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Abstract

a-Synemin contains a unique 312 amino acid insert near the end of its C-terminal tail. Therefore
we set out to determine if the insert is a site of protein—protein interaction that regulates the sub-
cellular localization of this large isoform of synemin. Yeast-two hybrid analysis indicated that this
region is a binding site for the M10 region of titin. This was confirmed with GST pull-down
assays. Co-immunoprecipitation of endogenous proteins indicated close association of the two
proteins in vivo and immunostaining of cardiomyocytes demonstrated co-localization of the
proteins at the M-band of the sarcomere.
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1. Introduction

Synemin is a type 1V IF protein that also functions as an AKAP [1]. Synemin contains the
structural features common to IF proteins: an N-terminal head domain, a central rod domain,
and a C-terminal tail. Alterative splicing gives rise to at least two isoforms of synemin in the
human heart, a-synemin (High) and B-synemin (Middle) [2]. These two isoforms differ by
the inclusion of a 936 base pair intron that codes a 312 residue insert between the last two
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exons in the long C-terminal tail. This C-terminal tail helps to group it as a type VI IF
protein and is a site of many protein interactions including PKA [1, 3].

Like other type IV IF proteins synemin forms heteropolymers in combination with desmin
or vimentin [4]. These IFs encircle the myofibrils at the level of the Z-disc, thus this
association localizes synemin to the Z-discs. Synemin is found at costameres and
intercalated disks and may link IFs to these structures via interactions with its non-IF
binding partners a-actinin, dystrophin, plectin, a-dystrobrevin, vinculin and/or talin. The
312 insert unique to a-synemin in particular binds the costameric proteins talin and vinculin
[5-10].

AKAPs function to anchor PKA to specific subcellular locations throughout the cell, near
different PKA substrates. PKA is a holoenzyme consisting of two R subunits (either two
type | or type I1) and two C subunits. PKA is a serine-threonine kinase activated upon
binding of CAMP to the R subunits. It is generally believed that the C subunits dissociate
from the R subunits, but this idea has been disputed [11-13]. AKAP anchoring of PKA on or
near substrates increases the specificity of the signaling cascade upon activation of the
kinase and may accelerate and amplify the signaling pathway [14]. Additionally, AKAPs
may sequester PKA near substrates to facilitate basal phosphorylation events [11]. Initially,
it was thought that PKA type Il, as defined by its R subunits, was anchored throughout the
cell while PKA type | was predominantly cytosolic. However, it has come to light that many
AKAPs can anchor both type I and type Il PKA (dual AKAPS) and some AKAPs are
specific for PKA type I [15, 16].

Titin, the largest protein in mammals, is a component of striated muscle that spans half a
sarcomere with its N-terminal end at the Z-disc and its C-terminal end at the M-band. There
is overlap of adjacent titin molecules from neighboring half-sarcomeres at both the N- and
C-terminal ends of the protein. Titin is composed primarily of hundreds of Ig- and
fibronectin-like domains organized into functionally discrete regions. Of importance here is
the M-band region which is bound on the N-terminus by a catalytic TK domain followed by
ten 1g domains (M1-M10) with seven unique interdomain sequences interspersed between
the Ig domains. The M-band region is considered a hotspot for mechanical sensing and
integration of signal transduction [17-20].

While it has been known for some time that a- and -synemin are co-expressed in a variety
of tissues including all classes of muscle [21], the functional role of each isoform is unclear.
We anticipate that any distinct functional roles for each will likely be due to differences in
location and/or binding partners; and, that one obvious source for differences between a-
and B-synemin is the region unique to a-synemin. Therefore, we set out to identify binding
partners for this region using yeast two-hybrid analysis. We discovered that last Ig domain
of titin, M10, bound to this region. Thus, our data adds to the list of binding partners specific
for a-synemin and expands the subcellular localization sites to the M-band of the sarcomere.
These data help to elucidate the difference between two nearly identical proteins that are co-
expressed in different tissue including cardiac muscle.

FEBS Lett. Author manuscript; available in PMC 2015 December 20.
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2. Materials and methods

2.1 Yeast strains, media, and cell culture

Yeast strains and media used for the yeast two-hybrid assays were as described by the
manufacturer (Matchmaker System 3, Clontech, Mountain View, CA, USA).

HL-1 cardiomyocytes were kindly provided by Dr. Claycomb (Department of Biochemistry
and Molecular Biology, Louisiana State University, New Orleans, LA, USA [22]). Cells
were maintained as described in the Online Supplementary Data.

