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ABSTRACT

Synemin is a large (~182 kDa by sequence, ~230 kDa by SDS-PAGE) cytoskeletal
protein that was originally identified based upon its co-localization and co-purification with
the intermediate filament (IF) proteins desmin and vimentin in muscle tissue. Studies in this
dissertation have focused on understanding the molecular properties and role of synemin.
Cloning and sequencing studies revealed that synemin itself is a large member of the IF
protein superfamily because it contains the domain structure typical of IF proteins, i.e., an
~310 amino acid, coiled-coil rod domain flanked by an N-terminal head domain, and a C-
terminal tail domain that is very large in the case of synemin. Based upon analysis of the
sequence, we developed the hypothesis that synemin forms heteropolymeric IFs with other IF
proteins such as desmin and/or vimentin, and acts to link, via its large tail domain, those IFs
to other cytoskeletal structures. Transfection studies utilizing the SW13 IF-mosaic cell line
indicate that synemin does, in fact, require the presence of another IF protein to assemble
into IFs. These tissue culture findings are supported by the results of in vitro co-
sedimentation studies using both purified proteins and expressed protein domains, which
indicate that synemin forms IFs with desmin via interactions of their rod domains.
Additionally, blot-overlay assays have identified interactions between the tail domain of
synemin and both the myofibrillar Z-line protein o-actinin and the costameric protein
“vinculin. Furthermore, these interactions have been confirmed, and the protein sub-domains
involved in the interactions more specifically d;eﬁned, by the use of the Gal4 yeast two-
hybrid system. In toto, these results support a role for synemin as a component of obligate
heteropolymeric IFs, which may function to crosslink the IFs to other cytoskeletal structures.

In striated muscle cells, synemin may play an important role in directly linking the



heteropolymeric IFs to o-actinin within the myofibrillar Z-lines and to vinculin within the
costameres. By these interactions, synemin-containing IFs may firmly link all adjacent
myofibrils within the cell, and attach the peripheral layer of myofibrils to the muscle cell

membrane, thereby promoting overall cytoskeletal integrity and contractile function.



GENERAL INTRODUCTION
Dissertation Organization

The alternate manuscript-based format is used in my dissertation with the inclusion of
two papers. The main body consists of one extensive manuscript, which has been published
in The Journal of Biological Chemistry, and a second manuscript, which will be submitted
for publication in The Journal of Biological Chemistry. I was responsible for the design and
implementation of almost all of the experiments described in these manuscripts. I received
help with purification of proteins from muscle tissue, and with some of the in vitro binding
studies from Suzanne W. Sernett, who was a Research Associate in our research group at the
time of those experiments. The references cited in the Review of Literature, which are
formatted in author/year style for ease of reading, and in each of the two manuscripts, which
are formatted based on specific journal requirements, are listed in corresponding separate
References sections with each of those three parts of the dissertation. A comprehensive
bibliography, which includes titles of the articles, is included at the end of the dissertation.

Introduction

The overall focus of the research described in this dissertation was to advance the
understanding of the intermediate filament (IF) protein synemin. It is our overall hypothesis
that synemin functions within cells, as a component of heteropolymeric intermediate
filaments (IFs), to enable these IFs to directly link or bind to other cytoskeletal components.
In the case of striated muscle cells, synemin may specifically function to attach muscle cell
IFs to the myofibrils and to the muscle cell membrane. This direct linkage would permit

muscle cell IFs to link adjacent myofibrils together, and attach the peripheral layer of



myofibrils to the muscle cell membrane skeleton. The specific goals of this dissertation were
to test this overall hypothesis by cloning and sequencing the synemin cDNA, and then
conducting several molecular interaction studies to examine potential protein interactions
involving synemin.

Included herein are one manuscript that was published in 1999 and one manuscript to
be submitted. Together, they describe research that fulfills the goals of my dissertation
research. The first manuscript describes the first published complete sequence of synemin,
analysis of the sequence, cell transfection studies using the cDNA showing that synemin can
not form IFs without another IF protein present, and molecular interaction studies
demonstrating interaction of synemin with the IF protein desmin and the myofibrillar Z-line
protein a-actinin. The second manuscript delves more deeply into the molecular interactions
involving synemin by describing extensive testing of specific molecular interactions of
synemin utilizing the Gal4 yeast two-hybrid system. These studies demonstrate that synemin
interacts with desmin, vimentin, a-actinin, and vinculin. The interaction between synemin
and the costameric protein vinculin is also shown by using purified proteins. Additionally,
this manuscript includes a schematic representation of how synemin-containing
heteropolymeric IFs may link adjacent myofibrils together, and connect the peripheral layer
of myofibrils to the muscle cell membrane in striated muscle cells.

Review of Literature

The cell cytoskeleton is believed to play many diverse and essential cellular roles,
including those of maintaining the overall structure of the cell (Fuchs, 1994; Fuchs and
Cleveland, 1998), permitting transport of cellular materials (Hackney, 1996), providing a

conduit for mechanical signaling (Maniotis et al., 1997), and stabilizing the cell during the



stress of mechanical strain (Goldman et al., 1996). The cytoskeleton of most animal cells
consists of the cell membrane skeleton and three distinct classes of filaments: the
microfilaments composed primarily of actin, the microtubules composed primarily of tubulin,
and the intermediate filaments (IFs) composed of members of a superfamily of cell-type
specific IF proteins (Robson, 1989; Fuchs and Weber, 1994; Fuchs and Yang, 1999). These
filament types are as diverse in their structure and assembly as they are in their functions.

The microfilaments are approximately 7 nm in diameter and composed primarily of
long strings of globular actin monomers linked together to form a filament reminiscent of
two strands of pearls twisted around each other (dos Remedios and Moens, 1995). The
formation of the microfilaments occurs in an energy-dependent manner, and preferentially at
the barbed end of the filament, resulting in a “directional” filament (Schafer and Cooper,
1995). The twisted structure of the microfilament results in the presence of two grooves
along the microfilament (ben-Avraham and Tirion, 1995), which often serve as sites for
binding of other proteins that can form part of the microfilaments in certain cell types, such
as tropomyosin (Allen et al., 1978), troponin-I (Fowler, 1997), and nebulin (Wang, 1996) in
skeletal muscle cells. The repeating structure of microfilaments also makes it possible for a
specific class of motor proteins, the myosins, to use them as “tracks” for movement (Baker
and Titus, 1998). Myosin molecules move along the microfilament by an energy-dependent
mechanism in which they “walk” from one actin monomer to one closer to the barbed end of
the filament, thus moving along the actin filament (Rayment et al., 1993). By this
mechanism, myosin molecules are able to transport cellular cargo on actin filaments in non-
muscle cells (Hackney, 1996; Baker and Titus, 1998), and cause muscle contraction along the

specialized actin filaments in muscle cells (Hackney, 1996).



The microtubules are approximately 23 nm in diameter, with the structure primarily
composed of tubulin molecules attached end-to-end and in an open-centered-bundle
arrangement (Downing and Nogales, 1998). The energy-dependent formation of the
structure results in a filament or tubule with a hollow center, and polarity due to the direction
of the end-to-end protein attachments (Tran et al., 1997; Margolis and Wilson, 1998).
Microtubules can be composed of a number of variants of tubulin, including the well known
a-tubulin and B-tubulin, as well as y-tubulin, and the recently identified -tubulin and e-
tubulin (Chang and Stearns, 2000), along with many microtubule associated proteins (MAPs)
(Llanos et al., 1999). In a sense analogous to the actin-containing microfilaments, the
tubulin-containing microtubules are used as “tracks” for the classes of motor proteins known
as the kinesins and dyneins (Hackney, 1996). The several members of each of these classes
of motor proteins are very diverse, but all kinesins have in common that they travel toward
the “plus” end of the microtubule (Kirchner et al., 1999), whereas dyneins travel toward the
“minus” end (Inoue, 1997). As with the myosin-microfilament system, the microtubule
motor proteins act to transport cargo along the microtubule tracks (Kirchner et al., 1999;
Sheetz, 1999). Although the necessity of two discrete intracellular transport systems may not
be immediately obvious, a recent review (Brown, 1999) compared the two filament systems
to the mechanisms by which freight is moved around the country. The microtubules are
believed to be similar to the rail lines on which trains transport large cargo significant
distances, whereas the microfilaments are likened to the roads on which trucks move smaller
cargos, but to more specific locations than is possible with trains. By analogy, kinesin and
dynein molecules move large cellular cargos within the cell, but often the delivery of cargo to

a specific site is left to the myosin molecules working on the microfilaments.



The intermediate filaments (IFs) are approximately 10 nm in diameter (Fuchs and
Weber, 1994; Klymkowsky, 1995; Houseweart and Cleveland, 1998; Fuchs and Yang, 1999)
and were originally named in reference to their diameter being between that of the 7 nm thin
filaments (microfilaments) and 15 nm thick filaments in developing muscle cells, in which
they were originally identified (Ishikawa et al., 1968). The name is now often used to refer
to the fact that their diameter is between that of the microfilaments and microtubules found in
all cells. The IFs are composed of cell-type specific protein monomers that are believed to
assemble by a fairly complex, non-energy requiring mechanism (Ip et al., 1985; Herrmann
and Aebi, 1998). The steps in assembly begin with the formation of a parallel coiled-coil
dimer of two IF protein polypeptides because of interactions of their respective ~.310 amino
acid long, a-helical rod domains (Herrmann and Aebi, 1998; Herrmann et al,, 1999). The
dimers then associate to form a staggered tetramer composed of four IF polypeptides (Meng
et al., 1994). These tetramers are often considered to be the “true” building-block of IFs, and
are thought to then associate both laterally and longitudinally, resulting in very long
filaments that contain approximately 32 protein monomers in cross-section (Fuchs and
Cleveland, 1998; Herrmann and Aebi, 1998). Unlike the microtubules and microfilaments
that are known to play roles in transport of cellular material, no motor proteins have been
found that operate on IFs. In fact, because IFs lack overall directionality in their structure,
locomotion of a motor protein on their surface may be impossible. Instead, IFs appear to
play specialized roles in cellular stabilization and in the mechanical integration of cellular
space (Lazarides, 1980; Goldman et al., 1996). Indeed, it has been found that cells from
specific disease states lacking normal IF networks are easily damaged, and exhibit abnormal

alignment of organelles (Fuchs, 1994; Fuchs, 1996; Fuchs and Cleveland, 1998).



Additionally, there is some evidence suggesting that IFs may play a role in the relay of
mechanical signals from the cell membrane to the nucleus, where they are then translated
into signals that induce cellular changes (Maniotis et al., 1997). The IFs are now regarded as
highly dynamic structures, and have been shown to shorten/lengthen in vivo at rates similar
to those observed with microfilaments and microtubules (Goldman et al., 1999).

The actual protein composition of an individual IF is very dependent upon the cell
type in which it is found (Fuchs and Weber, 1994). Additionally, because the ~60 members
of the IF protein superfamily are so variable in properties and presumably impart IFs with
unique traits, it is more difficult to make generalized comments about IFs than can be made
about microfilaments or microtubules. The majority of the superfamily of IF proteins is now
most often classified into six major classes or types: the Type I acidic keratins; the Type II
basic keratins; the Type III class composed of vimentin, desmin, glial fibrillar acidic protein
(GFAP) and peripherin; the Type IV neurofilament proteins NF-L, NF-M, NF-H and a-
internexin; the Type V nuclear lamins (A/C and B); and the Type VI group currently
composed only of nestin (Fuchs and Yang, 1999; Steinert et al., 1999; Herrmann and Aebi,
2000). This classification is based on sequence homology and genomic sequence intron
mapping (Fuchs and Weber, 1994), in contrast to an earlier system of classifying IF proteins
that predated widespread protein sequencing, and was based on their tissue source. There
are, however, general correlations between the current classification system and specific cell
type classification. All types of epithelial cells have heteropolymeric IFs composed of a Type
I and a Type II IF protein (Fuchs, 1996). Many developing cell types, such as fibroblasts and
myoblasts, contain IFs composed mostly of vimentin (Evans, 1998), and virtually all cells

grown in culture express some vimentin. Mature muscle and glial cells contain IFs



composed primarily of desmin (Huiatt et al.,, 1980) and GFAP (Chen and Liem, 1994),
respectively. Neuronal cells contain heteropolymeric IFs composed of the so-called
neurofilament triplet proteins, NF-L, NF-M and NF-H, named based upon their relative
molecular masses (Low, Medium, and High) (Lee et al., 1993; Carpenter and Ip, 1996). The
Type V lamins are present as major components of the nuclear lamina in most nucleated cells
(Glass et al., 1993). Nestin is found in many developing cell types, often as a component of
vimentin-containing IFs (Sejersen and Lendahl, 1993; Sjoberg et al., 1994).

