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Abstract

Previous work from our lab identified a novel ¢cDNA encoding a family of tail-
anchored coiled-coil integral membrane proteins termed SLMAPs (sarcolemmal
membrane associated proteins) (Wigle et al.. 1997). Subsequent studies determined that
SLMAPs are encoded by a single gene. and alternative splicing yields three SLMAP
isoforms, including two muscle-specific variants (SLMAP1. SLMAP2) and a
ubiquitously expressed i1soform (SLMAP3). Here, [ report a series of studies designed to
examine putative novel and isoform specific functions of SLMAPs in striated muscle and
fibroblast cells.

The tissue distribution and subcellular localizations of SLMAPs were examined in
developing and adult mouse tissues in order to correlate SLMAP expression with specific
physiological wor developmental process(es). Immunohistochemical staining using
polyclonal anti-SLMAP antibodies revealed that SLMAPs are highly expressed in
developing somites and cardiac tissue. Confocal microscopy determined that SLMAPs
localized within the discrete membrane structures (sarcoplasmic reticulum and T-tubules)
of developing and mature skeletal and cardiac muscle, respectively. These localization
studies suggest a correlative role for SLMAPs in excitation-contraction (EC) coupling
mechanisms. In vivo expression of SLMAPs in pre-fusion myoblasts indicated a possible
involvement in skeletal myogenesis. An additional SLMAP protein was expressed under
conditions that promote differentiation in cultured myoblasts. Deregulation of SLMAPs
by ectopic expression in myoblasts resulted in a potent inhibition of fusion without

affecting the expression of muscle-specific genes.



Protein-protein interaction assays demonstrated that the leucine zipper motifs in
SLMAPs mediate SLMAP homodimer formation. Proteomic analysis further revealed
that a muscle-specific SLMAP variant binds a component of the contractile apparatus
(cardiac myosin heavy chain). The expression of a cardiac-specific SLMAP isoform that
resides in distinct membranes, self assembles and interacts with the contractile apparatus
further suggest a unique role for this molecule in excitation-contraction coupling
mechanisms.

Alternative splicing mechanisms generate SLMAP variants with divergent
carboxyl-terminal hydrophobic segments, which target SLMAPs to different membrane
compartments. Immunocytochemistry studies revealed that the expression of the first
transmembrane domain directs a 6Myc-SLMAP fusion protein to the endoplasmic
reticulum in COS7 cells. Alternatively. sequences encompassing the second
transmembrane domain target 6Myc-SLMAP proteins to the mitochondria. These
findings are consistent with the localizations of other tail-anchored membrane proteins
that are inserted into the mitochondria or endoplasmic reticulum via post-translational
mechanisms.

A novel SLMAP isoform with a previously uncharacterized N-terminal
sequence is a core component of the centrosome. SLMAP sequences directed a green
fluorescent protein to the microtubule organizing centre and deletions of the newly
identified N-terminal sequence prevent targeting to centrosomes. Deletion-mutant
analysis indicated that preservation of SLMAP secondary structure is required for
centrosome targeting. Furthermore. elevated levels of SLMAPs inhibit cell growth

suggestive of a role in cell cycle progression.

i



vi

The molecular and cellular properties of SLMAPs indicate that these molecules
provide diverse functions. including membrane assembly and function in striated muscle.
The characterization of a novel SLMAP variant that localizes at the microtubule

organizing center further suggests a role in cell proliferation.
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Preface

The experimental results are presented in manuscript format, in accordance with
the guidelines set forth by the University of Ottawa School of Graduate Studies and
Research. Experimental findings are preceeded by an overview of cardiac and skeletal
muscle development, the membrane organization of striated muscle and the role of
membrane components in excitation-contraction coupling mechanism (Chapter one). The
molecular and biochemical properties of the family of alpha-helical coiled-coil
sarcolemmal membrane associated proteins are introduced in Chapter one. Subsequent
Chapters demonstrate that: (i) regulated expression of SLMAPs are involved in
myogenesis and are critical for myoblast fusion (Chapter two) and; (ii) that SLMAPs are
directed to distinct cellular membranes by alternative splicing mechanisms and may serve
roles in the structural arrangement of the cardiomyocyte (Chapter three). In Chapter five,
a novel SLMAP isoform is described as a core component of the centrosome. This study
is preceeded by an overview of the structure. composition and function of centrosomes.

(Chapter four).



Chapter One.

General Introduction.



(eneral Introduction

A. Cardiac and Skeletal Muscle.

In the developing embryo the two forms of striated muscle - cardiac and skeletal
muscle - are derived from a common myogenic lineage. Cardiac and skeletal muscle
systems arise from populations of mesodermal precursor cells within distinct regions of
the embryo and are induced to become cardiac or skeletal muscle by local embryonic
signaling molecules (Zaffran and Frasch, 2000; Kablar and Rudnicki, 2000; Brent and
Tabin, 2002). Distinct networks of transcription factors further regulate cardiac and
skeletal muscle specific gene expression. Despite such differences, there exist
fundamental similarities related to the structural components of cardiac and skeletal
muscle cells as well as the molecular mechanism underlying muscle contraction. In the
proceeding sections, the commonalities and distinctions between these two muscle

systems are reviewed and key concepts in muscle biology are introduced.

A.l. The Heart.

The mature four-chambered heart is a highly regulated, complex organ whose
continuous cycles of contraction-relaxation drive blood through the circulatory system,
deliver oxygen, nutrients and hormones to organs and remove carbon dioxide and wastes
from organ systems (Katz and Katz, 1989). Normal development and performance of the
heart depends upon the proper expression, assembly and regulation of the molecular
components that make up cardiac cells. A vast amount of information about cardiac

function has been acquired through the characterization of cardiac genes, including those
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encoding contractile elements, ion channels and integral membrane proteins. Functional
characterizations of the cardiac proteins that serve a key role in the molecular
mechanisms of contraction, for instance. have greatly contributed to the understanding of
cardiac function in normal and diseased states (Kamp and Hell, 2000; Scoote and

Williams, 2002).

A.1Li. Cardiac Morphogenesis.

Initiated early in gestation, the heart is the first functional organ to develop in
vertebrates and arises from bilaterally symmetric populations of cells within the anterior
lateral plate mesoderm that are committed to a cardiogenic fate (Schultheiss et al., 1995;
Olson and Srivastava, 1996). Paired populations of cardiogenic precursor cells migrate
medially and coalesce along the ventral midline of the embryo to form a linear heart tube
(Rosenquist and Dehaan, 1966; Rugh. 1968: Kaufman and Navaratnam, 1981; Lawson
and Pederson, 1992). This simple contractile tubular structure then undergoes rightward
looping, a morphogenetic process critical for the proper alignment of inflow and outflow
tracts as well as the left-right positioning of the presumptive ventricles. Only after cardiac
looping is complete do the individual heart chambers (atria and ventricles) become
morphologically distinct. Progression from a looped heart to a four-chambered heart with
separate pulmonary and systemic circuits entails an impressive transformation including
chamber morphogenesis, septation. valvogenesis and specialization of the conduction

tissue (Olson and Srivastava, 1996; Srivastava and Olson, 2000).

A.Lii. Transcriptional Regulation of Cardiac Development.



Diverse families of spatially and temporally restricted cardiac enriched
transcription factors regulate cardiac morphogenesis (Lyons. 1996 Srivastava and Olson.
2000; Bruneau, 2002). GATA4 zinc finger transcription factors and Nkx2.5
homeodomain transcription factors, two of the earliest known markers of precardiac cells,
regulate various aspects of cardiac morphogenesis including heart tube formation, cardiac
looping, chamber differentiation, and septation (Lyons et al., 1995; Tanaka et al., 1999;
Heikinheimo et al., 1994; Lints et al., 1993; Crispino et al., 2001; Biben et al., 2000; Kuo
et al.. 1999; Molkentin et al., 1997). The molecular mechanisms underlying chamber
morphogenesis, chamber maturation, septation and conduction system formation are
regulated by several families of cardiac-enriched factors, including basic helix loop helix
factors (dHAND. eHAND). MADS-box factors (MEF2c). homeodomain-containing
factors (Irx4) and T-box factors (Srivastava and Olson, 2000). Many of these factors
converge along common pathways in cardiac development to co-regulate cardiac-specific
gene expression. Combinatorial interactions among cardiac-enriched transcription
factors have thus emerged as a central mechanism for controlling cardiac-specific gene

expression (Lee et al., 1998; Nemer and Nemer. 2001: Bruneau, 2002).

