascular
speci®c N-terminus of the large isoform for additional sequences responsible for actin-®lament
association. The whole N-terminus alone is
capable of directing the fusion protein to actin
®bers. Further truncations of this large Nterminus to the ®rst 134 amino acids still show
a clear actin ®ber localization. Removing the
®rst 86 amino acids leaving only 48 amino acids
between 87±134 still gives actin ®lament
localization even though less pronounced. Representative examples of transiently transfected cells with the corresponding phalloidin
stainings are shown (Fig. 2B).
In summary, we identi®ed two separate
domains that can by themselves independently
mediate association with actin containing ®laments. One domain is located in the large
N-terminus of the vascular speci®c smoothelin
isoform, and the second one is located in the
common part, present in all smoothelin isoforms. These results show that the large
vascular speci®c isoform contains two domains,
which mediate association with actin containing ®laments, whereas the small visceral speci®c isoform contains only one domain.
Binding of Smoothelin Deletion
Mutants to Actin Filaments
To compare the strength of association of
smoothelin mutants with actin ®laments, we
extracted transiently transfected cells with
TritonX-100 before ®xation and analyzed
whether the GFP-smoothelin-fusion proteins
remained associated with actin ®laments.
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Interestingly, we could see a clear difference
between the two smoothelin isoforms. The large
vascular speci®c smoothelin isoform remains
associated with the actin-®laments after extraction with 3% Triton X-100, whereas the short
isoform does not (data summarized in Fig. 2A).
There are at least two possibilities: that the
presence of two domains is necessary for the
tight association with the actin ®laments or that
the ®rst domain is suf®cient. Extraction of
transiently transfected mouse ®broblasts with
the different GFP-smoothelin deletion constructs showed that the 48 amino acids of LN6
are not suf®cient for the tight actin ®lament
association. Additional surrounding sequences
(construct LN3) are necessary for the tight
association to actin ®laments. The fact that
the constructs LN5 and LN7 do not localize
shows that no additional separate domain exists
which can mediate the localization by themselves. The presence of this additional, stronger
actin ®lament binding domain in the large
smoothelin isoform indicates functional differences between the tissue-speci®c smoothelin
isoforms.
Smoothelin Homology to Troponin T
The mapping of smoothelin domains responsible for association with actin containing ®laments made possible a more focused database
search for similar sequences. Using just the
short stretch from amino acid number 535±682,
which is suf®cient for association with actin
®laments, we found a region that is very similar
to a highly conserved region in TnT [Malnic
et al., 1998; Bucher et al., 1999]. The alignment
of similar TnT and smoothelin sequence shows
that in a central stretch of 37 amino acids, 13 are
identical and 10 are conserved (Fig. 3). This
stretch (termed here ``TnT-box'') is located in a
domain of TnT that is necessary for the interaction with tropomyosin (TM) [Oliveira et al.,
2000]. In addition, this TnT domain is highly
conserved in vertebrates and invertebrates and
Fig. 2. Mapping of smoothelin domains involved in actin
®lament association. A: The structure of the different fusion
constructs containing mouse smoothelin fragments fused in
frame to the C-terminus of GFP is illustrated. Smoothelin amino
acids included in each fusion construct are indicated below the
name. The GFP at the N-terminus is shown as a cylinder, the
unique large N-terminus is in light gray, the common Cterminus in dark gray, and the SFS-domains are hatched
whereby alternative splice variants (C1 and C2) are represented
with different patterns. The association of fusion proteins with
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is involved in the activation of actomyosin
ATPase, thereby playing an important role in
heart and skeletal muscle contractile functions
[Tobacman, 1996]. The association of smoothelin
with actin-containing ®laments may thus occur
through binding to a ®lament bound tropomyosin-like protein and mayÐas in the case of TnTÐ
have a regulatory role in muscle contraction. The
corresponding sequence, the TnT box, is included
in all known smoothelin isoforms and is, therefore, likely to be functionally important.
Database searches for sequences similar to
the N-terminal domain yielded only similarity
to smoothelin itself. Interestingly, this similarity falls into the second domain responsible for
actin ®lament association and overlaps with the
TnT-box (Fig. 4). This similar region contains
37 amino acids with a central stretch of 9
identical ones.
Three widely occurring actin-binding motifs
are described to date: calponin homology domain, thymosin-b4 motif, and gelsolin homology
domain. A fourth actin-binding motif is the ADF
homology domain (reviewed in [Lappalainen
et al., 1998]). Finally, actin-binding of MLCK is
mediated by three repeats containing the consensus sequence DFRXXL [Smith et al., 1999].
The two domains of smoothelin mediating the
association with the actin cytoskeleton (Fig. 2)
show no discernible similarity to any of these
known motifs and also BLAST searches of the
GenBank database did not yield other sequences
with signi®cant similarity. These results indicate that the two smoothelin domains identi®ed
here contain a novel actin cytoskeleton localization motif.
The striking similarity of a central region of
smoothelin involved in actin ®lament association, with a conserved domain of TnT, an anchoring factor of the contractile apparatus in
striated muscle [Hinkle et al., 1999], suggests
that smoothelin may play a similar role in the
control of smooth muscle contraction. The tissue
speci®c expression of smoothelin isoforms with
actin ®laments () or the lack thereof ( ) was determined in
transfected cells after extraction with 3% Triton 100 (E) and in
nonextracted (N) cells. The two independent domains suf®cient
for association with actin ®laments are highlighted with vertical
shaded bars. B: Representative images of NIH-3T3 cells
transiently expressing the GFP-Smoothelin fusion constructs
indicated. The lower row shows the GFP-smoothelin signal and
the upper row the corresponding phalloidin staining of actin
®laments. Scale bar, 20 mm.
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Fig. 3. Alignment of smoothelin with different vertebrate
troponin T isoforms. The chicken skeletal TnT structure is
schematically outlined at the top and the conserved region
within the TM binding domain is indicated in gray. This region
shows similarity to the C-terminal, common part of the large and
short smoothelin isoforms, and falls into the domain mediating
actin ®lament association as outlined at the bottom. The middle
part shows the sequence alignment with different TnT isoforms
where amino acids identical to smoothelin are highlighted in
dark gray and similar amino acids in light gray. The sequences in

this alignment were identi®ed with BLAST database searches.
GenBank accession numbers are: 4507627 for human cardiac
TnT; P13789 for bovine cardiac TnT; P50752 for mouse cardiac
TnT; P02642 for chicken cardiac TnT; AAF21629 for human fast
skeletal TnT; P13805 for human slow skeletal TnT; AAF01502
for mouse fast skeletal TnT; AAC32546 for mouse slow skeletal
TnT; AAA49102 for chicken skeletal TnT; AF064236 for mouse;
and AF064238 for human smoothelin. The human smoothelin
sequence in this region has been resequenced (GenBank
AF064238).

different actin ®lament association domains
may thus contribute to the different contractile
properties of SMCs. The identi®cation and mapping of these isoform-speci®c actin cytoskeleton
localization sequences now allows a focused

search for interacting factors. The presence
of two independent binding domains suggests
a regulatory role in the stabilization and/or
crosslinking of components of actin containing
®laments.

Fig. 4. Alignment of the two smoothelin domains responsible for actin ®lament association. The
alignment of both actin ®lament binding domains of the large smoothelin isoform is shown with identical
amino acids highlighted in dark gray and similar ones in light gray. The accession numbers of mouse (m)
and human (h) smoothelin sequences are as in Figure 3.
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