Steinert and co-workers have recently proposed (Steinert et al., 1999) that the Type
VI definition be expanded to include a small number of other proteins that do not necessarily
share sequence homology with nestin, but seem to have “functional” homology. It was
proposed that the proteins paranemin, tanabin and synemin, the latter protein being the focus
of this dissertation, be classified together with nestin because they all have relatively high
molecular masses (~180 kDa) and seem to often act as components of heteropolymeric IFs
containing a Type III or IV IF protein (Steinert et al., 1999). Although the existence of
heteropolymeric IFs containing each of these high molecular weight IF proteins has been
shown to exist, an actual function for only one of these four proteins, synemin, has been
demonstrated (Bellin et al., 1999a). As shown herein, synemin is a component of
heteropolymeric IFs, and in muscle cells may enable the IFs to link directly to other
cytoskeletal structures by specific protein-protein interactions between synemin and
cytoskeletal proteins within those structures.

A novel view of the cytoskeleton recently has emerged that envisions the three
filament classes not as separate components of the cell, but rather as three interacting

components of a vital network. This “tensegrity” model of the cytoskeleton was proposed by



Maniotis and co-workers (Maniotis et al., 1997) and is based upon measurements of the
strength of an interconnected network of elements. The elucidation and characterization of
cytoskeletal crosslinking proteins, such as plectin that is able to link microfilaments,
microtubules and IFs (Wiche, 1998), and synemin that can link IFs to «-actinin-containing
structures (described herein) help support the tensegrity model.

The muscle cells of animals are highly differentiated cells that play an important role
in many functions of the body, including locomotion, blood circulation and digestion. In
general, there are three distinct types of muscle tissue, including skeletal and cardiac muscle,
which are both striated, and non-striated smooth muscle (Small et al.,, 1992). The terms
“striated” and “non-striated” were derived from the appearance of different types of muscle
tissue when viewed with the light microscope (reviewed in Pepe, 1975). These visual
differences in appearance of striated and non-striated muscle tissue reflect significant
differences in their cellular structures, especially with regard to arrangement of contractile
elements. Skeletal and cardiac muscle cells are essentially packed with ordered contractile
elements, known as the myofibrils. The ordered structural arrangement within muscle fibers,
and the cross-connections that link and hold adjacent fibers in register, are responsible for the
striated appearance of skeletal and cardiac muscle tissue. In contrast, the contractile
elements in smooth muscle cells do not generally appear to be in precise register and
generally do not contain cross-connecting elements (Small, 1995), and therefore lack the
cross-banded pattern seen for skeletal and cardiac muscle.

The myofibrils enable muscle cells and tissues to perform their many functions in
animal systems. In a sense, the myofibrils represent a highly specialized form of the

microfilament-myosin motor system described earlier (Hackney, 1996). Within the myofibril



the actin-containing microfilaments are referred to as the “thin filaments”, and include
several additional proteins that create the specialized filament required for muscle
contraction. First of all, the thin filaments of skeletal muscle cells have regulated lengths,
normally about 1 um in human muscle (Kruger et al., 1991). The regulation of thin filament
length is thought to involve several proteins including the ruler-like proteins nebulin (Wang,
1996) and titin (Wang, 1996; Labeit et al., 1997), barbed-end capping protein CapZ (Schafer
et al., 1995) and the pointed-end capping protein tropomodulin (Fowler, 1997). Additionally,
the well characterized proteins tropomyosin (Hitchcock-DeGregori and An, 1996) and
troponin (Farah and Reinach, 1995; Gregorio and Fowler, 1995), which regulate contraction
of striated muscle in response to the presence or absence of Ca™" ions by modulating the
accessibility of the actin filament to myosin, are major components of the thin filaments
(Gergely, 1998).

The myosin in striated muscle myofibrils is organized in the form of the thick
filaments (Chew and Squire, 1995). The thick filaments are composed primarily of myosin,
but also contain several other proteins that likely give an ordered structure to the thick
filament (Barral and Epstein, 1999). These proteins are concentrated at specific regions of
the thick filament, and with periodicities in these regions. Two of these proteins are C-
protein (MyBP-C) and H-protein (MyBC-H), which may wrap around and stabilize the thick
filament structure and/or link titin to the thick filaments (Gilbert et al., 1999).

The beautiful structure of striated muscle cells is due primarily to the amazing degree
of organization of the thin and thick filaments within the myofibrils. That high degree of
organization is the key to enabling the generation of force during muscle contraction.

Adjacent thick filaments are linked together at sites called M-lines (Obermann et al., 1996;
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Obermann et al., 1997). The M-line is actually a fairly wide zone in the middle of each
myofibrillar sarcomere, and is distinguished in electron microscope studies by the presence
of up to five transverse lines that are perpendicular to the long axis of the sarcomere or
myofibril, depending on the species and type of muscle observed (Obermann et al., 1996).
These transverse lines appear to be composed of thick-filament binding proteins, including
M-protein (Obermann et al., 1996), myomesin (Obermann et al., 1996) and the C-terminal
domain of titin molecules (Vinkemeier et al., 1993; Obermann et al., 1997; Gregorio et al.,
1999). Together these proteins, and possibly about 5% of the creatine kinase in the cell
(Stolz and Wallimann, 1998; Qin et al., 1998), act as an organization center for adjacent thick
filaments at the middle of each sarcomere (Obermann et al., 1997).

The Z-lines (Z-discs) define the end of each repeating contractile unit, termed the
sarcomere, of the myofibril. The denotation of “Z” comes from the German word
“Zwischenscheibe” (Small et al., 1992) meaning “in the middie” of the sarcomere, which was
where the Z-lines were originally thought to reside in early studies of muscle. The Z-lines
are now considered as representing the ends of the sarcomere because adjacent Z-lines are
pulled/pushed towards each other during muscle contraction. The Z-line structure contains
several important muscle proteins including the N-terminus of titin (Labeit et al., 1997;
Turnacioglu et al., 1997; Gregorio et al., 1998; Young et al., 1998; Gregorio et al., 1999), the
C-terminus of nebulin (Wang et al., 1996; Millevoi et al., 1998), the actin capping protein
Cap Z (Schafer et al., 1995) and the actin binding protein a-actinin (Suzuki et al., 1976;
Yamaguchi et al., 1985). Of these proteins, a-actinin plays a very important role in the
structure and function of the Z-line. The ~100 kDa a-actinin polypeptide consists of an N-

terminal actin binding domain, a central domain composed of four spectrin-like repeats, and
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a C-terminal tail domain containing two EF hand homology regions (Blanchard et al., 1989)
that are believed to be non-functional in muscle cells (Arimura et al., 1988). The functional
a-actinin molecule in muscle cells is an anti-parallel dimer of two polypeptides, which
results in an actin-binding site present at each end of the molecule (Djinovic-Carugo et al.,
1999). These molecules act to help anchor the thin filaments in the Z-lines by binding to
actin (Goll et al., 1991). Because of its location within the Z-line and its ability to crosslink
either parallel or anti-parallel actin filaments (Yamaguchi et al., 1985; Meyer and Aebi,
1990), a-actinin appears able to help link thin filaments in such a way that the thin filaments
extending from opposite sides of the Z-line have the opposite polarity essential for their
interaction with the bipolar thick filaments during muscle contraction. However, the overall
arrangement of thin filaments extending from Z-lines may primarily be due to the presence of
part of the giant protein titin within the Z-line. The N-terminal (Z-line) domains of titin
molecules from adjacent sarcomeres overlap within the Z-line and then extend toward the M-
lines in the adjacent sarcomeres bordering the Z-line (Gregorio et al., 1999). The N-terminal
domain of each titin molecule is able to bind to two sites on the a-actinin molecule (Young et
al., 1998). Therefore, it may ultimately be titin and a-actinin working together that are
responsible for the anti-parallel orientation of thin filaments emanating from opposite sides
of the Z-line. An additional structure at the Z-lines consists of the IFs, which contain the IF
proteins desmin (Richardson et al., 1981), synemin (Bilak et al., 1998; Bellin et al., 1999a,
b), and paranemin (Hemken et al., 1997). As reported in this dissertation, synemin is able to
bind to a-actinin, thereby creating a potential direct link between the IFs and the myofibrillar

Z-lines.
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As its name reflects, smooth muscle is organized quite differently than striated
muscle. Smooth muscle cells contain thin and thick filaments that slide past each during
contraction, but the general organization of these filaments is not like that in a striated muscle
myofibril (Small, 1995; Stromer, 1998). Rather than the Z-lines, smooth muscle cells
contain what are often called cytoplasmic dense bodies (CDBs) (Chou et al., 1994), which
act as attachment sites for thin filaments within the cytoplasmic space. The lack of “true Z-
lines” and of precisely ordered, parallel filaments that extend from CDBs result in muscle
that appears “smooth”. In addition, smooth muscle cells lack the proteins nebulin and titin,
which play significant roles in organization of the sarcomeric thick and thin filaments in
striated muscle (Hill and Weber, 1986; Locker and Wild, 1986; Gregorio et al., 1999). The
organization and structure of smooth muscle cells also include additional actin filament
binding sites or structures immediately proximal to the cell membrane, which are called
membrane-associated dense bodies (MADBs) (Small, 1985; Chou et al., 1992). The MADBs
are somewhat similar to the cytoplasmic-located CDBs, but appear in a rib-like pattern
around the interior surface of the smooth muscle cell membrane (Small, 1985). These ribs
have been found to contain many of the proteins normally associated with cell matrix-type
adhesion junctions such as vinculin and talin (Small, 1985; Stromer 1998), indicating that
they have at least a potential relationship to those types of junctions. The MADB: are sites
of actin filament attachment, and may help attach contractile components to the muscle cell
membrane.

Structures in striated muscle cells called costameres (Pardo et al., 1983a,b), which are
analogous to the MADBs of smooth muscle cells, are present along the cytoplasmic face of

the muscle cell membrane (sarcolemma), and positioned at periodic sites positioned near the
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Z-lines of the peripheral layer of myofibrils. These specialized costameric structures are, like
the MADBs, considered analogous to the cell matrix-type adhesion junctions that exist in
many cell types (Goncharova et al., 1992), and are thought to be important in the myofibril-
sarcolemma linkage (Danowski et al., 1992; Porter et al., 1992). The costameres were
originally described only as vinculin-staining, rib-like bands noted near the sarcolemma of
striated muscle cells (Pardo et al., 1983a,b), and the precise structure, protein composition,
and arrangement of proteins within the costameres still remain rather poorly understood.
Studies based upon antibody labeling have demonstrated the presence of many
proteins in the costamere (Goncharova et al., 1992; Vohra et al., 1998), including the
intracellular domains of transmembrane proteins such as the integrins (Pardo et al., 1983a,b;
Anastasi et al., 1998). Among other costameric proteins is the actin-binding protein talin
(Belkin et al., 1986; Hemmings et al., 1996), which binds to the cytoplasmic domains of the
transmembrane integrins (McDonald et al., 1995). This linkage may act to help link the
nearby actin cytoskeleton and peripheral layer of myofibrils to the sarcolemma in striated
muscle cells (Schmidt et al., 1999). Talin also binds strongly to the costameric protein
vinculin, which can also bind actin and a-actinin (Burridge and Chrzanowska-Wodnicka,
1996). Vinculin is a very interesting protein and the focus of many studies because it
evidently is involved in the mechanisms linking signal transduction cascades to the dynamics
_of the actin cytoskeleton. Vinculin contains wh;t are called cryptic (hidden) protein binding
sites within its structure (Johnson and Craig, 1995; Steimle et al. 1999). The sites for binding
to F-actin (Johnson and Craig, 1995), talin (Johnson and Craig, 1994), VASP (Huttelmaier et
al., 1998), and a-actinin (Kroemker et al., 1994) are blocked when the small, extended tail

domain of vinculin (Bakolitsa et al., 1999) wraps over the large globular head domain of
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vinculin (Gilmore and Burridge, 1996). It has been shown recently that the binding of
phosphoinositides to vinculin reverses the intramolecular head-tail association, thus making
the talin-binding site available. Whether binding of the phosphoinositides to vinculin also
makes the actin-binding site in the vinculin tail domain available (Gilmore and Burridge,
1996; Weekes et al., 1996) or blocks the actin-binding site (Steimle et al., 1999) remains
unclear. In addition to binding the several proteins just discussed, vinculin contains binding
sites for other proteins such as paxillin (Turner et al., 1990). As reported in this dissertation,
the IF protein synemin also binds to the vinculin molecule.