A.1.iii. Structural Organization of Cardiac Muscle Cells.

There are three functional classes of cardiac cells; the conducting cells, the
pacemaker cells and the myocardial or contractile cells. Collectively, these cells are
responsible for the circulatory and endocrine functions of the four-chambered
mammalian heart (Opie, 1991). The myocardial cells. which comprise the majority of the

heart mass, are responsible for filling the ventricles with blood and generating the



contractions necessary to constantly pump blood through the vascular system. A highly
ordered assembly of cyioskeletal elements defines the contractile unit of the myocyte,
referred to as the ‘sarcomere’. Each sarcomere is composed of overlapping thin actin
filaments, thick myosin filaments as well as several associated proteins (Katz, 2001). It
is this assembly of contractile myofilaments, shown schematically in Figure 1, which
confers the cross-striated appearance to cardiac and skeletal muscle cells. The entire
region of the sarcomere that is filled by thick myosin filaments defines the ‘A’
(anisotropic) band; whereas the ‘I’ (isotropic) band represents the region in adjacent
sarcomeres composed only of thin actin filaments. The ‘Z’ line marks the boundary
between adjacent sarcomeres where actin and titin filaments are attached. Regulatory
proteins, including tropomyosin and the calcium-binding protein troponin, mediate the
interactions between actin and myosin cross-bridges during muscle contraction (Katz,
2001).

Situated adjacent to the contractile elements are three distinct forms of
intracellular membrane structures. Localized between the myofibrils, the mitochondria
fulfill the high metabolic demands of the heart by generating energy in the form of
adenosine triphosphate (ATP). The cardiac mitochondria provide an additional role in
the modulation of cytosolic calcium ion levels, which facilitate muscle contraction (Bers,
2002). A highly convoluted system of internal tubular membranes, the sarcoplasmic
reticulum. forms a mesh-like lattice that surrounds the myofibrils and controls the
availability of intracellular calcium to the contractile machinery for activation of
contraction-relaxation cycles (Opie. 1991). Invaginations of the external membrane

system, the sarcolemmal (SL) give rise to tubular structures known as transverse (T)-



Figure 1. Organization of the Muscle Sarcomere

Overlapping thin actin filaments and thick myosin filaments define the sarcomere of
striated muscle. The *A” band represents the entire region of the sarcomere that is filled
by thick myosin filaments. Situated in the center of the *A’ band. the ‘M’ band consists of
myosin filaments that are not overlapped by actin filaments. The region in adjacent
sarcomeres composed only of thin actin filaments represents the ‘I°, whereas the ‘Z’ line
marks the boundary between adjacent sarcomeres where actin and titin filaments are

attached. Modified from Flucher (1992).






tubules. Localized at the T-tubule membrane system, ion channels regulate the influx of
calcium that is necessary to induce muscle contraction. A more detailed overview of the
structure and functions of the SR and T-tubules related to the regulation of muscle
contraction-relaxation are provided in section A.4 of this Chapter.

A characteristic feature of the heart is that a wave of electrical activation is
converted to an orderly spread of contraction (Bers. 2002). To achieve the synchronous,
rapid contractile properties of the heart, the myocytes are adjoined to neighbouring cells
through specialized regions of the plasma membrane known as intercalated discs.
Cardiac gap junction channels, a component of intercalated discs are comprised of a
complex organization of transmembrane connexin proteins. These proteins form
channels at the SL of adjoining cells to allow the passage of ions and second messengers
between cells, which are necessary for rapid propagation of action potentials from
myocyte to myocyte (Van Veen et al.. 2001).

The results of various studies using genetically modified mice have demonstrated
that cardiac performance is greatly affected by the profile of expression, distribution and
activity of the components present in cardiac membrane systems (as reviewed by
Dulhunty et al., 2002). Further identification and characterization of the membrane
components of cardiac muscle may thus advance our current level of understanding of

cardiac function in the normal and diseased state.

A.2. Skeletal Muscle.
Skeletal muscle represents approximately forty percent of the six hundred and

thirty muscles of the human body. This form of striated muscle is responsible for all



voluntary movement and respiration. Outlined in the following section are the
morphogenetic and differentiation processes that are unique to skeletal muscle as well as

the organization of skeletal muscle fibers.

A.2.i. Skeletal Muscle Morphogenesis and Differentiation.

Skeletal myogenesis is a highly regulated developmental process, whose hallmark
features include the permanent withdrawal of determined muscle precursor cells from the
cell cycle, the fusion of myoblasts to form elongated multinucleated myotubes and the
synthesis of muscle specific proteins (Wakelam, 1985; Andres and Walsh, 1996; Walsh
and Perlman. 1997). In vertebrates. skeletal body muscle is primarily derived from
paraxial mesodermal tissue on either side of the notochord and neural tube, which
condenses to form segmentally arranged. somites (Buckingham, 2001). In response to
local embryonic signals, muscle progenitor cells in somites undergo differentiation and
mature to form the axial musculature and the muscles of the body wall and limbs
(Blagden and Hughes, 1999; Buscher and Izpisua Belmonte, 1999).

In somites, the decision to proliferate or differentiate is coordinated by the
balance of positive and negative cell cycle regulators (Walsh and Perlman, 1997). A
complex network of muscle determination factors controls the differentiation of
myogenic precursor cells to committed myoblasts. The MyoD family of basic helix loop
helix (bHLH) transcription factors; whose members include MyoD, Myf5, myogenin and
MRF4/Myf6/herculin is regarded as the master regulatory family coordinating the
determination and differentiation of skeletal muscle precursor cells (Lassar et al., 1989

and 1994; Sabourin and Rudnicki, 2000). Functional inactivation of the MyoD family in



animal and cell culture models provided valuable insights regarding the regulatory role(s)
of each family member in myogenesis; and have contributed to the understanding that the
coordinate activation of MyoD and Myf5 is necessary for the commitment of
proliferating somatic cells to the myogenic lineage (Davis et al., 1987; Rudnicki et al.,
1993; Braun and Arnold, 1996). Furthermore. myogenin expression is essential for the
fusion of myoblasts into mature myotubes (Edmondson and Olson, 1989, Wright et al.,
1989; Hasty et al., 1993; Nebeshima et al., 1993; Rawis et al., 1998; Valdez et al., 2000},
whereas MRF4/Myf6/herculin is a critical factor for the maintenance of the terminally
differentiated state in fetal and adult skeletal muscles (Rhodes and Konieczny, 1989;
Braun et al., 1990; Miner and Wold, 1990). The transcriptional activation of muscle-
specific genes is mediated by the binding of myogenic bHLH proteins complexed with E-
proteins (another class of the bHLH family) to consensus nucleotide sites referred to as
E-boxes present in promoter regions (Lassar et al., 1994). The idenﬁﬁcation of the
downstream target genes that are regulated by skeletal muscle-specific transcription
factors is an active field of investigation; as such knowledge further contributes to our

framework of understanding of skeletal muscle development and physiology.

A.2.ii. Organization of skeletal muscle.

a. Myoblast fusion.

An important process in skeletal muscle development, that does not occur during
cardiac development, is the fusion of differentiating myoblasts to form multinucleated,
elongated myotubes. Myoblasts have a well-organized cytoskeletal and membrane

framework, whereby associations among cytoskeletal proteins and membrane
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Figure 2. Myeoblast fusion.