2.2 Plasmid construction

The constructs for yeast two-hybrid studies and GST pull-down assays expressing ASl,
ASla, ASIb, ASIc (figure 1) and M10 titin along with control constructs were generated as
described in the Online Supplementary Data.

2.3 Animal care and primary cell isolation

Animals were housed at an animal care facility at Kent State University (Kent, Ohio) that is
accredited by the American Association for Accreditation of Laboratory Animal Care and is
under the full-time supervision of a veterinarian. Animals were treated in accordance with
institutional guidelines and approval by the Institutional Animal Care and Use Committee.
Adult mouse cardiomyocytes were isolated [23] and immunostained [24] as previously
described.

2.4 Yeast two-hybrid screening of a human heart library

The bait construct expressing ASI was used to screen a human heart cDNA library. Yeast
two-hybrid screening was performed using the Matchmaker Pretransformed libraries Kit,
following manufacturer's protocol (Clontech). Details can be found in the Online
Supplementary Data.

2.5 Yeast two-hybrid mating analysis of protein-protein interactions between a-synemin
and titin

The prey plasmid selected for use in additional experiments, pGADT7-M10titin, was
purified and used in a second round of yeast two-hybrid assays. Matings were performed
using yeast expressing the bait (ASI) and prey (M10titin) proteins per manufacturer's
protocol (Clontech). Assays were also carried out with either ASla, ASIb or ASlc as the bait
and M10titin as the prey in similar yeast two-hybrid experiments. Additionally, negative
control experiments were carried out with ASI as the bait and either M-titin Ig 1,2; Z-titin Ig
1,2; or Z-titin Ig 4,5 as prey.

2.6 In vitro GST pull-down assays

Extracts were made from E. coli expressing GST-M10titin and used in GST pull-down
assays in conjunction with MBP-ASI, MBP-ASla, MBP-ASIb, or MBP-ASIc as described
in the Online Supplementary Data.

FEBS Lett. Author manuscript; available in PMC 2015 December 20.
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2.7 Co-immunoprecipitation of endogenous titin and a-synemin

HL-1 cell lysates, generated as described in the Online Supplemental Data, were incubated
with 5 g of anti-a-synemin antibody R238 (a generous gift from Dr. Bloch, University of
Maryland, School of Medicine, Baltimore, MD) [25] and the antibody-antigen complex was
then added to Protein A/G PureProteome magnetic beads (EMD Millipore) and incubated,
washed and eluted per manufacturer's protocol. The eluates were subjected to
electrophoresis and western blot analysis as described in Online Supplementary Data using
the anti-titin antibody, M10-1 (a kind gift from Dr. Bjarne Udd [26]). Reciprocal
experiments were done using anti-titin antibody for IP and anti-a-synemin antibody for
western blot analysis.

2.8 Confocal analysis of a-synemin in cardiomyocytes

Adult mouse cardiomyocytes were double stained with anti-a-synemin antibody R238 and
monoclonal titin antibody T50 (a generous gift from Dr. van der Ven, Institute of Cell
Biology, Bonn, Germany,[27]) both at 1:100. Alexa Fluor 488-conjugated donkey anti-
rabbit and Alexa Fluor 568-conjugated donkey anti-mouse secondary antibodies (Life
technologies) were used at 1:1000. Cells were examined using an Olympus Fluoview 1000
confocal laser scanning microscope with an X63 objective lens.

3. Results

3.1 The ASl region of a-synemin binds to the M10 region of titin

To identify proteins interacting specifically with a-synemin, a human heart cDNA library
was screened using the ASI region as bait in yeast two-hybrid experiments. Screening of 5.5
x 10 colonies yielded 45 prey clones encoding peptides capable of interacting with the bait.
Of these 45 clones, 17 of them encoded 8 variations of M10 titin differing slightly in length
ranging from final 83 residues to the final 37 residues. A table listing all of the ASI
interacting proteins identified in the yeast two-hybrid screen can be found in the Online
Supplemental Data (table S1). A prey plasmid which encoded the final 69 amino acids of
titin (p)ADT7-M10titin) was selected for use in all further experiments. This plasmid was
purified and used directly as prey in yeast two-hybrid experiments with ASI as bait in order
to confirm interaction between these two peptides (figure 2, A).