Muscle cells are subjected to stresses and strains not encountered by other cell types
due to their contractile nature. Because of these strains, and the need to have muscle cells
operate efficiently, the extra-myofibrillar cytoskeleton of muscle cells is specially structured
(Stromer, 1998). The muscle cell IFs, in particular, are thought to play a special role in the
stabilization of the muscle cell during contraction (Stromer, 1998). Studies on striated
muscle cells have demonstrated that IFs wrap around the periphery of each myofibrillar Z-
line, and appear to link all of the myofibrils together at their Z-lines (Richardson, 1981;
Tokuyasu et al., 1983). This linkage may be especially important for maintaining the
alignment of Z-lines of adjacent myofibrils during contraction, which is important for
efficient muscle contraction. Additionally, the IFs extend from the Z-lines of the peripheral
layer of myofibrils to the costameric regions at the sarcolemma (Yagyu et al., 1990). This
potential linkage to the sarcolemma could be an important conduit of strain from the
myofibril to the sarcolemma (Price, 1984). Additionally, it has been reported that some IFs
run adjacent and parallel to the myofibrils, and may play an additional stabilization role

(Price and Sanger, 1984).
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The IFs of muscle cells change in composition during muscle cell maturation
(Bennett et al, 1979; Granger and Lazarides, 1979; Ngai et al., 1985). In immature
myoblasts, the primary IF protein is vimentin (Furst et al., 1989). After fusion of myoblasts,
most muscle cell types replace the vimentin with desmin (Bennett et al., 1979; Granger and
Lazarides, 1979; Kim, 1996). Because it is essentially the first muscle specific protein to
appear upon myoblast fusion, some studies have investigated the possibility that desmin acts
as a type of signal for muscle cell differentiation (Hill et al., 1986; Li et al., 1993). Studies
with a tissue culture model system showed that desmin was essential for myofibrillogenesis
because cells, where desmin expression was blocked, failed to fuse and form mature
myofibrils (Li et al., 1994). The advent of desmin knock-out mice has, however, proven this
role for desmin is not correct, because desmin-null mice develop fairly normal muscle tissue
(Agbulut et al., 1996; Capetanaki et al., 1997; Li et al., 1997).

The production of the desmin-null mouse, independently by two different labs, has
provided a new model for the study of the role of IFs in muscle cells. Although desmin-null
mice do not show gross morphological changes in their muscle structure, detailed
observations of the effects on muscle tissue have provided significant findings to support and
further our understanding of the role of IFs in muscle cells. As might have been expected
because of the localization of IFs at the periphery of the myofibrillar Z-lines, desmin-null
mice demonstrate within their muscle cells an overall loss of Z-line alignment (Capetanaki
and Milner, 1998), which indicates the IFs play some role in maintenance of Z-lines and Z-
line linkages. Additionally, it was noted that desmin-null mice are more prone to muscle cell
damage, and especially so in highly worked muscle tissues, such as the diaphragm and heart

(Li et al., 1996; Milner et al., 1996; Milner et al., 1999). Li et al. (1997) also reported that
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muscle repair mechanisms seem to be absent, or greatly reduced in efficiency, in desmin-null
mice. Overall, that muscle tissue develops, but appears to be easily damaged in the absence
of desmin, indicates that desmin may not be essential for the development of muscle cells,
but is necessary for stabilizing muscle cells when subjected to strain (Li et al., 1997; Sjuve et
al., 1998).

Studies in the early 1980°s on the IF proteins of muscle cells in Elias Lazarides’ lab
demonstrated the existence of two relatively high molecular weight proteins, synemin
(Granger and Lazarides, 1980) and paranemin (Breckler and Lazarides, 1982), which were
found in association with the IFs of developing and mature avian muscle cells. These two
proteins were initially found to co-purify with preparations of desmin and vimentin, and
antibodies produced against these two proteins were found to label muscle cell IFs (Price and
Lazarides, 1983). This localization pattern of the two proteins led to the names synemin
(Granger and Lazarides, 1980) and paranemin (Breckler and Lazarides, 1982), taking their
names from Greek words meaning “with filaments”. Because so little was known about the
biochemical and molecular properties of these proteins, they were generally referred to as IF
associated proteins (IFAPs) (Foisner and Wiche, 1991).

Most of the early studies on paranemin were primarily aimed at surveying its
presence in avian tissue types and developmental stages. Paranemin was found primarily in
immature muscle tissues (skeletal, cardiac and smooth), and remained to some degree only at
the Z-lines and intercalated disks in adult cardiac muscle and in vascular muscle of the elastic
vessels (Price and Lazarides, 1983). Recent studies in our lab have greatly expanded our
understanding of paranemin. We demonstrated by cloning and sequencing the paranemin

cDNA from 12 day embryonic chick skeletal muscle that the paranemin molecule contains
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the ~310 amino acid rod domain characteristic of IF proteins, and thus paranemin is in fact
an IF protein (Hemken et al., 1997). We also demonstrated by cell transfection experiments
that paranemin is unable, by itself, to form IFs, but will form heteropolymeric IFs along with
another major IF protein such as vimentin (Hemken et al., 1997). Additionally, antibodies
produced in our lab from purified paranemin label a protein at the Z-lines of both adult avian
and porcine skeletal and cardiac myofibrils, demonstrating the presence of a mammalian
homologue of paranemin (Hemken et al., 1997). An interesting finding from our sequencing
studies is that paranemin is identical to a protein called transitin present in developing rat
brain cells (Hemken et al.,, 1997; Ma et al., 1998). These studies provide evidence that
paranemin is present in another tissue type, but it again appears to be developmentally
regulated (Ma et al., 1998).

As was the case for paranemin, many of the early studies on synemin focused on
determining its tissue distribution (reviewed in Bellin et al., 1999b). Early antibody labeling
studies demonstrated the presence of synemin in all types (skeletal, cardiac and smooth) of
developing avian muscle (Price and Lazarides, 1983), in avian erythrocytes (Granger and
Lazarides, 1982; Granger et al., 1982; Moon and Lazarides, 1983) and in avian lens cells
(Granger and Lazarides, 1984). Additionally, early studies found that synemin remained in
adult avian skeletal and smooth muscles, but not in adult cardiac muscle (Price and
Lazarides, 1983). Studies from the same lab also demonstrated that synemin could be highly
phosphorylated in vitro (Sandoval et al., 1983), and in the same report they showed by gel
chromatography that purified avian smooth muscle synemin seemed to exist as a tetramer in
physiological-like buffer conditions. More recent studies in our lab have clarified many of

the molecular features of synemin. Our cloning and sequencing studies have demonstrated
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synemin itself is an IF protein, because its sequence contains the ~310 amino acid rod
domain of IF proteins (Becker et al., 1995; Bellin et al., 1999a, b). As is demonstrated in this
dissertation, much has been learned about synemin from its cDNA sequence. The rod
domain of synemin is flanked by a very short N-terminal head domain, and an extremely
long C-terminal tail domain (Bellin et al., 1999a). In a search of GenBank with the synemin
sequence, I found two unidentified human partial sequences with high homology to synemin,
indicating there exists a human homologue of synemin (Bellin et al., 1999a).

Further studies into the tissue distribution of synemin have identified its presence in a
number of additional species and tissue types. Studies in our lab demonstrated the presence
of synemin at the Z-lines of adult porcine skeletal and cardiac muscle myofibrils (Bilak et al.,
1998). As demonstrated in this dissertation, synemin was found in a human adrenal cortex
adenocarcinoma cell line, providing further evidence of “human” synemin (Bellin et al.,
1999a). Synemin has recently been identified in developing rat glial cells (Sultana et al.,
2000), and because of its temporal pattern of expression, it likely plays a role in a specific
stage of differentiation of Type I glial cells.

Some quite interesting observations were made on what happens to synemin in
desmin knock-out mice. These findings were of special interest to those working on the
desmin-null mice, because some of the early desmin knock-out papers attributed the mild
phenotype to potential compensation by up-regulation of synemin expression (Milner et al.,
1996). It has been found by antibody labeling that synemin loses its Z-line location in
striated muscle tissue of desmin knock-out mice, and is located instead primarily at the
sarcolemma (Carlsson et al., 1997), especially concentrated around the costameric regions

(R. Bloch, University of Maryland, personal communication).
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Studies described in this dissertation add support to the findings on the desmin knock-
out mice because synemin appears unable to form IFs by itself, but will form
heteropolymeric IFs in the presence of a major IF protein. In cosedimentation studies,
synemin, and specifically the synemin rod domain, will pellet with the IF protein desmin
much more readily than by itself. The latter findings indicate a synemin-desmin interaction.
Synemin also interacts with IF proteins in blot overlay assays, as described herein. Results of
blot overlay assays were also used herein to demonstrate interactions of synemin with the Z-
line protein, a-actinin, and the costameric protein, vinculin. All of those molecular
interactions involving synemin are additionally demonstrated herein within the confines of a
living cell by the Gal4 yeast two-hybrid system, which provide additional support for the
validity of the in vitro findings.

As is evident from the literature reviewed, muscle cells are highly specialized and
require an intricate cytoskeleton to maintain their overall structure. The studies presented in
this dissertation support the overall hypothesis that the IF protein synemin is a key element in
the muscle cell cytoskeleton. In striated muscle cells, synemin-containing heteropolymeric
IFs may be firmly attached to (1) each myofibrillar Z-line via interactions between synemin
and a-actinin, and (2) the costameric regions along the sarcolemma via interactions between
synemin and vinculin. These linkages may enable the heteropolymeric IFs to connect all of
the myofibrils together at their Z-lines, and additionally to help anchor the peripheral layer of
myofibrils to the sarcolemma. Thus, synemin may contribute significantly to providing the

overall structural support essential to muscle cell structure and function.
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MOLECULAR CHARACTERISTICS AND INTERACTIONS OF THE
INTERMEDIATE FILAMENT PROTEIN SYNEMIN
INTERACTIONS WITH a-ACTININ MAY ANCHOR SYNEMIN-CONTAINING
HETEROFILAMENTS
A paper published in the Journal of Biological Chemistry, 1999, 274: 29493-29499

Robert M. Bellin, Suzanne W. Semnett, Bruno Becker, Wallace Ip, Ted W. Huiatt
and Richard M. Robson

Summary

Synemin is a cytoskeletal protein originally identified as an intermediate filament
(IF)-associated protein because of its colocalization and copurification with the IF proteins
desmin and vimentin in muscle cells. Our sequencing studies have shown that synemin is an
unusually large member (1,604 residues, 182,187 Da) of the IF protein superfamily, with the
majority of the molecule consisting of a long C-terminal tail domain. Molecular interaction
studies demonstrate that purified synemin interacts with desmin, the major IF protein in
mature muscle cells, and with a-actinin, an integral myofibrillar Z-line protein. Furthermore,
expressed synemin rod and tail domains interact, respectively, with desmin and a-actinin.
Analysis of endogenous protein expression in SW13 clonal lines reveals that synemin is
coexpressed and colocalized with vimentin IFs in SW13.C1 vim+ cells, but is absent in
SW13.C2 vim- cells. Transfection studies indicate that synemin requires the presence of
another IF protein, such as vimentin, in order to assemble into IFs. Taken in toto, our results
suggest synemin functions as a component of heteropolymeric IFs and plays an important
cytoskeletal crosslinking role by linking these IFs to other components of the cytoskeleton.
Synemin in striated muscle cells may enable these heterofilaments to help link Z-lines of

adjacent myofibrils and, thereby, play an important role in cytoskeletal integrity.
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Introduction

Intermediate filaments (IFs)', along with actin-containing microfilaments and tubulin-
containing microtubules, are one of the three major classes of cytoskeletal filaments in
multicellular animals (1-4). The IFs, which are considered to play an important role in
structure and mechanical integration of cellular space (5, 6), are composed of cell-type
specific proteins that have been divided into classes based upon sequence comparisons (1, 3,
7). The members of this protein superfamily have within their sequence a conserved rod
domain, which promotes coiled-coil interactions between two individual IF proteins and
formation of an IF protein dimer, the first step in assembly of the ~10 nm diameter IFs (1, 3,
8-11). Flanking the rod domain are N-terminal head and C-terminal tail domains that vary
considerably in size and sequence among the IF protein classes (1, 3, 4). Most IF proteins are
grouped into five major classes or types (I-V) based upon sequence analysis (1-4). Some
classes of IF proteins, such as the type I and II keratins (3) and the type IV neurofilament
proteins (12, 13), are known to form obligate heteropolymers in vivo, resulting in IFs that
consist of at least two different IF proteins. In contrast, IFs containing type III proteins, such
as desmin or vimentin, often are considered homopolymeric IFs (3, 14) because each of these
individually purified proteins readily assemble into synthetic IFs in vitro (8, 15-17).

The type III IF proteins vimentin and desmin are the major IF proteins of developing
and mature striated muscle cells, respectively (18, 19). Synemin and paranemin, a pair of
relatively high molecular weight proteins identified in the early 1980s, were initially
described as IF-associated proteins because they co-purified in the initial purification steps
with desmin and vimentin, and colocalized with them in muscle cells (2, 20-24). Recent

cloning and sequencing studies in our lab, however, demonstrate that both synemin and
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paranemin contain the ~310 amino acid rod domain characteristic of IF proteins and,
therefore, are members of the IF protein superfamily (25, 26). Those results, along with their
colocalization (20, 22, 26, 27), suggest synemin and paranemin may form heteropolymeric
IFs with the type III proteins desmin and/or vimentin in vivo (26, 27).