The schematic depicts the process of myoblast fusion, as previously described in
Drosophila melangaster embryos. Precursor and myoblast cells must first recognize and
adhere to fusion competent cells. Vesicles align at the apposed surface membranes to
generate ‘prefusion complexes’. A short-lived electron dense material that forms
membrane ‘plaques’ then replaces these transient vesicles. Fusion competent cells align
and plasma membrane breakdown is initiated in regions where the membranes of
adjacent cells are tightly apposed, thus establishing cytoplasmic continuity and ultimately

generating multinucleated myotubes. Modified from Doberstein et al. (1997).
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components regulate cell shape. interactions with neighbouring cells as well as
interactions with components of the extracellular matrix (ECM) (Luna and Hitt, 1992).
During the fusion process, these interactions are subjected to massive re-organization
(Lassar et al.. 1994; Buckingham et al.. 1994; Bamoy et al.. 1998). Morphologically, the
fusion process is initiated at 13 days post coitum (d.p.c) in mouse embryos (Furst et al,
1989) and may be defined by a series of events including; (i) cell-cell alignment of
fusion-competent cells; (ii) the generation of tightly apposed plasma membranes between
neighbouring cells; (iii) the breakdown of apposed membranes; and (iv) the establishment
of cytoplasmic continuity between aligned cells (Abmayr et al.. 2003; Taylor, 2000 and
2002). Recent studies using Drosophila embryo models have provided a more
comprehensive overview of key intermediate events leading to the generation of
multinucleated myotubes and are depicted schematically in Figure 2 (Doberstein et al,
1997; Paululat et al., 1999; Dworak and Fink, 2002). At the level of the electron
microscope, membrane vesicles have been seen to align along apposed membranes to
generate prefusion complexes resembling electron-dense zipper-like plaque structures
(Doberstein et al., 1997; Paululat et al., 1999). These vesicles are thought to form gap
junction-like structures that precede the breakdown of the plasma membrane. While
cytoplasmic vesicles resembling the prefusion complexes in flies have been identified in
vertebrates, the molecular composition of these vesicles is not well understood (Engel et
al., 1986; Robertson et al., 1990).

Several classes of molecules have been described to play essential roles in this
morphological process. Galliano et al. (2000) have corroborated the significance of

plasma membrane-cytoskeletal interactions in the fusion process by examining those
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protein associations mediated by transmembrane metalloproteases. During myogenic
differentiation in cultured cells, the cytoplasmic tail of ADAMI12 ("a disintegrin and
metalloprotease™) specifically binds to muscle-specific a-actinin-2, an actin-binding and
actin—crosslinking protein. This interaction is thought to be essential for myoblast fusion,
as overexpression of the entire cytosolic ADAMI?2 tail containing the major a-actinin-2
binding site severely inhibited fusion in an in vifro model. The observed fusion defect
was attributed to the physical disruption of the ADAM12-a-actinin interaction (Galliano
et al., 2000). Other studies have shown that membrane associations with the microtubule
network are critical for the alignment of pre-fusion myoblasts (Holtzer et al., 1985;
Gunderson et al., 1989). Surface molecules belonging to a family of transmembrane
calcium-dependent intercellular adhesion proteins have been implicated in formation of
fusion-competent myoblasts, due in part to their associations with microtubules and
cytoplasmic catenin proteins (Zeschnigk et al.. 1995; Kaufmann et al., 1999 Kuch et al.,
1997). Functional inhibition of the M-cadherin in myogenic cells by antagonistic
peptides and antisense RNA inhibited the fusion process in cultured myoblasts
(Zeschnigk et al., 1995) and it was postulated that cytoplasmic M-cadherin-catenin
complexes linked to the microtubules are critical for the alignment of myoblasts during
fusion. It remains unclear, however whether cadherin-dependent microtubule-associated
factors (cdMAF) mediate the M-cadherin-catenin complex interaction with microtubules
(Kaufmann et al.. 1999). Continued research in the field of myoblast fusion may provide
significant contributions to the understanding of muscle development and regeneration

(Horsley et al. 2003; Charge and Rudnicki. 2003).



b. Myofibril development.

The sarcomeric assembly of contractile myofilaments in skeletal muscle cells is
not unlike that of cardiac cells (Figure 1). Sarcomeric development requires the proper
formation and assembly of the contractile myofilaments, the transformation of the
vesicular SR into a tubular SR and the docking of T-tubule components at the sarcomeric
Z-lines or the A-I junction (Fischman, 1970; Flucher, 1992; Crowe and Baskin, 1977,
Peachey and Franzini-Armstrong, 1983). A morphological feature of mature striated
muscle that is critical for mediating cycles of muscle contraction-relaxation is that a
lattice-like distribution of specialized membrane systems (SR, T-tubules) surrounds the
myofibrils (Porter and Palade, 1957, Peachey and Franzini-Armstrong, 1983; Franzini-
Armstrong, 1994; Franzini-Armstrong and Jorgensen, 1994). In developing skeletal
muscle, the faithful assembly of the contractile components relative to membrane
structures is co-incident with the myotube to myofiber transition (16-17 d.p.c. in mouse)
(Takekura et al.. 2001). A key aspect of muscle physiology is the regulated assembly of
protein complexes that link the myofibrils, cytoskeleton, membrane systems and the
extracellular matrix (Franzini-Armstrong, 1994; Bagnato et al., 2003). For instance, the
dystrophin complex and associated molecules constitute a structural scaffold that permits
interactions among the myofibrils, the cytoskeleton. the plasma membrane and the
extracellular matrix (Blake et al., 2002). The identity of the molecular components
responsible for maintaining stable associations between membrane systems (SR, T-

tubules) and the myofibrils are not well characterized.
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A.3. Specialized Membranes Systems in Muscle.

Cardiac and skeletal muscles contain specialized membrane systems that play a
central role in the contraction-relaxation process. These membrane systems consist of the
SR and T-tubules, which are distributed as a convoluted network around and between the
myofibrils (Opie, 1991; Flucher, 1992 and Flucher et al., 1993). An overview of their
organization, function as well as the profile of proteins residing at these membranes

systems is described.

A.3.i. The Sarcoplasmic Reticulum.

The sarcoplasmic reticulum (SR), a specialization of the endoplasmic reticulum,
comprises an internal network of smooth surfaced endomembranes controlling the
storage of calcium, the release of calcium to the cytoplasm and the re-uptake of calcium
from the cytoplasm (Martonosi, 2000). To achieve these distinct roles, the SR is
subdivided into two continuous membrane compartments: the ‘longitudinal’ SR and the
“terminal cisternae’ (junctional) SR (Lompre et al., 1994). A primary function of the
‘longitudinal’ SR that surrounds the myofibrils involves the re-uptake of cytosolic
calcium ions. This role is reflected by an enrichment of ATP-dependent Ca’" pumps in
the longitudinal SR membranes (Brandl et al.. 1986; Zarain-Herzberg et al., 1990; Lytton
et al.. 1989 and 1992). SERCA (sarco-endoplasmic reticulum Ca™ATPases) genes
encode a family of highly homologous ATP-dependent calcium pumps expressed in fast
twitch skeletal muscle (SERCAla, 1b; Brandl et al, 1986), cardiac and slow twitch
skeletal muscle (SERCAZ2a; Zarain-Herzberg et al.. 1990). smooth muscle (SERCA2b;

Lytton et al.. 1989) as well as in nonmuscle tissue (SERCA3; Lytton et al., 1992). The
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activity of this family of Ca™ATPases is essential for the rapid removal of cytosolic
calcium necessary for muscle relaxation (Tada et al, 1978; Lytton et al., 1992).