3.2 M10 Titin interacts with the final 103 amino acids of ASI

To precisely locate the binding region within a-synemin for M10 titin, additional yeast two-
hybrid studies were performed with three bait plasmids spanning ASI ((GBKT7-ASla,
pGBKT7-ASIb, and pGBKT7-ASIc; figure 1). Although some low affinity biding between
M10titin and ASla and ASlb is apparent (figure 2, B, C), the strongest interaction was
obtained between ASIc and M10titin (figure 2, D). Additionally, in order to ensure
specificity of the interaction between a-synemin with M10 titin, three control constructs that
contain other g domains of titin were also used in yeast matings as prey with the ASI as
bait. No interaction was detected (figure 2; E-G).

To corroborate the yeast two-hybrid results, GST pull-down assays were carried out. ASI
and its smaller fragments were cloned to form GST fusion proteins and M10titin was cloned
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to generate a MBP fusion protein. The full-length peptide ASI and the smaller C-terminal
peptide ASlc displayed strong interaction with M10titin (figure 3). These results are
consistent with the yeast two-hybrid results and confirm that there is specific interaction
between the final 103 residues of the ASI region of a-synemin and the C-terminal 69
residues of M10 titin.

3.3 Endogenous a-synemin binds titin in HL-1 cells

To examine the interactions of a-synemin and titin inside cells, we performed co-IP of
endogenous proteins expressed in HL-1 cells. a-Synemin was detected on western blots
when anti-titin antibody was used to IP (figure 4A, lane E). Additionally, titin was detected
when anti-a-synemin antibody was used to IP (figure 4B, lane E), the doublet in lane E is
likely due to the fact that there are two major isoforms in cardiac muscle and that there is a
significantly higher concentration of the detected protein in the eluate than in the lysate
fractions allowing both to be visualized [18]. Neither a-synemin nor titin were detected
when the negative control antibody anti-myc was used for IP (figure 4C, lane E). These
findings indicate that endogenous a-synemin interacts with endogenous titin in intact cells.

3.4 a-Synemin is localized at the M-band in cardiomyocytes

Confocal microscopy of adult mouse cardiomyocytes revealed that a-synemin is localized to
the Z-discs as expected (figure 5) [1, 25]. Z-discs define the borders of sarcomeres and are
sites of attachment for the actin thin filament and the N-terminal end of titin. Costameres,
analogues to focal adhesion complexes, are found in register with peripheral Z-discs (just
under the sarcolemma) and are sites of communication between the extracellular matrix and
the myofibrils [28, 29]. IFs ring Z-discs and link together adjacent myofibrils and myofibrils
to costameres and organelles [29-31].These linkages are important for sarcomere, organelle
and costamere organization.

The isoform specific synemin antibody also revealed that a-synemin co-localizes to the M-
band of the sarcomere as the titin antibody used was raised against a peptide corresponding
to the M9 domain which lies adjacent to the M10 domain within the M-band region of titin
(figure 5, arrows) [27]. The M-band, found in the center of the sarcomere in the middle of
the H-band, is a region of crosslinking that allows for regular packing of the myosin thick
filaments and for interconnecting the C-terminal ends of titin molecules from adjacent
sarcomeres. This is accomplished by a lattice structure that is formed by three proteins,
myomesin, M-protein and myomesin 3 [29, 32-34].

4. Discussion

Our work expands the known location of synemin in muscle cells and adds to the body of
knowledge differentiating a- and B-synemin, as we show here for the first time that a-
synemin is localized to the M-band of sarcomeres in cardiomyocytes due to interaction with
M10 titin. Yeast two-hybrid exploratory and confirmatory assays were supported by GST
pull-down experiments that demonstrated specific interaction between the region of a-
synemin that is unique to the larger isoform (ASI) and the last domain of titin, M10.
Additionally, yeast two-hybrid and GST pull-down assays were used to further refine the
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region of interaction within a-synemin to the final 103 amino acids of ASI. The presence of
a-synemin and titin in the same complex in intact cells was demonstrated by co-
immunoprecipitation of the endogenous proteins from HL-1 cells. Furthermore, close
association of these two proteins was observed in cardiomyocytes using antibodies specific
for a-synemin and the M-band region of titin via confocal microscopy. Taken together,
these provide strong evidence that a-synemin binds to titin at the M10 domain, thus
localizing a-synemin to the M-band of the sarcomere in cardiomyocytes. This finding is
supported by earlier studies that showed PKA type Il localizes to the M-band in neonatal
cardiomyocytes via anchoring by AKAP(s), however the AKAP(s) involved were not
identified [35].