Our hypothesis is that synemin acts as a component of heteropolymeric IFs with
vimentin and/or desmin and helps attach these IFs to other cytoskeletal structures. Based
upon localization of [Fs at the periphery of, and between, Z-lines of adjacent myofibrils (19,
28, 29), synemin-containing heteropolymeric IFs may help link adjacent myofibrils in
striated muscle cells. In this paper, we describe the complete sequence of synemin, which
establishes it as a unique IF protein with a long C-terminal extension, which is not readily
grouped with any of the well-established IF protein types. Transfection of full-length
synemin into SW13 clonal lines demonstrates that synemin requires another IF protein for
assembly into [Fs. We demonstrate specific molecular interactions between synemin and
desmin, the major IF protein present in most mature muscle cells (18, 19), and between
synemin’s large tail domain and a-actinin, an integral protein of myofibrillar Z-lines (30) and
costameres (31) of striated muscle cells, and of adhesion plaques of many other cell types
(32). In toto, the studies herein help establish synemin as an important member of the IF
protein superfamily, and one that likely functions as a component of heteropolymeric IFs that
can interact with a-actinin and, thereby, enable IFs to link other components of the
cytoskeleton.

Experimental Procedures
Cloning and Sequencing of Avian Synemin cDNA— Initial cloning studies on

synemin from our laboratory (25) described only sequence of the rod domain portion of
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synemin. Additional clones encoding parts of the full-length synemin cDNA were retrieved
from the same Agtll library, prepared from adult chicken gizzard, by hybridization
screening. Sequencing of the entire length of both strands of clones 47, 108, 135 and 244, and
multiple internal sites of all other clones shown in Fig. 1, was done on ABI 373 and 377
sequencers at the lowa State University Sequencing and Synthesis Facility. Confirmation of
the 5' end of the sequence was done by 5' RACE (33) with a kit from Life Technologies by
using a primer (nucleotides 144-162) from the 5' end of clone 108. The longest RACE clones
produced start at the same nucleotide as the 244 clone. Computer analysis of the synemin
cDNA sequence was carried out by using Version 10 of the Wisconsin Package, Genetics
Computer Group (GCG), Madison, Wisconsin, and the NCBI BLAST server (34).
Antibodies— Synemin polyclonal antibodies (pAb) 2856 were produced in rabbits
injected with native purified protein essentially as described (35). The pAbs were
characterized by Western blotting, and they labeled only the 230 kDa synemin band present
in fresh, avian whole muscle homogenates. Additionally, these antibodies labeled purified
samples of both the expressed rod and C-terminal tail domains of synemin. Aliquots of these
antibodies also were affinity purified by utilizing a column of purified, intact synemin
coupled to CNBr-activated Sepharose 4B (Sigma). Vimentin monoclonal antibody (mAb)
AMF-17b (developed by Dr. A. B. Fulton) was obtained from the Developmental Studies
Hybridoma Bank (maintained by the Department of Pharmacology and Molecular Sciences,
Johns Hopkins University School of Medicine, Baltimore, MD 21205, and the Department of
Biological Sciences, University. of Iowa, Iowa City, IA 52242, under contract NO1-HD-2-

3144 from the NICHD).
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Immunocytochemistry and Western Blotting— Immunocytochemistry studies with
SW13.C1 vim+ and SW13.C2 vim- cells were done similarly to those described in Hemken
et al. (26), but utilized synemin pAb 2856. For Western blotting, cell lysates of SW13.C1
vim+ and SW13.C2 vim- cells were separated into supernatant and pellet fractions to
concentrate the cytoskeletal proteins in the pellets by the method of Athlan et al. (36). The
resulting samples were analyzed by standard procedures (37), using enhanced
chemiluminescence (ECL) and blot stripping according to the manufacturer’s procedure
described in the ECL Western blotting protocols guidebook (Amersham Pharmacia Biotech).

Northern Blotting— Total RNA was prepared from SW13.C1 vim+ and SW13.C2
vim- cells by the standard guanidine isothiocyanate method (38), and blots were probed with
avian cDNA probes cormresponding to either the synemin rod or tail domain by using the
Genelmages kit (Amersham Pharmacia Biotech). The kit instructions were followed, except
that the gel transfer was carried out by using 50 mM NaOH as the transfer fluid, and the
hybridization and final stringency washes were done at 47°C.

Cell Transfection Assays— Studies were carried out essentially as described (26),
with the following changes. Full-length synemin cDNA was assembled from overlapping
clones and inserted into the pcDNA3 eukaryotic expression vector (Invitrogen). The cDNA
construct was transfected into SW13.C2 vim- cells with FuGENE 6 reagent (Boehringer
Mannheim), utilizing an empirically determined ratio of 3 ul transfection reagent to 1 pg
DNA for a 60 mm diameter dish. Proteins were visualized approximately 40 h after

transfection by immunocytochemistry.
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Protein Purification—All proteins purified from tissue were prepared from adult
turkey gizzards quick frozen immediately postmortem to minimize proteolysis. Synemin, in
particular, is highly susceptible to proteolytic degradation (27). Intact synemin (27), desmin
(15) and a-actinin (39) were purified by standard methods. The rod (nucleotides 138-1047)
and tail (nucleotides 1048-4917) domains of synemin were produced by bacterial expression
using pProEX HT vectors (GibcoBRL). The rod domain was expressed in E. coli XL-I Blue
(Stratagene) and purified by using Ni-NTA resin (Qiagen) in non-denaturing conditions. The
tail domain was expressed in the protease-deficient E. coli strain BL21 (DE3) (Stratagene),
and purified from inclusion bodies by dissolving the pellet fraction resulting from
centrifugation (40,000 x g for 30 min) in 6 M urea, 10 mM Tris-HCl, pH 8.5, and dialyzing
into 1 mM EGTA, 10 mM Tris-HCI, pH 8.5, before Ni-NTA (Qiagen) chromatography.

Cosedimentation Assays—The interaction of purified intact synemin with purified
desmin was tested by using three different sets of conditions: (1) Soluble desmin: desmin and
synemin were mixed in 10 mM Tris-HCI, pH 8.5; (2) Filament forming conditions: desmin
and synemin were first mixed in 10 mM Tris-HCI, pH 8.5, and then the mixture was adjusted
to [F-forming conditions by titrating the pH to 7.0 with addition of 2 M imidazole-HCl, pH
6.0, and by addition of MgCl, and NaCl to 1 mM and 100 mM, respectively; (3) Pre-formed
filaments: desmin by itself was first assembled into filaments in 100 mM NaCl, | mM
MgCl,, 10 mM imidizole-HCl, pH 7.0, and then the desmin filaments and synemin were
mixed. For each of the three sets of conditions, an equal amount by weight (25 pg) of
purified intact synemin and purified intact desmin were used in each sample. Bovine serum

albumin (BSA) (Sigma) was added (10 pg) to each sample as an intemal control. High-speed
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centrifugation conditions (100,000 x g for 20 min), chosen to sediment desmin filaments but
not synemin alone, were used to sediment desmin IFs and any associated protein(s). The
resulting supernatants and pellets were analyzed by SDS-PAGE. Individual samples of
desmin and of synemin, in each of the three sets of conditions, also were subjected to the
same high-speed centrifugation in order to test their sedimentation behavior in the absence of
the other protein. The interaction of the synemin rod domain with desmin, under filament-
forming conditions, also was tested as described for intact synemin.

Blot Overlay Assays— Highly purified samples of desmin, a-actinin, and synemin
prepared from turkey gizzard, together with a sample of whole gizzard homogenate, were
subjected to SDS-PAGE. The proteins were transferred electrophoretically to a nitrocellulose
membrane (37, 40), which was then blocked by incubation in IF buffer (100 mM NaCl, 1
mM MgCl,, 10 mM imidazole-HCI, pH 7.0) containing 0.1% (v/v) Tween 20 and 5% (w/v)
non-fat milk powder. Blots were incubated with purified synemin, or with bacterially-
expressed synemin domains, at 10 pg/ml in IF buffer containing 0.1% (v/v) Tween 20 and
1% (w/v) non-fat milk powder, and then washed thoroughly with several fresh changes of the
latter buffer. A control blot was treated identically, but incubated with buffer containing no
synemin. Protein interactions were detected with affinity-purified synemin pAb 2856, diluted
1:10,000 in PBS containing 0.1% Tween 20 and 5% non-fat milk powder, and visualized by
ECL.

Resuits

Sequence Analysis—Several overlapping cDNA clones that encompass the complete

cDNA sequence for avian muscle synemin were obtained (Fig. 1). The full-length sequence is

8,615 bp (GenBank Accession Number U28143), which corresponds well with the 8.4 kb
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transcript size we have shown previously by Northern blot analysis of avian smooth muscle
RNA with a synemin cDNA probe (25). Analysis of the sequence reveals a single open
reading frame followed by a long (3,330 bp) 3' untranslated region (UTR) (Fig. 1). The open
reading frame (4,812 bp) of the complete sequence codes for a protein with a predicted
molecular mass of 182,187 Da. The sequence mass is smaller than that estimated (230 kDa)
for synemin by SDS-PAGE (20, 27). This size difference may be explained, as it was for the
IF protein paranemin (26), by the acidic nature (pI = 4.85) of synemin, which has been shown
for other proteins to repel SDS and result in a slower relative migration by SDS-PAGE (41).
As we reported in a preliminary study (25), and as shown in Fig. 2, the synemin sequence
contains the conserved, ~310 amino acid rod domain characteristic of IF proteins. Of the
sequences in GenBank, this region has the highest sequence identity (~31 to 33%) with the
type III IF proteins desmin, vimentin, peripherin, and GFAP, which is much lower than the
>70% identity generally observed for IF proteins within the same “type” (3). Thus, synemin
can not be classified as a specific “type” IF protein solely by cDNA sequence comparisons.
The rod domain (304 amino acids) of synemin is flanked by a short N-terminal head domain
of 10 amino acid residues, and a C-terminal tail domain of 1,290 amino acid residues (Fig.
2). This tail domain is extremely long for an IF protein, and lacks significant homology with
all other proteins.

Other than the homology with the rod domains of other IF proteins, synemin’s
sequence shows no significant homology/identity to other known proteins in GenBank. There
are, however, notable regions of identity with a human EST sequence (gb_est24:AB077476)

and with an unidentified human cDNA clone (AB002351).
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Synemin Transfection Studies—In order to determine the ability of synemin to
assemble into IFs in vivo, the SW13 cell line was utilized. This cell line has been separated
into specific clonal lines, including the SW13.C1 vim+, which has an endogenous vimentin
IF network, and the SW13.C2 vim-, which lacks any cytoplasmic IFs (42) These ;:lonal lines
have been used in several studies (e.g., 26, 43) to characterize assembly of transfected IF
proteins into IFs in the presence and absence of the cytoplasmic IF protein vimentin. We first
characterized the cell line before we used it for the transfection studies. Western blot analysis
of lysates of these clonal lines (Fig. 3) showed, as expected, that synemin was absent in the
SW13.C2 vim- cells (Fig. 3, panel A, lanes 4 and 5), but surprisingly that synemin was
already present in the cytoskeletal protein-containing pellet fraction of SW13.C1 vim+ cells
(Fig. 3, panel B, lane 3). Northern blot analysis showed that the mRNA for synemin (~9 kb)
was present in SW13.C1 vim+ cells, but absent in the SW13.C2 vim- cells. Thus, synemin
has the same pattern of transcription as previously shown for the mRNA of vimentin in these
clonal lines (42). Double-label immunofluorescence of SW13.C1 vim+ cells, utilizing the
same antibodies as for the Western blotting experiments, also show that they express
synemin as a component of their vimentin-containing IF network (Fig. 4, panels A and B).
And, consistent with the Western and Northern blot analyses, immunofluorescence labeling
of the SW13.C2 vim- cells, known to lack an endogenous vimentin IF network, with synemin
pAbs showed no labeling of synemin (Fig. 4, panels C and D).

Transfection of SW13.C2 vim- cells with full-length synemin cDNA resulted in cells
that contain punctate aggregates when observed by immunofluorescence (Fig. 4, panels E
and F). The punctate aggregates were similar to those seen for paranemin expressed in the

same vimentin-negative cell line (26), and for assembiy-deficient mutants of desmin in other
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cells lacking [Fs (44). These results suggest that synemin can not form an IF network without
another IF protein, such as vimentin, present.

Protein Interaction Studies— Experiments were conducted to characterize
interactions between synemin and desmin. Analysis of the interactions by cosedimentation of
purified desmin and purified synemin is shown in Fig. 5. Under non-IF forming conditions
(Fig. 5A4), neither desmin alone (panel 1) nor synemin alone (panel 2) sedimented. However,
even under these conditions that are unfavorable for IF formation, synemin and desmin
interact as shown by the presence of a significant portion of both proteins in the pellet
fraction (panel 3). Under conditions favorable for IF formation (Fig. 5B), desmin by itself
(panel 1), but very little synemin by itself (panel 2), sedimented. When desmin and synemin
were premixed under conditions unfavorable for IF formation, and then converted to IF
forming conditions, nearly all of the synemin sedimented with the desmin (panel 3). In
contrast to the results shown in Fig. 5B (panel 3), much less synemin interacted with
“preformed” desmin filaments (Fig. 5C, panel 3). Overall, these results show that synemin
and desmin interact (Fig. 54, B and C, panel 3), and suggest that synemin has greater access
and/or affinity for binding free desmin molecules available before and during filament
formation (Fig. 5B, panel 3), in comparison to binding to desmin already incorporated into
IFs (Fig. 5C, panel 3).