The main functions of the ‘terminal cisternae’ or “junctional’ SR involve the
release and storage of calcium ions. Encoded by three distinct genes, tissue-specific
ryanodine receptors constitute the primary ligand-gated calcium release channels residing
in the terminal cisternae of cardiac (RyR2) and skeletal (RyR!, RyR3) muscle
(Takeshima et al.. 1989; Marks et al.. 1989: Zorzato et al.. 1990; Otsu et al., 1990;
Hakamata et al., 1992; Giannini et al., 1992; Marziali et al., 1996; Tarroni et al., 1997).
A homotetrameric assembly of RyR molecules creates a channel spanning the junction
between the SR and the proximal T-tubules (Fleisher and Inui. 1989; Franzini-Armstrong
and Jorgensen, 1994). Carboxyl-terminal transmembrane segments anchor the RyR
molecules at the SR membrane, whereas the remaining cytoplasmic portion of the
homotetramer creates a characteristic “foot” structure {(Takeshima et al., 1989). A pivotal
step in the molecular mechanism of muscle contraction is the activation of the RyR.
which subsequently triggers the release of calcium from the SR in skeletal and cardiac
muscle. The RyR also serves as a scaffold for the assembly of regulatory proteins and
other components participating in the modulation of calcium buffering and calcium
release at the junctional SR in striated muscle (Zhang et al., 1997; Guo and Campbell,
1995; Guo et al.. 1996; Marx et al., 2000 and 2001; Fruen et al., 2000; Bers, 2002).
Calsequestrin, a moderate affinity. high capacity calcium binding protein residing in the
lumen of the junctional SR is functionally linked to RyR (Ikemoto et al., 1991; Zhang et
al, 1997). Dissociation of calcium ions from calsequestrin is induced upon activation of

RyR. thus increasing the levels of free calcium 1ons for release from the SR (Ikemoto et
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al.. 1991). Integral membrane proteins, triadin and junctin provide the necessary
stabilization of the RyR-calsequestrin complex (Guo and Campbell, 1995; Zhang et al.,
1997). The terminal cisternae SR is further subdivided into the ‘corbular’ SR, which is
also enriched in RyR and calsequestrin; however unlike the junctional SR this
subcompartment of the SR does not reside in juxtaposition with the surface membranes
(PM or T-tubules) (Jorgensen et al., 1988).

The appearance and distribution of the SR and myofibril components in mouse
embryogenesis have been reported by several studies and described in the development of
skeletal (ie. diaphragm) muscle (Takekura et al., 2001; Flucher, 1992 and Flucher et al.,
1993). Early in development, the SR arises from the smooth-surfaced endoplasmic
reticulum (ER) and displays a reticular distribution pattern relative to the myofibril
components (Flucher et al., 1993). The nonjunctional SR membranes contact components
of the Z-line early in myofibril development; whereas later in mouse development (17
d.p.c.) SR networks are observed as a banding pattern flanking the Z-line at the level of
the I-band (Walker et al., 1968; Flucher et al.. 1993). At 16-17 d.p.c., a periodic
arrangement of RyR-positive clusters are evident by immunofluorescent labeling and
electron microscopy along the A-I border flanking the Z-line of the sarcomere {Takekura
et al. 2001). In contrast, the Ca”ATPase is typically distributed at cross-striated
structures representing the longitudinal SR (Flucher, 1992). In cardiac tissue, the SR
matures near birth and is detected as a sparse membrane network in the fetal heart.
Consistent with these observations, the rate and level of Ca™ uptake are significantly
lower in the fetal SR relative to the neonatal and adult SR (Hoerter et al, 1981, Mahony

and Jones, 1986).
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A.3.ii. The Transverse (T)-Tubules.

Specialized invaginations of the surface membrane play a central role in the
mechanism of excitation-contraction coupling in striated muscle. The EC-coupling
mechanism is described in greater detail in the proceeding section. Invaginations of the
sarcolemma and glycocalyx comprise the transverse tubule (T-tubules) system in both
cardiac and skeletal muscle tissue. Whereas atrial cardiomyocytes, Purkinje cells and
embryonic and neonatal ventricular myocytes do not have T-tubules, this membrane
system is present in adult ventricular cells as well as in developing and adult skeletal
muscle (Brette and Orchard, 2003). In adult cardiac ventricular cells, the T-tubules reside
at the level of the Z-line, occurring at regular intervals (2 pm) along the longitudinal axis
and have also been detected as longitudinal extensions (Sommer and Jennings, 1992,
Brette and Orchard, 2003). The genesis of the T-tubule system has been closely
examined in developing skeletal muscle and is characterized by a continuum of
morphological changes that are completed only several weeks after birth in mammals
(Edge. 1970; Flucher, 1992; Franzini-Armstrong, 1991). Immature T-tubules arise
following the formation of SR elements in developing mouse embryos and first appear as
longitudinally-arranged tubular invaginations or punctate structures occupying the spaces
between myofibrils in skeletal muscle (Flucher, 1992; Flucher et al., 1993; Takekura et
al. 2001). Couplings between the SR and T-tubules are initiated at 15 to 16 d.p.c. in mice,
co-incident with appearance of spontaneous twitching in skeletal muscle (Takekura et al.,
2001). A dramatic increase in the abundance and density of membrane invaginations
occurs between 16 to 18 d.p.c. (Takekura et al., 2001), during which time the spatial

overlap of immature T-tubules and the SR appear as longitudinally-orientated tubules
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(Flucher et al., 1993). The transition from an immature longitudinal orientation to the
mature transverse arrangement occurs gradually and is completed approximately three
weeks after birth in the méuse, coinciding with increased ambulatory activity of the
mouse {(Edge, 1970; Franzini-Armstrong, 1991). In mature skeletal muscle, the T-tubule
system acquires a final distribution at the A-I junction of the sarcomere (Martonosi,
2000).

A key component of T-tubule system in cardiac and skeletal muscle is the
dihydropyridine (DHP) receptor, known otherwise as the voltage-activated L-type Ca™
channel. Consisting of five distinct subunits {al. a2, B, 8, y) (Catarall. 1991a, 1991b and
1995), the DHP receptor shares structural similarities with the voltage-sensitive sodium
(Na") channels and potassium (K") channels (Noda et al., 1986; Catterall, 1994). The al
subunit of the DHP receptor serves as the calcium ion channel and also senses the voltage
change caused by depolarization of the surface membrane (Dulhunty et al., 2002). The
functional and structural couplings with the RyR are critical for DHP receptor activity in
muscle contraction (further described in the proceeding section). The distribution and
assembly of DHP receptors in striated muscle have been examined by
immunolocalization studies and electron microscopy. Such studies have revealed
significant differences in the arrangement of DHP receptors in cardiac and skeletal
muscle (Sun et al., 1995; Bers and Stiffel, 1993; Franzini-Armstrong, 1999). In cardiac
muscle. DHP receptors at the T-tubules form complexes with the SR terminal cisternae
known as ‘dyad’ junctions. These structures demarcate a single sarcoplasmic reticulum
cisternae flanking a T-tubule. In contrast, the SR-T-tubule couplings in skeletal muscle

form a ‘triad’ structure, consisting of two sarcoplasmic reticulum cisternae facing a
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central T-tubule (Porter and Palade, 1957; Franzini-Armstrong, 1999). Tetrad groups of
DHP receptors appose the foot structure formed by tetramers of RyRs in skeletal muscle
(Takekura et al., 1994a and 1994b; Franzini-Armstrong and Jorgensen, 1994). In
contrast, cardiac DHP receptors do not form tetrads (Sun et al., 1995) and the ratio of
RyR to DHP receptors is significantly higher in cardiac muscle (4-10) compared to

skeletal muscle (0.5) (Bers and Stiffel, 1993).

A.4. The Excitation-Contraction Coupling Mechanism.

A change in the electric field across the muscle membrane generates a
depolarization signal, which propagates along the length of the myofiber. To activate
muscle contraction, the membrane depolarization signal elicits an elevation in the levels
of cytoplasmic calcium ions. While many key components of the EC-coupling process
are present in the two forms of striated muscle. several fundamental differences exist in
cardiac and skeletal muscle. In cardiac muscle, the EC coupling mechanism has been
described as a ‘calcium-induced calcium release’ process (Figure 3). In this respect, the
DHP receptor functions as the primary pathway for calcium entry into the cell (Bers,
2002; Dulhunty, 2002). The cardiac DHP receptor and the RyR (RyR2) are not directly
linked by protein-protein interactions; rather the plasma membrane depolarization signal
causes a conformational change in the DHP receptor that allows an influx of extracellular
calcium through the calcium channel. This rise in cytoplasmic calcium levels then
triggers the activation of the cardiac RyR (RyR2). leading to calcium release from SR
stores info the myofibrillar spaces (Endo et al.. 1970; Bers, 2002; Brette and Orchard,

2003). It is this further release of calcium from the SR that constitutes the primary source
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of calcium ions for muscle contraction (Wier and Balke. 1999; Brette and Orchard,
2003). In skeletal muscle, the DHP receptor functions as a voltage-gated calcium
channel, whereby charge-dependent conformational changes in the DHP receptor
promotes the direct physical coupling of the DHP receptor with the RyR (Block et al.,
1988; Lu et al, 1994; Leong and MacLennan, 1998a and 1998b; Bers, 2002). This
physical association is significant as it results in the activation of the RyR, thus
permitting calcium release from the internal SR stores.