Eight tandem repeats have been identified in the C-terminal tail of a-synemin, seven of
which span ASI [9]. Each contains a unique sequence motif of S/T-X-R-H/Q where the X
represents any of the five amino acids V, G, I, F, or L. While the function of the repeats and
sequence motifs is currently unknown, they have been conserved in birds and mammals thus
implicating functional importance. The titin binding region within ASI was more precisely
localized to ASlc, the last 103 residues of ASI, via yeast two-hybrid and GST pull-down
assays. ASlc contains the final two and a half tandem repeats; and, interestingly, the two
longest stretches of identity conserved between human, mouse and chicken synemin
(residues 1400-1404 and 1458-1465 in human a-synemin). Therefore, it is possible that one
or more of these regions is important in protein-protein interaction between a-synemin and
titin. This same fragment bound to vinculin in blot overlay assays and also co-localized with
vinculin in cultured cells emphasizing its importance in protein-protein interaction [10].

The fact that synemin is a structural IF protein and an AKAP is already known [1, 36];
however the individual role of each isoform is less established. As discussed earlier,
functional differences between the isoforms are likely based on different subcellular
locations and/or binding proteins. Towards this end, Lund et. al. [25] discovered -synemin
was targeted to the Z-discs in neonatal cardiomyocytes and a-synemin to the sites of cell-
cell contact (intercalated disks). They also showed that knocking down synemin resulted in
disruption of Z-discs proving the necessity of synemin for IF formation in cardiomyocytes.
We show a-synemin localizes to the M-band. Since down regulation of synemin in
cardiomyocytes in the study described above [25] did not result in disruption of M-band
organization as evidenced by the normal distribution of M-band titin and obscurin, we
believe the function of a-synemin at the M-band is not structural and may be related to its
role as an AKAP.

The M10 region of titin is the final domain of this very large protein and resides in the M-
band. This region is found in all full-length titin isoforms, including the cardiac isoforms
N2B and N2BA [37]. Even though positioning at M10 titin places a-synemin near several
sarcomeric PKA substrates, some are less likely than others to be the substrates of this pool
of PKA due to the distance between the pool of PKA and the potential substrates. This is
important to consider in light of the fact that the C subunits may not dissociate from the R
subunits upon activation of the kinase and thus the holoenzyme (2R:2C) would remain
associated with the AKAP, as was seen for AKAP188 [11]. The two known PKA substrates
closest to a-synemin anchored PKA at the M-band are myomesin and M-protein.

FEBS Lett. Author manuscript; available in PMC 2015 December 20.
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Phosphorylation of myomesin regulates binding to titin and may play a role in sarcomere
formation and maintenance and phosphorylation of M-protein regulates its binding to
myosin [38, 39]. While these phosphorylation events may not play a role in the $-adrenergic
pathway, the primary PKA pathway in cardiomyocytes, they may be important during
muscle development and/or upkeep (i.e. protein turnover). Approximately 30% of PKA
activity is believed to be cAMP-independent and sequestering PKA near these substrates is
critical in maintaining selectivity and specificity of the kinase [13]; perhaps a-synemin
anchored PKA regulating myomesin and/or M-protein is an example of this type of PKA
activity.

In regard to the organization of titin at the M-band, there is another possible function of a-
synemin at this location. The overlapping ends of titin at this location place a-synemin very
close to the TK domain in the titin protein from the adjacent sarcomere [38]. This region
acts as a scaffolding site for the formation of a signalosome that participates in protein
turnover through autophagy [40, 41]. Autophagosomal adaptor proteins NBR1 and p62 bind
to TK. Both NBR1 and p62 recruit the LC3 autophagosomal membrane to ubiquitinated
targets which promotes their degradation through fusion with a lysosome [42]. Additionally,
it has been shown that PKA phosphorylation of LC3 prevents its recruitment into the
autophagosomes [43]. In this way, a-synemin anchored PKA at the M-band may regulate
LC3, and by extension, basal turnover of organelles and cellular response to stress such as
ischemia, reperfusion, hypertrophy, and heart failure [44].

Similar to the Z1 and Z2 domain of titin [19], the M10 domain of titin is a site of multiple
interactions. This region has been shown to interact with obscurin, obscurin-like 1, and
myospryn [45-47] in addition toa-synemin. Interestingly, myospryn has also been identified
as an AKAP capable of binding Rlla. While the substrate(s) of myospryn-anchored PKA is
not currently known, it has been shown that this pool of PKA is disrupted in Duchenne
muscular dystrophy and that this disruption appears to contribute to the pathogenesis of the
disease [48]. It is not unusual for two AKAPs to localize to the same subcellular location/
substrate in the heart. Both AKAP18a/15 and AKAP79/150 associate with L-type Ca2*
channels and enhance the open probability upon p-adrenergic stimulation; and, gravin and
AKAP79/150 associate with the B-adrenergic receptor and act to switch the receptor
between the PKA pathway and the MAP kinase cascade [49, 50]. Additional studies are
needed to determine if these two M-band AKAPs have any overlapping functions.