Interaction studies of the bacterially-expressed rod domain of synemin with purified
desmin (pre-mixed at low ionic strength, and then the buffer adjusted to favor IF-forming
conditions) are shown in Fig. 6. Whereas desmin by itself is sedimented (panel 1), only about
half of the synemin rod domain by itself is sedimented (pane! 2). However, essentially all of

the synemin rod domain is sedimented in the presence of desmin (panel 3), confirming the
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rod domain of synemin as a major site of interaction with desmin. The lack of BSA in the
pellets (Figs. 5 and 6, all panels) in the cosedimentation assays indicates that the increased
amount of synemin (Fig. 5) or of synemin rod (Fig. 6) in the pellets is due to a specific
interaction with desmin.

Blot overlay analyses utilizing purified desmin, a-actinin, and synemin, as well as
bacterially-expressed rod and tail domains of the synemin molecule, were done to identify
specific protein interactions. a-Actinin was selected as a potential interaction partner both
because it is a major integral Z-line protein (30), and because the synemin-containing IFs
very closely encircle the Z-lines in muscle.” As shown in the control lacking any probe
protein in the overlay (Fig. 7, panel B) the synemin pAb 2856 labeled only the purified
synemin (lane 4) and the synemin in the gizzard homogenate (lane /), but did not label either
desmin (lanes 1 or 2) or a-actinin (lanes 1 or 3). As shown in Fig. 7 (panel C), probing blots
of purified desmin and a-actinin with purified intact synemin reveals significant interactions
of synemin with both desmin (lanes / and 2) and a-actinin (lane 3). If overloaded samples of
gizzard homogenate were run in lane 1, an interaction between synemin and the a-actinin in
the gizzard homogenate also was detected.’ As shown in Fig. 7 (panel D), probing the blots
with the bacterially-expressed synemin rod domain reveals that it interacts with desmin
(lanes I and 2), but not with a-actinin (/ane 3). As shown in Fig. 7 (panel E), probing blots
with the bacterially-expressed synemin tail domain demonstrates it interacts with both
desmin (lanes I and 2) and a-actinin (lane 3). Specificity of the blot overlays is indicated in

that neither the synemin nor synemin domains bound to any of the several other proteins
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(e.g., filamin, myosin heavy chains, and actin) in the gizzard homogenate (Fig. 7, panels C-
D, lane I).
Discussion

Analysis of the sequence of synemin suggests it is a unique member of the IF protein
superfamily. The majority of synemin’s huge size consists of an unusually long C-terminal
tail domain. There is a small, but slowly increasing, number of “large” IF proteins, all of
similar size with long C-terminal tail domains, including nestin (45), tanabin (46), paranemin
(26), and now synemin. Previous to their discoveries, NF-H, the largest (~115 kDa) of the
neurofilament triplet, was considered a large IF protein. Steinert et al. (47), in a recent report
of studies involving nestin, proposed that these large IF proteins be included within an
enlarged type VI IF class, which heretofore has included only nestin, because these four
proteins may have similar function(s). Of these four novel IF proteins, nestin (48), paranemin
(26), and synemin (studies herein) do appear to exist within particular cell types as
components of heteropolymeric IFs, requiring the presence of a major IF protein, most often
a type III, for assembly into IFs. All four proteins also have similar domain organizations
within their sequences (i.e., very short N-terminal head, rod domain, and very long C-
terminal tail). However, by sequence comparisons, these four proteins are rather diverse, and
this is certainly so for synemin in comparison to the other three large IF proteins. Whereas
the sequence homologies among nestin, tanabin, and paranemin are fairly high (e.g., within
the rod domains paranemin has 63% and 48% amino acid identity to tanabin and nestin,
respectively; (26)), synemin exhibits much less homology (i.e., synemin’s rod domain shares
only ~30% amino acid identity with the rod domains of nestin, tanabin, and paranemin).

Synemin’s tail domain shares only ~20% identity with the tail domains of these three
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proteins. Overall, the tail domains of all four of the novel IF proteins vary greatly from each
other. Paranemin, for instance, is the only IF protein discovered that contains a long,
consecutive psuedo-heptad repeat region within its tail (26). Thus, assuming the tails are
functionally important, these four novel IF proteins may play diverse roles. There also are
notable differences among the four proteins within each of their short N-terminal head
domains, which generally are considered to play a major role in IF assembly (3). The
covalent modification of some residues within the head domain (e.g., phosphorylation of
serine/theronine (49) and ADP-ribosylation of arginine (50)), in particular, are important in
modulating assembly/disassembly of IFs. The short head domains of the four “large” IF
proteins vary widely in the content of those particular residues. For instance, nestin’s seven-
residue head totally lacks all of those residues, whereas paranemin’s 15-residue head contains
one serine and one arginine, but no threonine, and synemin’s ten-residue head has no serine
or threonine residues, but contains two adjacent arginines. We have recently found that
synemin is a good substrate in vitro for the skeletal muscle, arginine-specific mono-ADP-
ribosyltransferase.® Thus, although nestin, tanabin, paranemin, and perhaps synemin, may
behave functionally similar, this remains far from certain, and especially so for synemin.

The cDNA sequence identities of the avian synemin cDNA with the human EST
(aligns with the last two-thirds of the synemin rod domain sequence with 58% sequence
identity) and with human brain cDNA clone AB002351 (51) (aligns with the synemin
sequence starting from within subdomain 2B near the end of the rod domain to the middle of
the 3' UTR with 48% sequence identity), which in turn are 99% identical to each other at the
nucleotide level, suggest that human synemin has been partially sequenced. If this does

represent human synemin sequence, it exhibits considerable divergence from the avian
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synemin sequence for much of the length of the sequence currently available. When the
amino acid sequences predicted from these cDNA sequences are compared, avian synemin
and the human AB002351 clone exhibit only 41% homology (33% amino acid identity).
However, it is striking that the extreme C-terminal end (50 residues) of synemin is almost
identical to the protein predicted from the AB002351 clone, including the same stop codon
position. At a minimum, if this cDNA from human brain does not code for synemin, there
exists a protein in human brain cells that exhibits significant homology to avian synemin.
Additionally, our identification of endogenous synemin in SW13.C1 vim+ cells, a cell line
derived from a human adrenal cortex adenocarcinoma, indicates the existence of human
synemin. Western blotting of this endogenous human synemin indicated a molecular mass of
approximately 225 kDa, slightly lower than observed for avian muscle synemin, but
essentially identical to that we identified (225 kDa) in porcine muscle (27). Additionally,
although the specific, full-length human synemin ¢cDNA has not yet been sequenced, the
approximate size of the human mRNA (~9.0 kb) we described herein is very close to the 8.4
kb identified for synemin in avian tissue (25).

With increasing interest in so-called 3' UTR “zip-codes”, which have been shown to
play a role in the localization of the mRNAs of other cytoskeletal proteins including specific
actin isoforms and even the IF protein vimentin (52, 53), it is possible that such a sequence
may exist within the notably large synemin 3' UTR. Unfortunately, in most cases no true
sequence homology domains exist for the “zip-codes” making the identification of such a
sequence difficult (53).

It has been speculated since its discovery (20), that synemin functions within cells in

close association with the IF proteins desmin and/or vimentin (20, 22, 25, 27, 54). That the
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sequence of synemin demonstrates it also is an IF protein strongly suggests that interactions
between synemin and the type III IF proteins desmin and/or vimentin will include those of
their rod domains. Our transfection studies in SW13 cells explored whether synemin, by
itself, could assemble into IFs. Interactions that have been identified between two members
of the IF protein superfamily (e.g., type I and II keratins, desmin and vimentin, NF-L with
NF-M and/or NF-H) are known to involve their rod domains (3, 47). The colocalization of
synemin and vimentin in the IF network in the SW13.C1 vim+ cells, and the lack of IF
formation in the SW13.C2 vim- cells lacking vimentin, but expressing synemin from
transfection, suggest that synemin forms heteropolymeric IFs along with another IF protein,
but does not form IFs by itself. These in vivo findings are in concert with the in vitro
cosedimentation results, which showed that synemin, by itself in IF forming conditions,
remained in the supernatant (Fig. 5B, panel 2), but was sedimented maximally in the
presence of desmin when the two proteins were first mixed under conditions unfavorable for
[F formation, and then converted to conditions favoring filament formation prior to
centrifugation (Fig. 5B, panel 3). That the assembly of synemin into IFs depends on the
presence of another IF protein also provides additional insight into an early report (55),
which showed that the rate of vimentin filament assembly limited the rate at which synemin
became part of the insoluble fraction isolated from cell lysates (i.e., synemin required the
presence of another IF protein for incorporation into IFs).

The results of our cosedimentation studies demonstrated a specific interaction
between intact synemin and desmin (Fig. 5), and between the synemin rod domain and
desmin (Fig. 6), especially under filament-forming conditions. Those interactions were

verified by using a different technique, namely the blot overlay studies (Fig. 7). These
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interactions are consistent with studies demonstrating colocalization and initial copurification
of synemin with desmin from adult avian (27, 56) and mammalian (27) muscle tissue. The
blot overlay studies also revealed an interaction between the synemin tail domain and desmin
(Fig. 7), which may reflect the staggered-array of IF proteins present in the assembly
intermediates involved in IF assembly (3, 8, 11, 17). Furthermore, specific sites within the C-
terminal tails of IF proteins, such as vimentin, have been shown to interact with sites within
the IF rod domain (57, 58), and to be important in IF formation, thus providing one
explanation for synemin tail domain/desmin interaction.

Our results demonstrate an interaction between the tail domain of synemin and a-
actinin. a-Actinin is a well characterized F-actin crosslinking and bundling protein (59, 60),
and an integral myofibrillar Z-line component (30). This interaction suggests a functional
crosslinking role for synemin’s large C-terminal tail domain. The N-terminal head and C-
terminal tail domains of IF proteins are generally believed to impart [Fs with cell-type
specific roles (3). The tail domains of IF proteins extend from the surface of the IFs (61). The
presence of synemin, with its huge C-terminal tail domain, in heteropolymeric IFs may serve
to directly link these particular IFs to other cytoskeletal structures, containing a-actinin,
within the cell cytoskeleton. The discovery that synemin’s tail domain binds to a-actinin
reveals an entirely new mechanism for linkage/anchorage of IFs to other cytoskeletal
structures containing o-actinin, an important component in actin attachment sites in
eukaryotic cells. In striated muscle cells, synemin-containing [Fs may be directly bound to
myofibrillar Z-lines and costameres via synemin, which supports our overall hypothesis (24,

25, 27), as well as the recent suggestion (47) that these very large IF proteins may have
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specific cross-linking roles in cells. The multi-purpose, cytoskeletal crosslinking protein
plectin (62), which is located at the periphery of myofibrillar Z-lines in skeletal muscle cells
(63), also may help provide an indirect linkage of IFs to the Z-lines (64, 65). Plectin has been
shown to bind to the rod domains of IF proteins such as vimentin (62), and it will be
interesting in future studies to define the interactions between plectin and synemin.

Overall, the interactions identified herein between synemin and the IF proteins
vimentin and desmin, and between the synemin tail domain and the actin-binding protein a-
actinin, support our working hypothesis for the role of synemin. As a component of
heteropolymeric IFs, synemin would be able to directly link the IFs to a-actinin-containing
structures. In the case of striated muscle cells, synemin may play an important role in directly
linking the heteropolymeric IFs to a-actinin within the myofibrillar Z-lines and costameres.
Thus, synemin-containing IFs could firmly link all adjacent myofibrils within the cell, and
the peripheral layer of myofibrils to the muscle cell membrane. This linkage may help
maintain overall cytoskeletal integrity and contractile function.
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Fig. 1. Alignment of synemin cDNA clones. Diagram showing the relative location of the library clones comprising the full-
length synemin cDNA. Cross-hatched regions depict non-coding regions. The extent of the rod domain and tail domain bacterial

expression constructs is labeled at the left as Rod and Tail, respectively.
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Fig. 2. Amino acid sequence of avian muscle synemin deduced from its cDNA sequence.
Amino acids are designated by the one-letter code. Bold type denotes the extent of the
conserved rod domain typical of IF proteins. The extent of each of the subdomains within the
rod domain is as follows: 1A = residues 11 - 46, L1 = residues 47 - 57, 1B = residues 58 —
152, L12 = residues 153 — 166, 2A = residues 167 — 206, L2 = residues 207 — 217, and 2B =
residues 218 — 314. The “intermediate filament signature”, identified with the GCG program
Motifs, is underlined. The nucleic acid sequence of synemin is available from GenBank

under Accession Number U28143.
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Fig. 3. Western blot analysis of endogenous expression of synemin and vimentin in SW13 cells. Panels A and B depict the
identical blot of fractionated cell lysates, with A probed with synemin pAb 2856, and B stripped and re-probed with vimentin mAb
AMF-17b. Lane 1, avian gizzard homogenate (a stored sample exhibiting synemin and its proteolytic degradation products in
panel A (27), and the small amount of expected vimentin in panel B); Lane 2, SW13.Clvim+ supematant; Lane 3, SW13.Clvim+
pellet; Lane 4, SW13.C2vim- supematant; and Lane 5, SW13.C2vim- pellet. The approximate migration distances of filamin (250
kDa), myosin heavy chain (205 kDa), a-actinin (/00 kDa), desmin (53 kDa), and actin (42 kDa) from the gizzard homogenate are
indicated.