The proper expression and activity of the molecular components that regulate EC
coupling in both cardiac and skeletal muscle are vital for survival, and mutations in the
proteins involved in calcium handling cause serious conditions such as malignant
hypothermia, central core disease and cardiac arrhythmias (Dulhunty et al, 2002).
Proper assembly and activity of the DHP receptor and the RyR, for instance are essential
criterions for the rapid propagation of the depolarization signal and calcium signaling in
both cardiac and skeletal muscle (Adams et al.. 1990; Takekura et al., 1994a; Tanabe et

al, 1988 and 1990).



Figure 3. Excitation-Contraction Coupling in Cardiac Muscle.

Membrane depolarization activates the T-tubule localized L-type calcium channels,
known also as the dihydropyridine (DHP) receptors. Activation of these ion channels
serves as the primary route for the calcium influx into the cardiomyocyte. This influx of
calcium ions in turn activates the calcium release channels (RyR) localized at the
junctional SR, which induces calcium release from the SR. Elevated levels of cytosolic
calcium promote the binding of calcium ions to troponin C, which subsequently activates
the contractile machinery. Removal of calcium ions, necessary for muscle relaxation, is
achieved by various mechanisms including; (i) SR Ca™ATPase activity; (i) SL
Na'/Ca**-exchanger activity; (iii) SL Ca"ATPase activity; or (iv) mitochondrial Ca*™
uniport. Auxillary membrane proteins, such as junctophilins are thought to stabilize
junctional membrane complexes. SL, sarcolemmae; SR, sarcoplasmic reticulum; JSR,
junctional SR; LSR, longitudinal SR; AP, action potenial; TT, T-tubules; JP,
junctophilin; SERCA, sarco(endo)plasmic reticulum Ca™ ATPase; NCX, sodium-
calcium exchanger; RyR, ryanodine receptors; DHPR, dihydropyridine receptors.

Modified from Bers (2002).
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A.5.  Junctional Membrane Complexes.

Junctional membrane complexes create close membrane associations, thus
facilitating crosstalk between ion channels localized at distinct membrane systems
(Pozzan et al.. 1994; Berridge 1998). The identities of the molecular components that
couple the SR with the T-tubule system in striated muscle are unclear. Auxiliary
molecules are thought to mediate such couplings since, in the absence of either DHP
receptor or the RyR in mice, the formation of triad junctions are preserved in mutant
skeletal muscle (Franzini-Armstrong, 1991; Ikemoto et al., 1997). Further support for the
existence of additional junctional membrane complexes was provided by studies
demonstrating that membrane depolarization does not elicit calcium release in a
nonmuscle cell line transfected with DHPR and RyR, nor does the expression of these ion
channels promote ER-PM associations (Takekura et al., 1995; Suda et al., 1997). Taken
together these observations support the existence of additional junctional membrane-
associated proteins; thus further identification of junctional components that would
advance our understanding of EC coupling continues to be an active area of investigation.

A newly identified tail-anchored membrane protein designated junctophilin (JP),
may provide stabilization of junctional membranes by associating with the terminal
cisternae SR membrane and the T-tubule membrane system (Takeshima et al., 2000; Ito
et al., 2001, Komazaki et al., 2002 and 2003). Three isoforms enceded by distinct JP
genes include the skeletal muscle-specific JP-1. JP-2 expressed in skeletal, cardiac and
smooth muscle and the brain-specific JP-3 isoform (Takeshima et al., 2000). A carboxyl-
terminal transmembrane domain anchors JP within the junctional face of the SR

membrane, whereas amino-terminal sequences direct interactions with sarcolemmal



phospholipids (Takeshima et al., 2000). Involvement of JP-1 and JP-2 in the formation
of junctional membrane complexes in striated muscle was examined by deletion analysis
in mice (Takeshima et al., 2000; Ito et al., 2001; Komazaki et al., 2002). Mutant mouse
embryos lacking JP-2 died early in development (10.5 d.p.c.) due to cardiac arrest
(Takeshima et al., 2000). A deficiency in periphery-couplings was observed by electron
microscopic analysis of cardiac myocytes from 9.5 d.p.c. JP-2" embryos (Takeshima et
al.. 2000). Furthermore, JP-1 deficiency resulted in death shortly after birth, and
consistent with its role in membrane junction formation. ultrastructural analysis of P
mutant skeletal muscle revealed extremely sparse triad formation (Ito et al., 2001;
Komazaki et al., 2002). Taken together, these observations support a role for
junctophilin in stabilizing SR-T-tubule associations. It remains to be determined whether
junctophilin mediates this stabilization by complex formation with other uncharacterized

membrane proteins.

B. Sarcolemmal Membrane Associated Proteins (SLMAPs).

To identify novel components of cardiac membrane systems that may advance our
understanding of the molecular components of E-C coupling, antibodies to highly
purified canine sarcolemma were used to screen a rabbit heart cDNA library (Wigle et al.,
1997). These studies, conducted in Dr. Tuana’s lab, resulted in the identification of a
cDNA encoding a novel family of sarcolemmal-membrane associated proteins
(SLMAPs). Three distinct transcripts were subsequently identified, including a 5.9 kb
transcript, a 4.5 kb transcript and a 3.5 kb transcript. Fluorescence in situ hybridizations

confirmed that a single gene located on the short arm of human chromosome 3 (3p14.3-
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21.2) encodes all three transcripts. The rapid amplification of ¢DNA ends (RACE)
further indicated that the three transcripts share common carboxyl terminal sequences and

have divergent amino-terminal sequences. as depicted in Figure 4.

B.1. Structural Features of SLMAPs: Unique Members of the Tail-Anchored
Membrane Protein Superfamily.

Eludication of the amino acid composition of SLMAP revealed that SLMAPs
possess several interesting structural features (Wigle et al., 1997). A central alpha-helical
coiled-coil domain, two leucine zipper motifs and a carboxyl-terminal transmembrane
domain constitute the primary structural features of SLMAPs. The topological properties
of SLMAPs indicate that these molecules belong to the superfamily of tail-anchored (TA)
membrane proteins that include various proteins serving diverse cellular functions such
as vesicle targeting and fusion (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor: SNARES); electron transfer (cytochrome P450); apoptosis (Bax) and
excitation-contraction coupling (junctophilin) (Kutay et al.. 1993; Wattenberg and

Lithgow. 2001; Ito et al, 2001).

B.1.i. Alpha Helical Coiled-Coil Structure.
Analysis of SLMAP secondary structure revealed that SLMAP isoforms have a
propensity to form alpha-helical coiled-coil structure along the length of the molecule

(Figure 4). The coiled-coil motif is a common structural feature, which confers protein



Figure 4. Structural Features of SLMAPs.

(A) Three distinct mRNA species (3.5 kb, 4.5 kb, 5.9 kb) encode SLMAP1, SLMAP2
and SLMAP3, respectively. Whereas SLMAP3 is widely expressed, SLMAP1 and
SLMAP?2 are muscle-specific variants. Previous in vitro transcription-translation
experiments have confirmed that SLMAP3 may be generated by the utilization of
two in-frame initiating methionines (M1 and M2), separated by 133 amino acids.
These translation start sites are predicted to encode proteins of 91 kDa and 80 kDa,
respectively. SLMAP2 and SLMAP! are predicted to encode proteins of 47 kDa and
35 kDa, respectively. A PEST motif, which generally confers susceptibility to
proteolysis, exists in ’SLMAP3 and SLMAP2 sequences. The common carboxyl
sequences present in SLMAPs contain two leucine zipper motifs (LZ) and a

transmembrane (TM) domain.