In conclusion, these studies have increased our understanding of the differences between a-
and B-synemin by revealing a novel location for the larger isoform at the M-band of
sarcomeres. We believe that at this location a-synemin functions as an AKAP localizing
PKA near substrates such as myomesin and M-protein. This may be relevant during
myofibrillogenesis and sarcomere maintenance. Moreover, there may be substrates regulated
by this pool of PKA, such as LC3, which has yet to be explored in cardiomyocytes.
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Abbreviations

IF intermediate filament

AKAP A-kinase anchoring protein

PKA protein kinase A

R regulatory subunits of PKA

C catalytic subunits of PKA

Ig immunoglobulin

TK titin kinase

ASI a-synemin specific insert
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Figure 1. Schematic of a-synemin and constructs used in in vitro assays
a-Synemin contains a very short head domain (10 amino acids), a rod domain (310 amino

acids) allowing it to form heteropolymers with type 11 IF proteins, and a very long C-
terminal tail classifying it as a type IV IF protein. It also contains a PKA RII binding domain
classifying it as an AKAP. The 312 amino acid insert in the C-terminal tail (aa 1151-1462,
ASI), absent in B-synemin, is the only difference between the two isoforms. For use in the
yeast two-hybrid and GST pull down assays, the ASI peptide was subdivided into ASla, (aa
1151-1243), ASIb (aa 1244-1358), and ASIc (aa 1359-1462).
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Section Bait Prey Interaction
A ASI M10 titin +++
B ASla M10 titin +/-
C ASIb M10 titin +/-
D ASIc M10 titin +++
E ASI M titin Ig 1,2 -
F ASI Z titin1g 1,2 -
G ASI Z titin 1g 4,5 -

Figure 2. Yeast two hybrid analysis reveals interaction between the ASI region of a-synemin and

M10 titin

Plasmids encoding full length ASI or ASI fragments were used as bait with plasmids
encoding the final sixty nine amino acids of M10 region of cardiac titin that was identified
in a screen of a human heart cDNA library as described in Materials and Methods. Strong
interaction was observed (heavy growth and blue color) between ASI and M10 titin and
ASIc and M10 titin on QDO/X-a-gal. Weak interaction was observed for both ASla and
ASIb with titin M10. As a negative control, plasmids expressing ASI were used as bait with
plasmids expressing other regions of titin structurally similar to M10; no interaction between

these pairs of peptides was observed.

FEBS Lett. Author manuscript; available in PMC 2015 December 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Prudner et al.

Page 14

Immobilized
GST-M10 titin

70 kDa—p ===

IB: anti-MBP = <+=55kDa
AS| ASla ASIb ASIc

Figure 3. GST-pull down assays confirm ASI interacts with M10 titin
GST-M10titin fusion protein was immobilized on glutathione agarose followed by addition

of protein extracts made from E. coli expressing either MBP-ASI, MBP-ASla, MBP-ASIb,
or MBPASIc. Protein complexes were eluted and separated by SDS-PAGE and visualized
using anti-MBP antibody. Strong interaction was detected between the M10 region of titin
and ASI. That interaction is further localized to the final 103 amino acids encoded by ASlc.
Very weak interaction between the first two fragments of ASI and M10titin was detected.
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Figure 4. Endogenous a-synemin and titin interact in vivo
A, Endogenous a-synemin and titin were co-immunoprecipitated from HL-1 cells using

anti-titin antibody and visualized using anti-a-synemin antibody (E). B, In reciprocal
experiments anti-a-synemin antibody was used to immunoprecipitate endogenous proteins
and anti-titin antibody was used to visualize the co-immunoprecipitated titin protein (E). C,
In control experiments, a-synemin or titin did not co-immunoprecipitate with anti-myc
antibody. In each experiment, the entire volume of the eluate was loaded on the gel along
with equivalent volumes of input (1) and unbound (U) fractions: I, input; U, unbound, E,
eluate.
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o-synemin overlay

Figure 5. Confocal analysis reveals a-synemin is localized to the M-band in cardiomyocytes
Isolated adult mouse cardiomyocytes were double stained with antibody recognizing the M-

band region of titin (green) and a-synemin (red). Confocal analysis revealed that a-synemin
localizes to the Z-line as expected and to the M-band where it co-localizes with M-band titin
(arrows).
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