250
205

100|

53
42

1 2 3 4 5

1 2 3 4 5

LS



Fig. 4. Inmunofluorescence localization of synemin and vimentin in SW13 cells. Panels
on the left (4, C, and E) depict immunofluorescence labeling with synemin pAb 2856. Panels
on the right (B, D, and F) depict fluorescence labeling with vimentin mAb AMF-17b. Panels
A and B show endogenous synemin/vimentin expression in a filamentous pattern typical of
IFs in the SWI13.C1 vim+ cells. Panels C and D show the lack of endogenous
synemin/vimentin expression in the SW13.C2 vim- cells. Note that synemin colocalizes with
vimentin in SW13.C1 vim+ cells (panels A and B), but is absent from SW13.C2 vim- cells as
is vimentin (panels C and D). Panels E and F show immunofluroescent labeling of SW13.C2
vim- cells after transfection with full-length synemin cDNA. Note that the synemin

expressed in the SW13.C2 vim- cells appears in a non-filamentous, punctate pattern when

vimentin is absent (panel E). Bar = 10 um for A-F.






Fig. 5. Cosedimentation of purified synemin with purified desmin. 4, SDS-PAGE analysis of results from mixing purified
synemin with desmin in non-IF forming conditions (10 mM Tris-HCI, pH 8.5). B, SDS-PAGE analysis of results from mixing
purified synemin with desmin in non-IF forming conditions, and then adjusting the buffer conditions to induce filament formation
(100 mM NaCl, imM MgCl,, pH 7.0) before centrifugation. C, SDS-PAGE analysis of results from mixing purified synemin with
preformed desmin filaments. For 4, B, and C, panel 1 is desmin alone, without synemin, panel 2 is synemin alone, without
desmin, and panel 3 is desmin and synemin mixed; S, supernatant; P, pellet. BSA was added to all samples to show that virtually

no exogenous (unbound) protein (e.g., synemin) was simply trapped within the volume of the pellet(s).
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Fig. 6. Cosedimentation of bacterially-expressed synemin rod domain with purified desmin. SDS-PAGE analysis of results
from mixing bacterially-expressed synemin rod domain with purified desmin under non-IF forming conditions, and then adjusting
the buffer conditions to induce filament formation (100 mM NaCl, ImM MgCl,, pH 7.0) before centrifugation. Panel I is desmin
alone, without synemin rod; panel 2 is synemin rod alone, without desmin; panel 3 is desmin and synemin rod mixed; S,
supernatant; P, pellet. In every case, BSA was added to show that virtually no exogenous (unbound) protein (e.g., synemin rod)
was simply trapped within the volume of the pellet(s).
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Fig. 7. Blot overlay assay of purified synemin and of bacterially expressed synemin rod and tail domain interactions with
desmin and a-actinin. Panel A, SDS-PAGE gel with lane 1, whole gizzard homogenate; lane 2, purified desmin; lane 3, purified
a-actinin; and lane 4, purified synemin. Panels B-E depict Western blots resulting from transfer of gels like that shown in panel 4.
In each case avian gizzard homogenate, purified desmin, purified a-actinin and purified synemin were subjected to SDS-PAGE
and transferred to nitrocellulose. B, the blot was overlaid with buffer only before detection with synemin pAb 2856. C-E, the blots
were treated identically as B, but were overlaid with purified synemin (C), bacterially-expressed synemin rod domain (D), and
bacterially-expressed synemin tail domain (£) before washing and detection with synemin pAb 2856. The approximate migration
distances of filamin (250 kDa), myosin heavy chain (205 kDa), a-actinin (/00 kDa), desmin (53 kDa), and actin (42 kDa) from the

gizzard homogenate are indicated at the left. The approximate migration position of synemin corresponds to 230 kDa.
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SYNEMIN MAY FUNCTION TO DIRECTLY LINK MUSCLE CELL
INTERMEDIATE FILAMENTS TO BOTH MYOFIBRILLAR
Z-LINES AND COSTAMERES

A paper to be submitted to The Journal of Biological Chemistry

Robert M. Bellin, Suzanne W. Semnett, and Richard M. Robson

Summary

Synemin is a large intermediate filament (IF) protein that has been identified in all
types of muscle tissue in association with desmin- and/or vimentin-containing IFs. Our
previous studies (Bellin et al., J. Biol. Chem., 1999, 274:29493-29499) demonstrated that
synemin forms heteropolymeric IFs with major IF proteins, and contains, within its large C-
terminal tail domain, a binding site for the myofibrillar Z-line protein a-actinin. By utilizing
blot-overlay assays, we show herein that synemin also interacts with the costameric protein
vinculin. Furthermore, extensive assays utilizing the Gal4 yeast two-hybrid system
demonstrate interactions of synemin with desmin, vimentin, a-actinin, and vinculin within a
cellular context. Results of the two-hybrid analyses also more precisely define the protein
sub-domains involved in the synemin/a-actinin and synemin/vinculin interactions. The C-
terminal ~300 amino acids of synemin have affinity for the N-terminal head and central
spectrin-like rod domains of a-actinin. The C-terminal ~300 amino acids of the synemin tail
and the synemin IF rod domain have affinity for the small ~150 amino acid C-terminal tail,
but not the large head domain, of vinculin. Overall, these interactions indicate an important
function for synemin in striated muscle cells, i.e., synemin may anchor heteropolymeric IFs

to myofibrillar Z-lines via interactions with a-actinin, and to costameres at the sarcolemma
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via interactions with vinculin. These linkages would enable the IFs, which closely encircle
each myofibrillar Z-line, and also extend to costameric regions at the sarcolemma, to directly
attach and link all cellular myofibrils, and to anchor the peripheral layer of myofibrils to the
costameres. This [F-based linkage would maintain and promote the overall cytoskeletal
integrity needed in highly contractile cells.

Introduction

Intermediate filaments (IFs)', along with microfilaments and microtubules, comprise
the three cytoskeletal filament classes found in animal cells (1-5). The IFs are composed of
cell-type specific proteins that are assembled in vivo into very long ~10 nm-diameter
filaments (5-9). The superfamily of IF proteins currently contains ~60 members (10), and
novel members continue to be identified (10-12). Because of the diversity among members
of the protein superfamily, it is possible that I[Fs within different cell types may be formed
that have diverse functions (5). Additionally, because the majority of IFs found in living
cells are heteropolymeric in nature (i.e., composed of more that one IF protein member),
even more diverse functionality of an individual IF is possible (5).

The IFs have long been considered to play an important role as mechanical
integrators of cellular space (2, 13). The actual mechanism for how this cytoskeletal
integration within cells occurs, however, remains poorly understood. For IFs to connect cell
components, some form or type of attachment of IFs to other cytoskeletal components are
necessary. These attachments could be indirect, via a crosslinking protein such as plectin
that binds to several cytoskeletal proteins (14), or direct, by linking IF proteins themselves to

protein components in other cellular structures.
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Synemin was initially described as an IF-associated protein, because it colocalized
and copurified with the IF proteins desmin and vimentin (15-17). We have, however,
recently demonstrated that synemin is, in fact, an IF protein because the sequence contains
the ~310 amino acid rod domain typical of IF proteins (12, 18). Furthermore, we
demonstrated synemin is a novel member of the IF protein superfamily that contains an
unusually large C-terminal tail domain. Synemin has been localized with desmin- and/or
vimentin-containing IFs in all types of developing chick (19) and adult avian and porcine
muscle cells (20); in chick lens cells (21, 22); in human SWI13 adrenal cortex
adenocarcinoma cells (12); and, most recently, in rat radial glial cells (23). Because synemin
has so far always been found in the presence of at least one major IF protein, and because it
fails to form IFs by itself in vitro (20) and when transfected into cells that lack other IF
proteins (12), we believe it is very likely that synemin only functions within cells as a
component of heteropolymeric IFs.

We have shown previously by blot-overlay assays that synemin interacts with both
desmin and a-actinin (12). In this paper we now show, by blot-overlay assays, a direct
interaction between synemin and the tail domain of vinculin. Furthermore, we demonstrate
those interactions, and further define the specific binding sites for these interactions, by using
the Gal4 yeast two-hybrid system. We believe these specific interactions further support a
role for synemin, as a component of heteropolymeric IFs, in directly attaching these IFs to
other cytoskeletal structures via protein-protein interactions involving synemin.

A major interest in our lab is to define how the cytoskeletal elements are organized
and attached to each other within muscle cells. We present a schematic showing how

synemin in striated muscle cells may serve as a cytoskeletal crosslinking component by
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enabling synemin-containing heteropolymeric IFs to directly bind to myofibrillar Z-lines and
thereby link all cellular myofibrils via synemin/a-actinin interactions, and to anchor the
peripheral layer of cellular myofibrils to the costameric sites at the sarcolemma via
synemin/vinculin interactions.

Experimental Procedures

Protein Purification—Synemin (12, 20) and vinculin (24) were purified from avian
smooth muscle as described. Proteolytic fragments of vinculin were prepared by treatment
with V8 protease (25). The precise cleavage site(s) in vinculin was determined by protein
microsequencing from PVDF membrane by the Iowa State University Protein Facility. The
specific rod and tail domains of synemin were expressed in bacteria and purified (12).

Blot Overlay Assays—Blots of samples of highly purified synemin, desmin, vinculin,
and proteolyticaily digested vinculin, plus a sample of avian smooth muscle homogenate,
were probed, by using blot-overlay procedures (12) with synemin, expressed synemin rod,
and expressed synemin tail domains. The polycional antibody (pAb) 2856 has been
characterized previously (12), and recognizes intact synemin, and both the rod and tail
domains of synemin.

Preparation of Yeast Two-Hybrid Constructs—Constructs used for desmin (26) and
vimentin (27) have been described. Constructs encoding the entire synemin molecule, as
well as specific domains of synemin, a-actinin and vinculin, were generated by PCR and
cloned into both the pPC86 and pPC97 yeast two-hybrid vectors originally described by
Chevray and Nathans (28). The pPC86 and pPC97 vector pair have been used in other two-

hybrid studies on IF proteins (26, 27, 29).
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Yeast Transformations—The PCY?2 strain of yeast (28) was co-transformed with the
Alkali-Cation Yeast Transformation kit (BiolOl) using the manufacturer’s protocol. An
empirically-determined optimal amount of 400 ng of plasmid DNA was used for each
construct.

Fluorescence-Based Quantitative Two-Hybrid Assays—Quantitative determinations
of all two-hybrid interactions were carried-out by using the FluorAce PB-galactosidase
Reporter Assay Kit (BioRad) modified for use with yeast cells as follows. Yeast lysates were
prepared from 2 ml yeast cultures (in double drop-out Leu” Trp” media, 180 RPM at 30° C for
72 h, followed by 3 h of protein induction in galactose containing Leu” Trp” media, 180 RPM
at 30°C), by freezing the yeast pellet in liquid nitrogen for 5 min and resuspending in 100 pl
of Lysate Buffer (1 mM MgCl,, 0.1% NaN3;, 10 mM sodium phosphate, pH 7.0). An
empirically-determined, constant amount of yeast lyaste (20 ul) was mixed with 50 pl of the
kit's 1X Reaction Buffer, including 4-MUG and B-mercaptoethanol, directly in the wells of a
black microtiter plate kept on ice. The plate was incubated for 3 h at 37° C, followed by
addition of 150 ul of the kit's 1X Stop Buffer. The plate was then read with a Titertek
Fluoroskan fluorescent microplate reader with excitation at 355 nm and emission at 460 nm.
The specificity of interactions was confirmed by performing vector-swap experiments for
each protein pair. Both the original vector pair and the vector-swap pair were independently
tested twice, with the numbers for each determination resulting from reaction wells set-up in
triplicate and averaged. The quantitative data reported in the figures were calculated by
using an Agp measurement of each individual culture to normalize the respective

fluorescence reading. The resulting data were then used to calculate relative interaction
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affinities by comparing each reading with the value determined for the synemin rod/desmin
interaction which was included with each set of assays.
Results