(B) SLMAPs are predicted to form coiled-coils throughout the length of the molecule, as

predicted by the COILS program using a window of 28 amino acids (Lupas, 1996).

(C) An extreme carboxyl-terminal hydrophobic domain mediates the insertion of SLMAP
into membrane systems. The bulk of the molecule is exposed to the cytoplasm,
where it may form associations with cytoplasmic or cytoskeletal components via the

extensive coiled-coil structure.
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stability by directing subunit oligomerization. Proteins that withstand considerable
cellular stress such as motor proteins (myosin), extracellular proteins (laminin) and
cytoskeletal components (a-keratin) harbor coiled-coil motifs (Burkhard et al., 2001).
Intermolecular coiled-coil motifs are thought to mediate the assembly of integral
membrane components involved in exocytotic membrane fusion events (Chapman et al.,
1994; Canaves and Montal, 1998). In this respect, coiled-coil forming domains present in
the plasmalemmal t-SNARE proteins., SNAP-25 and syntaxin as well as the synaptic
vesicle-membrane associated protein, synaptobrevin direct complex formation that is
required to merge the opposing vesicles with the plasma membrane (Chapman et al.,
1994; Canaves and Montal, 1998; Freedman et al., 2003; Sutton et al., 1998). Coiled-coil
structure has also emerged as a common structural feature predicted in the components of
various organelles, including core regulatory and structural components of the
centrosome. At the level of the centrosome, coiled-coil motifs are speculated to serve as
structural scaffolds for the assembly of specific complexes required for proper cell cycle-
cycle mediated activities (Doxsey et al., 1994; Fry et al.. 1998b and 1999; Boukson-
Castaing et al.. 1996; Takahashi et al.. 1999 and 2002; Li et al., 2001; Chevrier et al.,
2002).

The predicted structure of the coiled-coil consists of two to five amphipathic o-
helices wrapped around each other (Burkhard et al. 2001). Coiled-coils represent either
parallel right-handed helices with an eleven residue periodicity (undecad repeat) or
parallel left-handed helices with a seven residue periodicity (heptad repeat) (Burkhard et
al., 2001). The residues of the heptad repeat are designated as amino acid residues

‘abcdefg’ such that residues at *a’ (first residue) and *d’ (fourth residue) positions are
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hydrophobic whereas, "e” and *g’ position residues are predominantly polar (Poirier et al.,

1998).

B.1.ii. Leucine Zipper Motifs.

Characterization of SLMAP sequences by Wigle et al. (1997) resulted in the
identification of two leucine zipper motifs within the common carboxy! core of SLMAPs
(Figure 4). These motifs represent an 11-heptad coiled-~coil structure and are thought to
provide a scaffold for the assembly of other unidentified proteins. Alternatively, these
regions of the molecules may direct SLMAP-SLMAP interactions, as has been described
for the function of leucine zippers in other proteins (Fry et al., 1999; Nomura et al.,
1993). The structure of the leucine zipper motif consists of an amphipathic a-helix with
hydrophobic residues along one face of the helix. Hydrophobic leucine residues reside at
the innermost overlapping point of the coils at every seventh position (Landshulz et al.,
1988). This arrangement creates a straight line of leucine residues that are capable of
associating with other coiled-coil helices in a parallel orientation.

Protein oligomerization represents a fundamental mechanism for modulating
activity and for targeting complexes to specific destinations within the cell. Leucine
zippers, specialized forms of coiled-coil structure mediate the homo- and hetero-
dimerization of various classes of proteins representing nuclear transcription factors,
cytoskeletal proteins, kinases and integral membrane ion channels (Marx et al, 2001 and
2002; Huime et al, 2002; Fry et al.,, 1999). The leucine zipper motifs present in the ion
channels controlling calcium signaling in striated muscle, direct the assembly of

macromolecular signaling complexes onto the channel (Marx et al., 2002; Marx et al.,
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2001; Hulme et al., 2002). Leucine heptad repeats within the carboxyl-terminus of the
skeletal muscle L-type calcium channel (Cav1.1) directly bind the leucine zipper motifs
present in the A-kinase anchoring protein, thus creating a structural template for the
association of regulatory proteins (Marx et al.. 2001; Hulme et al., 2002). Such protein-
protein interactions exert significant effects on muscle physiology as the associated
signaling molecules (kinases, phosphatases) modulate channel activity (Marx et al., 2001;
Hulme et al., 2002). In a similar respect, the leucine zipper motifs in the cardiac calcium
release channel (RyR). direct the formation of macromolecular signaling complexes
through associations with the leucine zipper motif of adaptor proteins (Marx et al., 2001).
The fundamental role of leucine zippers as protein-protein interaction modules is
supported by their prevalence in components localized to various organelles, including
centrosomes or the microtubule organizing center (MTOC) of the cell (Bouckson-
Castaing et al., 1996; Wittmann et al., 1998; Fry et al.. 1999; Hong et al., 2000). In this
respect, a mammalian centrosomal serine-threonine kinase, Nek2 kinase requires leucine-
zipper mediated homodimer formation for its activity on centrosomal substrates.
Phosphorylation of a centrosomal Nek2-associated protein (C-Napl) by Nek2 kinase
homodimers results in the dissociation of C-Nap from mitotic centrosomes (Fry et al.,
1998a, 1998b and 1999; Mayor et al., 2002). Dissociation of C-Nap from the centrosome
results in loss of cohesion between duplicated centrosomes, which represents a necessary
event for subsequent mitotic phase progression (Fry et al., 1995 and 1998b; Mayor et al.,
2002). The interactions mediated by leucine zipper motifs in SLMAPs as well as the

functional significance of these interactions. remains to be defined.



B. L.iii. Carboxyl-Terminal Transmembrane Domain.

An important aspect in cell biology concerns the molecular mechanisms that
direct the targeting of newly synthesized proteins, such as SLMAPs to their proper
subcellular localizations. Based on immunolocalization studies, SLMAPs were shown to
form associations with membrane structures in cardiac cells as well as in cultured cells,
and as such are speculated to serve a role in membrane processes (Wigle et al., 1997,
Wielowieyski et al., 2000). Genomic sequence analysis combined with RT-PCR studies
revealed that SLMAPs possess two mutually exclusive transmembrane domains (TMD;
TMD1 and TMD?2) at the extreme carboxy! terminus, consistent with the topology of tail-
anchored membrane proteins (Wielowieyski et al., 2000) (Figure 4). Detergent-extraction
studies have further confirmed that SLMAPs are integral membrane proteins, with the
bulk of the polypeptide oriented within the cytosol (Wigle et al., 1997). The
transmembrane domains identified in SLMAPs are encoded by alternative exon X (TM1)
and exon XI (TM2) of the SLMAP1 genomic sequence (Figure 5) (Wielowieyski et al.,
2000). Splicing of the alternative exon encoding TM1 introduces an in frame stop codon
which renders the second transmembrane domain (TM2) nonfunctional. SLMAP
variants are therefore predicted to express a single transmembrane domain, either TM1 or
T™2.

Several distinct mechanisms have been defined for protein insertion into
membrane systems. The signal recognition particle (SRP)-dependent pathway is perhaps
the best-characterized mechanism that mediates the co-translational insertion of proteins
into phospholipid bilayers. As the polypeptide is released from the ribosome, a

hydrophobic signal sequence encoded near the amino terminus of the polypeptide is



exposed and is recognized by a soluble signal recognition particle (SRP) (Walter and
Johnson, 1994; Meacock et al., 2000). The SRP cognate receptor, localized at the
membrane of the endoplasmic reticulum, specifically binds to the ribosome-nascent
chain-SRP complex. Protein integration into the membrane is then directed by an ER
membrane localized translocon (Sec61) (Meacock et al., 2000; Johnson and van Waes,
1999:; Matlack et al., 1998).

SRP-independent post-translational mechanisms are used for the membrane
insertion of a distinct class of proteins designated ‘tail-anchored membrane proteins’.
Integral membrane proteins belonging to this class of proteins reside in distinct organelles
including the endoplasmic reticulum, mitochondria and peroxisomes (Wattenberg and
Lithgow, 2001). The topology of tail anchored membrane proteins is defined by a stretch
of hydrophobic residues at the extreme carboxyl-terminus that inserts into the
phospholipid bilayer while the remainder of the molecule resides in the cytosol
(Wattenberg and Lithgow, 2001). During protein synthesis, the nascent polypeptide folds
éo—translationally within the cytoplasm and upon its release from the ribosome, the
hydrophobic tail associates with molecular chaperones (Wattenberg and Lithgow, 2001).
Translocation across the target phospholipid bilayer is accomplished via a translocon-
independent process described by Kutay et al. (1995).

Residues immediately adjacent to the transmembrane domain in tail-anchored
membrane proteins confer membrane-selective sorting (Kuroda et al., 1998; Wattenberg
and Lithgow. 2001). Studies by Borgese et al. (2001) have supported this concept by
demonstrating that charged residues at the extreme carboxyl-terminus dictate targeting of

the mammalian tail-anchored cytochrome b5 to either the mitochondrial outer membrane



or the endoplasmic reticulum. In addition to the presence of positively charged residues
adjacent to the transmembrane domain segment. the length of the transmembrane domain
also constitutes an important determinant for compartment-specific targeting of tail-
anchored membrane proteins. Whereas a twenty-one amino acid hydrophobic anchor
targets VAMP-1A splice isoform to the endoplasmic reticulum; a seventeen amino acid
hydrophobic segments inserts VAMP-1B splice isoform to the mitochondria (Isenmann,
et al.. 1998). It is apparent from SLMAP structure that SLMAPs likely belong to this
class of membrane proteins (Figure 4). The functional significance of the two TMDs
present in SLMAP is not well understood. Whether alternate splicing of the SLMAP gene
represents a mechanism for differential targeting of the polypeptide to distinct membrane

systems remains to be determined (Wielowieyski et al., 2000).

B.2. Tissue Specific SLMAP Expression.

The three SLMAP isoforms are expressed in a tissue specific manner and likely
confer functions related to the development and molecular physiology of specific tissues
and organ systems. Broad tissue expression was shown for the SLMAP3 (5.9 kb)
transcript as this mRNA was detected in cardiac tissue, fast and slow twitch skeletal
muscle. smooth muscle, liver, pancreas. kidney, spleen and brain (Wigle et al., 1997). In
contrast, the SLMAP1 (3.5 kb) transcript and the SLMAP2 (4.5 kb) transcript exhibited
muscle-specific expression and were exclusively expressed in cardiac tissue (atria,
ventricles), slow twitch skeletal muscle and smooth muscie tissue isolated from aorta,
uterus, esophagus and stomach (Wigle et al.. 1997). In view of the tissue-specific nature

of SLMAP isoform expression, several mechanisms are postulated to give rise to SLMAP



isoform heterogeneity including altemative splicing and differential promoter usage.
Although the molecular mechanism responsible for generating tissue-specific SLMAP
expression remains to be resolved, the abundance of SLMAP transcripts in muscle
prompted us to speculate that SLMAPs fulfill essential functions in muscle physiology.
The subcellular distribution of this family of integral membrane proteins in developing
and mature cardiac, skeletal and smooth muscle may pmvidé valuable insights regarding
potential functions in the structural and functional organization of muscle tissue. In
addition, the ubiquitously expressed SLMAP isoform (SLMAP3) may serve a

fundamental role in cell biology.
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Figure 5. Carboxyl-terminal exons encode two distinct membrane anchors.

(A) Genomic characterization of the 3 sequences common to all three SLMAP variants
revealed that alternative exon X and exon XI encode two distinct carboxyl-terminal
transmembrane domains. designated TMD! and TMD?2 respectively (Wielowieyski

et al., 2000).

(B) Seventeen amino acid residues are predicted to encode either TMD1 or TMD?2
(underlined). The transmembrane domain segments were predicted using the PSORT
prediction tool available from the PSORT www server (Klein et al, 1985; Nakai
and Kanehisa. 1992). A BLAST search for either TMD did not reveal homology to

other known membrane proteins.
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C. Statement of the Problem

Previous characterization of the SLMAP gene has provided valuable information
regarding the genomic organization of SLMAP, the expression profile of SLMAPs as
well as biochemical and structural features of the molecule. Taken together, these data
suggest that SLMAPS represent a unique family of tail-anchored integral membrane
proteins with an extensive coiled-coil structure exposed to the cytoplasm. The biological
functions provided by this family of proteins however remain largely undefined. Studies
were thus designed to gain insight into the potential roles of SLMAPs in muscle as well
as nonmuscle systems. Based on the initial examination of SLMAP tissue distribution
and analysis of its molecular properties, I hypothesized that SLMAP isoforms are
targeted to distinct subcellular structures via alternative splicing mechanisms and may
serve a role in organizing membrane as well as cytoskeletal systems. To gain insight
regarding the potential biological roles of SLMAPs in striated muscle as well as in
proliferating cells, I examined the subcellular distributions of SLMAPs wvia
immunocytochemical and immunohistochemical studies. Pharmacological, biochemical
and molecular biological studies further employed to characterize SLMAP-associations
and the effects of changing their cellular levels were also examined. The results of my

studies have demonstrated that:

(i) SLMAPs are enriched in developing and mature skeletal muscle and localize in
muscle membrane systems that control excitation-contraction coupling

mechanisms. The induction of a novel SLMAP isoform correlated with myotube



(i)

(i)

formation and the regulated expression of SLMAP was critical for myoblast

fusion (Chapter Two).

SLMAPs are directed into distinct cellular membrane systems by unique
carboxyl-terminal domains generated by alternative splicing mechanisms and may
serve roles in the structural arrangement of cardiac membrane systems through

homodimerization and interactions with the cytoskeleton (Chapter Three).

A novel SLMAP isoform having an amino-terminal extension was ubiquitously
expressed and found to be a component of the cell’s microtubule organizing
center. This SLMAP isoform may serve to regulate mitosis and cellular

proliferation (Chapter Five).



Chapter Two.

Guzzo et al. (2003). Regulated Expression and Temporal Induction of the Tail-
anchored Membrane Protein SLMAP is Critical for Myoblast Fusion (Submitted

to the Journal of Biological Chemistry).

The following outlines the experimental contributions of the authors of this
manuscript. Embryo isolations, cryostat sectioning, immunohistochemistry (with
the exception of Figure 1B and Figure 3D), microscopy and image analyses,
northern and western blot analyses. immunoprecipitations, determination of
fusion indices and protein-protein interaction assays were performed by R.M.
Guzzo. Immunohistochemistry presented in Figure 1B was performed by Dr.
Jeffrey Wigle. Dr. Edwin Moore performed the deconvolution confocal
microscopy (Figure 3D). Maysoon Salih and R.M. Guzzo generated the
mammalian expression constructs and the stable transfectants. R.M. Guzzo wrote

the manuscript, under the guidance of Dr. Balwant Tuana.
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Abstract

The sarcolemmal-membrane associated proteins (SLMAPs) define a new class of coiled-
coil tail anchored membrane proteins generated by alternative splicing mechanisms
(Wigle, J.T.. Demchyshyn, L., Pratt, M.A., Staines, W.A., Salih, M. and Tuana, B.S.
(1997) J. Biol Chem. 272. 32384-32394; Wielowieyski, P.A, Sevinc, S., Guzzo. R.,
Salih. M.. Wigle, J.T. and B.S. Tuana (2000) J. Biol. Chem. 275. 38474-38481). In vivo
expression analysis indicated that SLMAPs are present in somites (11 d.p.c.) and in
fusing myotubes. Subcellular SLMAP was distributed in a disordered fashion and
acquired a distinct pattern of localization coincident with the organization of the
sarcoplasmic reticulum and T-tubules. Skeletal muscle myoblasts were found to express
a single 5.9 kb transcript which encodes the full length ~91 kDa SLMAP3 isoform.
Myoblast differentiation was accompanied by the stable expression of the ~ 91 kDa
SLMAP protein as well as the appearance of an ~80 kDa isoform. Deregulation of
SLMAPs by ectopic expression in myoblasts resulted in a potent inhibition of fusion
without affecting the expression of muscle-specific genes. Membrane targeting of the
deregulated SLMAPs was not critical for the inhibition of myotube development. Protein-
protein interaction assays indicated that SLMAPs are able to self assemble and the
deregulated expression of mutants that were unable to form SLMAP homodimers also
inhibited myotube formation. These data imply that regulated levels and the temporal

induction of SLMAP isoforms are important for normal muscle development.