Blot Overlay Assays—Analyses utilizing purified synemin and vinculin, as well as
bacterially-expressed rod and tail domains of synemin, and the proteolytic products of
purified vinculin resulting from V8 protease treatment, were done to identify specific protein
domain interactions. Vinculin was selected as a potential interaction partner for synemin
both because it is a key cytoskeletal protein potentially involved in signal transduction
pathways (30, 31) and because it is a component of the costameres (32), one of the
attachment sites for striated muscle cell IFs (33). Results from protein microsequencing of
the fragments resulting from V8 protease digestion of vinculin identified that the newly
generated N-termini of two low molecular weight bands (~24 kDa and ~22 kDa in Fig. 1)
have the sequences: LAPPKPPLPE and GEVPPPRPPP. These sequences agree precisely
with residue numbers 858-867 and 868-877, respectively, in the avian vinculin sequence
(GenBank accession number Y00312), therefore showing clearly that they represent tail
fragments from vinculin. As is shown in the “buffer overlay control” blots lacking any probe
protein in the overlay solution (Fig. 1, panels A and D), the synemin pAb 2856 labeled
synemin present in the gizzard homogenate (lane 1), purified synemin (panel 4, lane 2), and
expressed synemin rod domain (panel D, lane 2), but did not label purified vinculin (panels
A and D, lane 3), the small amount of intact purified vinculin remaining after V8 protease
treatment (lane 4), nor any other proteins in the gizzard homogenate (lane I). As is shown in
Fig. 1 (panel B), probing blots of vinculin and V8-digested vinculin with purified intact

synemin in the overlay reveals an interaction of synemin with purified intact vinculin (lane
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3), the very small amount of intact vinculin remaining in the V8 protease digest of vinculin
(lane 4) and with the small tail domain fragment(s) of vinculin produced by the V8 protease
digestion (/ane 4), but not with the large head domain fragment of vinculin that migrates with
an approximate size corresponding to 90 kDa, (compare panel B, lane 4 with the Coomasie-
stained gel of digested vinculin sample showing the vinculin head (/) and tail fragments (7)
in panelh F). Additionally, an interaction between the probe synemin in the overlay solution
and desmin in the gizzard homogenate lane (pane! B, lane I), can be seen as we reported
earlier (12). As is shown in Fig. 1, probing blots with expressed synemin tail (panel C) and
rod domains (pane! E) results in similar binding patterns to that from using intact synemin,
although only very weak binding to the vinculin tail domain is seen (panels C and E, lane 4).
Specificity of the synemin binding to vinculin, specifically the vinculin tail domain, is
evident in Fig.1 in that neither synemin (pane!/ B) nor synemin domains (panels C and F)
bound to any of the other proteins (e.g., filamin, myosin heavy chains, and actin) present in
the gizzard homogenate (/ane 1)

Two-hybrid Analysis—Identification and analysis of interactions by the Gal4 two-
hybrid system must include significant controls to demonstrate “seemingly positive”
interactions are not due to “false positives” of the assay system. This is especially a concern
when testing helical proteins, such as an IF protein rod domain, because a charged helix
attached to the DNA-binding portion of Gal4 (as is present in the pPC97 vector) has been
shown, in some cases, to activate [B-galactosidase reporter gene expression (34). The
constructs used herein are shown in Fig. 2. As demonstrated in Fig. 3, when each of the
constructs encoding a domain of synemin (see Fig. 2) is co-transfected with a negative

control consisting of an empty two-hybrid vector (e.g., synemin rod insert in pPC86, but no
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insert in pPC97), the values resulting from the fluoresence assays were very low, which
indicate that none of the synemin constructs activates transcription by itself.

Results from two-hybrid assays testing synemin/desmin interactions are shown in Fig.
4. The rod domain of synemin interacts strongly with desmin (column 1), in comparison
with the vector control (column 9). This is not unexpected because other studies have shown
the rod domains of IFs are the primary interaction domains between IF protein pairs
(reviewed in (5)). Interestingly, the synemin rod domain/desmin interaction (column 1) is
somewhat weaker than the desmin/desmin dimerization (column 10). Results shown in Fig.
4 (columns 2-8), demonstrate that none of the tail domain constructs of synemin exhibit
interactions with desmin in these assays.

The results of the two-hybrid assays of the interactions between synemin and
vimentin (Fig. 5) are very similar to those seen between synemin and desmin (Fig. 4), as may
be expected because of the high sequence homology between the Type III IF proteins
vimentin and desmin (35). The rod domain of synemin reacts most strongly with vimentin
(column 1), when compared with the vector control (column 9), and this interaction is slightly
weaker than the dimerization of vimentin (column 10), but is approximately the same
strength as synemin rod dimerization (column 11). The results shown in Fig. 5 (columns 2-8)
demonstrate that none of the tail domain constructs of synemin interact with vimentin, akin
to the lack of synemin tail interactions with desmin (Fig. 4).

Results from two-hybrid analysis of interactions between synemin and a-actinin are
shown in Fig. 6. Analysis of these interactions needs to take into account that the full-length
a-actinin pPC97 construct activated transcription by itself to a moderate degree (Fig. 6,

column 9). As shown in Fig. 6, when Eompared to the vector controls (column 9), the
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interaction of synemin with a-actinin is specific for the tail domain of synemin (column 2).
Analysis of the constructs of the synemin tail domain split into four non-overlapping parts
indicates that SN Tail IIb has the strongest interaction (column §), thus mapping the
interaction domain to the last quarter of the C-terminal tail of synemin. Additionally, testing
this tail domain construct with domains of a-actinin demonstrates interaction of the SN Tail
IIb with the N-terminal head domain of a-actinin (column 10), which contains the actin
binding site, and with the rod domain of a-actinin (column 12), which contains four spectrin-
like repeats (36). Each of these interactions are much stronger than the respective vector
control results (c.f., compare columns 10 and /1; and /2 and /3). Two-hybrid assays of the

remaining synemin constructs with the three a-actinin constructs revealed no other strong

interactions.’

The results of the two-hybrid assays of the interaction between synemin and vinculin
are shown in 'Fig. 7. Because the head and tail domains within a single vinculin molecule are
known to interact in a fashion that blocks some protein interaction sites in solution (25, 37),
interactions with vinculin were tested on sub-domains of vinculin, rather than on the whole
molecule. In agreement with the blot overlay assays shown earlier (Fig. 1), the synemin rod
(column 7) and synemin tail domains (columns 8, 10 and /2) interact most strongly with the
vinculin tail domain in comparison with the vector control (column [3). Within subdomains
of the synemin tail domain, the strongest interaction with the vinculin tail was found with the
SN Tail IIb construct (column 12). Thus, the end of the tail domain, as well as the rod
domain (column 7), of synemin show affinity for the vinculin tail domain. Two-hybrid assays
of the remaining tail domain constructs of synemin with the vinculin constructs revealed no

other strong interactions.
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Discussion

We believe the newly identified interaction between synemin and vinculin is an
important advancement in our understanding of the cytoskeleton. Although it has long been
known that [Fs attach or insert into, and are presumably somehow linked to, protein-rich
cytoskeletal/membrane attachment sites, the only well established mechanism for attachment
of IFs involves members of the plakin family (29, 38-40). Vinculin is a component of both
cell-cell and cell-matrix type adhesion plaques (41). The cell-matrix adhesion plaques
include the membrane-associated dense bodies in smooth muscle, the neuromuscular and
myotendenious junctions in skeletal muscle, and the costameres of striated muscle (32, 42).
Thus, the interaction between synemin and vinculin may serve as a mechanism of IF
attachment to the costameres. Additionally, because vinculin, in turn, can be anchored to the
cell membrane via an interaction with the integrin-binding protein talin (41, 43), the
synemin-vinculin-talin interaction may also serve as a linkage of IFs to the cell membrane.

The results of the Gal4 yeast two-hybrid assays, using specific interaction pairs,
provide direct confirmation of the interactions of synemin within the context of a living cell,
which originally were identified by methods using purified proteins ((12) and studies herein).
The yeast two-hybrid system serves this purpose well because it is complementary in
approach to the blot-overlay based in vitro methods initially used to identify these
interactions. Although concerns can be raised over the validity of results from blot-overlay
interaction assays because one protein is immobilized on the surface of a membrane, protein
interactions identified by the two-hybrid system occur within a cellular environment.
Conversely, the results obtained by the in vitro assays using tissue-purified proteins nicely

complement results from the two-hybrid assays because the former utilized proteins that were
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prepared from their normal tissue source (i.€., synemin, desmin, a-actinin and vinculin
purified from muscle tissue). They, therefore, likely contain native protein post-translational
modifications, which are not expected within the context of a yeast cell. Thus, the
combination of approaches and results reported herein and previously (12) involving
interactions of synemin provide complementary findings obtained by at least two different
methods for the interactions of synemin with desmin, a-actinin and vinculin.

Although the usual and most basic application of the yeast two-hybrid system is to
determine if two proteins have affinity for each other (44), use of the yeast two-hybrid
system in conjunction with a quantitative detection method, as was used herein, additionally
provides a relative measurement of the strength of the protein-protein interaction. The
interactions between IF proteins were the strongest of those we tested. To provide a useful
“ruler” of relative protein interaction strength, all values reported in this paper are relative to
the value of the interaction measured between the synemin rod domain and desmin. That
interaction was very similar in strength to that obtained for both the interaction between the
synemin rod and vimentin and for the self-dimerization of the synemin rod. Although it
might be expected that all [F protein interactions would be of similar strength because of the
relatively high sequence homology and conservation in overall length of the cytoplasmic IF
rod domains, the strength of the self-dimerization interactions of desmin and of vimentin
were significantly higher than for all of those that included the synemin rod domain. A
possible explanation for this finding is that, in contrast to the vimentin and desmin constructs,
the synemin rod domain construct lacks any flanking sequences, which may play a role in

further stabilization of the IF protein interaction. Regions of the N-terminal head and C-
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terminal tail domains both have been found to be important in proper IF assembly in studies
on both desmin and vimentin (45-47).

It is notable that, based on strength of interactions obtained herein, synemin is as
likely to interact with desmin or vimentin as with itself. Based upon studies of the co-
polymerization of the large IF protein nestin with vimentin (48), it has been suggested that
the mode of integration of these large IF proteins into mature IFs initially involves formation
of a heterodimer rather than a simple homodimer of the large IF protein (ie.,
synemin/desmin, rather than synemin/synemin). It has been suggested that the large IF
protein-containing heterodimers, together with homodimers of the small IF proteins (e.g.,
desmin/desmin), then assemble into filaments that contain more small IF protein subunits
than large IF protein subunits (5). That the total amount of synemin is only ~1% of the total
amount of desmin in an adult muscle cell (15) is consistant with that model for assembly of
heteropolymeric IFs.

In comparison to the measured strength of the IF protein/IF protein interactions
herein, the interactions between synemin and either a-actinin or vinculin are considerably
weaker. Considering the nature of the protein interactions, however, this finding is not
unexpected. The IF proteins have been shown to interact with each other by strong coiled-
coil interactions between their ~310 amino acid long rod domains (6, 8, 9). The major force
driving this protein interaction is thought to be due to interactions of a hydrophobic stripe of
apolar residues along each of the a-helical rod domains of two polypeptides (7, 49), as well
as charge-charge interactions that further stabilize the rod domain interactions (50, 51). By
comparison, the interactions of synemin with a-actinin and with vinculin map to much

smaller protein domains. Furthermore, they are unlikely to result from coiled-coil
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interactions because the tail domain of synemin lacks any strongly helical domains needed
for participation in a coiled-coil interaction (12).

The results of the two-hybrid studies herein further define the precise protein domains
involved in the interactions we recently reported between synemin and a-actinin (12). The
a-actinin molecule is composed of an N-terminal head domain containing an actin-binding
site, a central rod domain composed of four spectrin-link repeats, and a C-terminal tail
domain containing two EF hand homology regions (36, 52). Assays utilizing several
constructs of domains of both the synemin tail and of a-actinin revealed the smallest
interacting domains between the two proteins to reside within the C-terminal ~300 amino
acids of the synemin tail, and within both the head and rod domains of a-actinin (Fig. 6).
The binding site for a-actinin in synemin seems logical, because the end of the synemin tail
may be the domain extended furthest from the surface of the 10 nm core of the IF, and
therefore most likely to reach a-actinin molecules at the Z-line. It is not currently obvious
why this domain of the synemin tail binds to two domains of a-actinin. Because these two
domains are adjacent within a-actinin, and the strength of synemin binding to each domain is
approximately half that of the entire a-actinin molecule (see Fig. 6), it is possible that the
actual synemin binding domain of a-actinin spans both the a-actinin head and rod domains.

The blot overlay results demonstrate an interaction between synemin and vinculin.
The two-hybrid assays provide additional important information about the specific protein
domains involved in the synemin/vinculin interaction. The use of three separate constructs,
two of which each code for approximately half of the large vinculin head domain, and one

that codes for the small C-terminal vinculin tail domain, reveals that only the tail domain of
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vinculin has affinity for synemin (Fig. 7). This small ~150 amino acid domain is a very
interesting part of the vinculin molecule. The crystal structure of the tail of vinculin was
recently solved, revealing it to most likely exist as a highly extended domain (53). The tail
domain of vinculin contains two actin-binding sites, and their affinity for actin is regulated
by binding of the tail domain to a site on the large head domain of vinculin, an interaction
that, in turn, can be controlled by the binding of specific phospholipids (30, 31, 37, 54).
Additionally, it was recently reported that the vinculin tail domain may act as a dimerization
domain for vinculin, with actin filaments inducing the dimerization by stablizing interactions
between the tail domains of two vinculin molecules (55). Whether some of these dynamic
activities of the vinculin tail also affect their binding to synemin is unknown. The question
of whether vinculin head-tail association also regulates synemin binding was not directly
addressed in the blot-overlay assays in this paper (see Fig. 1) because full length vinculin
exists in an “open” conformation when blotted to a membrane (56). In preliminary in vitro
studies, however, we have found that purified full-length vinculin does not bind when it is
overlaid onto synemin (i.e., the vinculin would be in the closed conformation), in contrast to
a positive interaction when bacterially-expressed vinculin tail is overlaid onto synemin.’
That the tail domain of vinculin has affinity for both the rod domain and the C-terminal ~300
amino acids of the very long tail domain of synemin is intriguing. Why vinculin has affinity
for two distinct domains of the synemin molecule is unknown, but it is reasonable to suggest
that these discrete vinculin binding sites in synemin may bind to separate vinculin molecules
in the costamere, which would form a matrix/network between the IFs and vinculin, and

result in strong anchoring of the IFs to these sites.
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The binding sites for synemin on both a-actinin and vinculin exist within protein
domains that also contain actin binding sites. Whereas these findings may indicate that a-
actinin and vinculin act as “tight linkers” between synemin-containing heteropolymeric IFs
and actin filaments, it is also possible that these IFs compete with actin filaments for binding
to these proteins. The latter option raises the possibility that signal transduction pathways
that effect actin filament dynamics could also alter binding to synemin-containing IFs.
Conversely, it is possible that dynamic changes in the IF proteins, such as those induced by
covalent modifications including phosphorylation (57) and ADP-ribosylation (58), may also
impact the actin cytoskeleton. Synemin itself has been found to be an excellent substrate for
both phosphorylation (16) and ADP-ribosylation (12) reactions.

Although the interactions identified for synemin with a-actinin and vinculin
demonstrate a possible mechanism(s) of direct linkage between IFs and other cytoskeletal
structures, some recent studies have implicated the protein plectin as an indirect mechanism
for anchoring muscle cell IFs to other cytoskeletal structures (59, 60). Plectin is a member of
the plakin family of proteins that also includes the protein desmoplakin, which is involved in
anchoring of IFs to desmosomes (29, 38-40). Plectin contains binding sites for protein
components of all three of the cytoskeletal filament classes (microtubules, microfilaments
and IFs) (14, 61), so it often is called a universal cytoskeletal crosslinking protein (14, 62).
A recent study showed that plectin interacts with desmin (63). Thus, it appears likely that
plectin helps link IFs to other structures in muscle cells. Because plectin has been shown to
be such a general crosslinking protein, synemin may play the essential role in establishing the

direct linkages between heteropolymeric IFs and the Z-line and costameric regions. Once
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direct linkages are established, plectin may provide additional structural support at these
sites.

Recent studies indicate that synemin is a component of heteropolymeric IFs in
striated muscle cells (12, 20). The IFs in striated muscle cells are located at the periphery of
myofibrillar Z-lines, link adjacent myofibrils at their Z-line levels, and extend from the Z-
lines of the peripheral layer of cellular myofibrils to the costameres along the inside of the
sarcolemma (33, 64-66). Based upon this localization and the interactions of synemin with
(a) the IF proteins vimentin and desmin, (b) the myofibrillar Z-line protein a-actinin, and (¢)
the costameric protein vinculin, a likely role for synemin in striated muscle cells can be
proposed (see Fig. 8 for a schematic representation). The synemin/desmin-containing
heteropolymeric IFs encircle each myofibrillar Z-line, and may be firmly anchored to the Z-
lines by interactions between the end of the synemin tail domain and domains within a-
actinin. Additionally, the IFs extending from the Z-lines of the peripheral myofibrils to the
costameric regions may be anchored there by interactions between synemin and the tail
domain of vinculin molecules. Because of the strong linkage between vinculin-talin and the
muscle cell membrane, the direct synemin/vinculin interaction would effectively connect the
peripheral layer of myofibrils to the cell membrane. The importance of these linkages has
been shown in the muscle cells of desmin knock-out mice, which still contain synemin (67),
but lack I[Fs because synemin by itself is unable to form filaments (12). Structural
observations of striated muscle from desmin knock-out mice reveal an extreme loss of Z-line
alignment and strain-induced muscle cell damage (68-73). Based upon our proposed role for
the importance of synemin-containing heteropolymeric IFs in muscle cells, those findings are

what would be expected in muscle cells lacking either desmin “or” synemin. Overall, the
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synemin-based linkages in striated muscle cells may enable the heteropolymeric IFs to
maintain Z-line alignment, and to reduce stress on myofibrils during muscle contraction by
acting as a conduit to transmit some of the mechanical strain from the myofibrils to the

muscle cell membrane.
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Fig 1. Blot overlay analysis of the interactions of synemin and of specific synemin domains with vinculin. Panels A-C depict
blots resulting from transfer of SDS-PAGE gels (lane 1, whole gizzard homogenate; lane 2, purified synemin; lane 3, purified
vinculin; and lane 4, V8 protease digested vinculin) and then overlaid with buffer only (panel A), with purified, intact synemin
(panel B), and bacterially-expressed synemin rod domain (panel C), before washing and detection with synemin pAb. Panels D
and E depict blots resulting from transfer of SDS-PAGE gels (lane 1, whole gizzard homogenate; lane 2, expressed synemin rod
domain; lane 3, purified vinculin; and lane 4, V8 protease digested vinculin), and then overlaid with buffer only (Panel D) and
synemin rod domain (Panel E) before washing and detection with synemin pAb. Panel F is a Coomasie blue-stained SDS-PAGE
gel of V8 protease digested vinculin, with H corresponding to the large head domain, and T corresponding to two sizes of tail

domain,
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Fig. 2. Constructs used in two-hybrid studies. SN (avian synemin; GenBank accession number U28143), Desmin (murine
desmin; GenBank accession number L.22550), Vimentin (murine vimentin; GenBank accession number M24849), a-Actinin/a-Act,
(avian a-actinin; GenBank accession number J03486), and Vinc (avian vinculin; GenBank accession number Y00312). Numbers
at the right of each construct refer to amino acid residues in the construct, with the N-terminus of the protein corresponding to

residue number 1.
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Fig. 3. Negative controls for two-hybrid assays of synemin constructs. The labels at the X-axis refer to the construct names
defined in Fig. 2. Vector refers to a two-hybrid vector without a cDNA insert, which is included as a negative control. All
fluorescence values were calculated relative to the value (defined as 100) obtained in the interaction of synemin rod domain with
desmin (column 9) as described in the Experimental Procedures. Results from vector-swap tests (i.e., pairs 1-9) of each interaction
are shown as a pair of open and solid bars, with error bars representing the standard error of the mean. Open bars represent assays
in which the synemin insert is in the pPC97 vector, and a control vector (columns 1-8), or desmin (column 9) is in the pPC86
vector. Solid bars represent assays in which the synemin insert is in the pPC86 vector and a control vector (columns 1-8), or

desmin, (column 9) is in the pPC97 vector. Note that none of the synemin constructs tested with a control (empty) vector yielded

significant amounts of transcription of the f3-galactoside reporter.
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Fig. 4. Two-hybrid assays of interactions involving synemin and desmin. Hatched bar represents a test of desmin
dimerization, so no vector-swap test is possible. All fluorescence values were calculated relative to the value (defined as 100)
obtained in the interaction of synemin rod domain with desmin as described in the Experimental Procedures. Note that only the rod

domain of synemin interacts significantly with desmin. For details on graph format and labeling see the Legend to Fig. 3.
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Fig. 5. Two-hybrid assays of interactions involving synemin and vimentin. Hatched bars represent tests of protein
dimerization, so no vector-swap tests are possible. All fluorescence values were calculated relative to the value (defined as 100)
obtained for the interaction of synemin rod domain with desmin as described in the Experimental Procedures. Note that only the

rod domain of synemin interacts with vimentin. For details on graph format and labeling, see the Legend to Fig. 3.
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Fig. 6. Two-hybrid assays of interactions involving synemin and a-actinin. All fluorescence values were calculated relative to
the value (defined as 100) obtained in the interaction of synemin rod domain with desmin as described in the Experimental
Procedures. Analysis of interactions with the full-length a-actinin construct (columns 1-8) require careful comparison to the
“negative” control in column 9 (open bar) because the pPC97 a-actinin construct activates transcription of the reporter to a
moderate level (~20%) by itself. This did not occur with the pPC86 a-actinin construct (solid bar, column 9). Note the positive
interactions between o-actinin and synemin tail (column 2), synemin tail II (column 4) and synemin tail IIb (column 8).
Furthermore, synemin tail IIb interacts with both the a-actinin head (column 10) and rod (column 12) domains. For details on

graph format and labeling, see the Legend to Fig. 3.
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Fig. 7. Two-hybrid assays of interactions involving synemin and vinculin. All fluorescence values were calculated relative to
the value (defined as 100) obtained in the interaction of synemin rod domain with desmin as described in the Experimental
Procedures. Note that interactions are positive for both the rod (column 7) and tail domains (columns 8, 10 and 12) of synemin

with the small vinculin tail domain. For details on graph format and labeling, see Fig. 3.
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Fig. 8. Schematic showing a pessible role for synemin in striated muscle cells. The diagram shows the known location of
heteropolymeric IFs at the Z-lines of striated muscle cells. Also depicted are attachment points of IFs to structures containing
proteins that we have found interact with synemin. Our hypothesis is that heteropolymeric IFs are firmly anchored to (a) the
myofibrillar Z-lines by interactions between synemin and a-actinin, an integral Z-line protein (this interaction would enable
heteropolymeric IFs to link all myofibrils together at their Z-lines), and (b) the costameres by interactions between synemin and
vinculin (this interaction would enable heteropolymeric IFs to firmly anchor the peripheral layer of myofibrils to the costameres at

the cell membrane). Adapted from (13).
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OVERALL SUMMARY

In the research presented in this dissertation, major advancements were made in our
understanding of the protein synemin, and how it may function in cells as a component of
heteropolymeric IFs. The cloning and sequencing of the avian synemin cDNA revealed that
synemin contains the rod domain typical of IFs. This finding established synemin as a
member of the superfamily of IF proteins. The sequencing studies also established that the
primary structure of synemin consists of a small N-terminal head domain, the rod domain,
and a very long C-terminal tail domain similar in size to that of other large IF proteins such
as nestin and paranemin. An interesting fact is that although synemin is similar in domain
structure to nestin and paranemin, it lacks significant overall sequence homology to those
proteins. Comparison of the synemin sequence with GenBank records revealed homology
with two human-derived sequences, strongly indicating the existence of at least a human
synemin homologue.

The cloning of the synemin cDNA made possible further investigation of synemin as
a component of [Fs. Previous attempts to explore the assembly of synemin into IFs by using
purified synemin in an in vitro assembly assay were essentially inconclusive. Use of the full-
length synemin cDNA clone, in conjunction with clonal lines of the IF-mosaic SW13 cell
line, made it possible to establish that synemin will assemble into heteropolymeric IFs with
another major IF protein, but that it is unable to form IFs by itself within a cellular context.

The synemin cDNA clones also proved invaluable in the exploration of molecular
interactions of synemin. Initial studies were conducted on synemin purified from avian

muscle, and revealed that synemin interacts with the IF protein desmin, the Z-line protein a-
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actinin, and the costameric protein vinculin. The synemin cDNA clones made possible the
production of bacterially-expressed domains of the synemin molecule. By using these
expressed synemin domains, it was possible to establish the synemin rod domain as the
primary domain for interaction with other IF proteins. Additionally, the expressed tail
domain of synemin was found to interact with a-actinin and vinculin. Potentially the greatest
utility of the synemin cDNA has resulted from the use of the Gal4 yeast two-hybrid system
to test protein interactions within a cellular context. The two-hybrid studies have resulted in
a completely independent test of the synemin interactions discovered by in vitro methods
using purified proteins. The results of these latter studies have, in fact, confirmed all
interactions demonstrated by the in vitro assays, and have significantly extended those
studies by further mapping the specific domains involved in the interactions.

It is our overall hypothesis that synemin functions as a component of heteropolymeric
[Fs to enable them to anchor/bind to specific cytoskeletal structures via interactions between
synemin and other cytoskeletal proteins. In striated muscle cells, synemin-containing
heteropolymeric [Fs may be firmly attached to (a) every myofibrillar Z-line via interactions
between synemin and a-actinin, and (b) the costameric regions via interactions between
synemin and vinculin. Together, these linkages would enable the heteropolymeric IFs to
connect all of the myofibrils together at their Z-lines, and to anchor the Z-lines of the
peripheral layer of myofibrils to the costameres at the sarcolemma. Taken in toto, results of
the studies described in this dissertation substantiate our hypothesis and indicate an important
role for synemin in the maintenance of overall cytoskeletal integrity and function in muscle

cells.
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