Introduction.

Early in development, mesodermal cells are committed to a muscle cell fate in
response to locally derived embryonic differentiation signals (1.2). The withdrawal of
determined myoblasts from the cell cycle is coordinated by the repression of growth
promoting genes coupled with simultaneous induction of muscle-specific genes. A family
of basic helix loop helix myogenic regulatory factors (MRFs) including MyoD, Myf5,
myogenin and MRF4 predominantly control skeletal muscle specification and
differentiation (3-5). A hallmark feature of normal skeletal muscle development is the
fusion of mononucleated myoblasts to form fully differentiated elongated multinucleated
myotubes (6-8). Morphologically, this process has been examined extensively in
Drosophila, as myoblast fusion is complete in a matter of hours (9-13). The process of
myoblast fusion consists of various steps including: (1) cell-cell recognition of fusion
competent cells; (ii) cell-cell adhesion for close contact between fusion competent cells;
(iii) cell alignment and formation of prefusion complexes; and, (iv) the breakdown of
membranes to remove excess membrane material (10, 14). Several protein classes play
pivotal roles in this process, including cell adhesion and cell surface proteins (N-
cadherins, M-cadherin, neural cell adhesion molecule (N-CAM), integrins, disintegrins),
cytoskeletal components and cytosolic signaling molecules (15-20). The identification of
the molecular components necessary for myoblast fusion would promote our
understanding of skeletal muscle formation in development and in regenerating adult
skeletal muscle.

A key aspect in muscle differentiation is the formation of specialized membrane

systems that serve a central role in calcium regulation. These specialized membrane
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systems consist of sarcolemmal invaginations known as the Transverse-tubules (T-
tubules) and the sarcoplasmic reticulum (SR). an extensive internal membrane
compartment controlling intracellular calcium storage, release and uptake. Structural
analyses have revealed that components of the SR and T-tubules are expressed early in
development within muscle precursors at the prefusional stage (21-25). Proper
organization of these specialized membrane systems is essential for normal muscle
development and function (26,27).

In an effort to identify novel membrane components involved in EC-coupling, we
previously cloned cDNAs encoding a family of a-helical coiled-coil proteins referred to
as sarcolemmal associated proteins (SLAPs) (renamed SLMAPs) (28,29). The SLMAPs
comprise a unique family of tail-anchored membrane proteins. which exhibit
developmental and tissue specific expression (28.29). Structural heterogeneity among
SLMAP variants arise as a result of a combination of alternative splicing and alternative
start site usage of a single gene assigned to human chromosome 3pi4.3-21.2. Detailed
sequence analyses revealed that SLMAPs share common carboxyl-terminal sequences
characterized by extensive coiled-coil structure containing two leucine zippers motifs
speculated to serve roles in protein-protein interactions. Alternative splicing at the
carboxyl terminus generates SLMAP variants having unique transmembrane domains,
which target SLMAPs to cellular membranes (29). In our current study, we have
investigated the developmental expression of SLMAP in skeletal muscle and have used
an in vitro model of skeletal muscle differentiation to examine whether SLMAP serves a

role in myogenesis. Our results suggest that SLMAP is expressed in early somites and
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may serve roles in myoblast fusion and in the membrane biology of EC-coupling in

developing muscle.

Experimental Procedures

Cell Culture and Transfection.

Proliferating C2C12 myoblast cells were maintained at 37°C in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum, 50
units/mL penicillin, 50 pg/mL streptomycin and gentamycin. For differentiation studies,
C2C12 cells were plated on gelatin or Matrigel coated plates. Confluent C2C12 cultures
were induced to differentiate by replacing growth medium with DMEM containing 2%
horse serum. For stable expression of 6Myc-SLMAP fusion proteins, C2C12 cells were
transfected using Lipofectamine Plus™ (GIBCO BRL) or Fugene (Roche) transfection
reagents according to the manufacturers’ specifications. Myoblasts transfected with
6Myc-pcDNA3 served as controls. G418 resistant clones were subsequently assayed for
expression of exogenous SLMAP protein by immunoblot analysis. The level of
exogenous SLMAP protein was gquantified relative to endogenous SLMAP by

densitometery.

Immunohistochemistry.
Timed-pregnant mice were sacrificed by lethal injection of sodium pentobarbital.
Embryos (11-15 d.p.c.) were removed, rinsed briefly in PBS, and then immediately fixed

in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Embryos were incubated
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overnight in cryoprotectant (20% sucrose in PBS) at 4°C. Fixed embryos were embedded
in Tissue-Tek O.C.T. compound, frozen and stored at ~80°C. Cryosections (6-10 um)
were collected on gelatin coated microscope slides and stored at —80°C. Older embryos
(18 d.p.c.) and adult tissues were isolated. rinsed in PBS. embedded in Tissue-Tek O.C.T.
compound and then frozen. Cryosections were mounted onto slides and fixed overnight
in 4% paraformaldehyde. Immunochistochemistry was performed by first prewarming
slides to 37°C. PFA-fixed sections were washed in PBS then treated with 50 mM
ammonium chloride in PBS for 5 minutes to reduce nonspecific staining of blood
proteins. Sections were blocked in PBS containing 10% goat serum, 1% Triton-X-100
and 10% bovine serum albumin for 20 minutes at room temperature before being exposed
to primary antibodies (1 hour at room temperature). Following several washes in PBS,
sections were incubated in PBS containing 5% goat serum, 1% Triton-X-100 and the
appropriate fluorochrome-linked secondary antibodies for one hour at room temperature.
After several washes in PBS, sections were mounted with antifading solution (Molecular
Probes) and examined by either conventional microscopy or confocal microscopy.

In a series of experiments, coverslips were covered with ten microlitres of a
solution composed of 90% glycerol, 10% 10X PBS (composition of PBS in mM; 137
NaCl. 8 NaH,PO,, 2.7 KCIL, 1.5 K H;PO4, pH 7.4) 2.5% triethylenediamine, and 0.02%
NaNj. to which fluorescent microspheres (0.2 um diameter, Molecular Probes) labeled
with FITC and Texas Red had been added. The microspheres are fiduciary markers and |
permit accurate alignment of the 3D data sets. A series of two-dimensional images were
acquired through the cells at 0.25 pm spacing using a Nikon Diaphot 200 microscope and

a Planapo 60/1.4 objective (pixel dimensions 100x100 nm). Other details of the



microscope and optics can be found in Scriven et al (52). The point spread function of the
microscope was measured using fluospheres of the appropriate color (0.1 wm diameter,
Molecular Probes). The images were prepared. deconvolved and analyzed as previously

reported (51).

Antibodies.

Anti-SLMAP(C) rabbit antibodies were raised against the carboxyl 370 amino acids of
SLMAP. as previously described (28). Antibodies used in this study included: anti-
myogenin monoclonal antibody (Pharmingen); anti-o-tubulin monoclonal antibody
(clone DM 1A; Sigma-Aldrich); anti-myosin heavy chain monoclonal antibody MF20
(Dr. David Parry, University of Ottawa); anti-caveolin 3 monoclonal antibody
(Transduction Laboratories); anti-o-actinin2 monoclonal antibody (Sigma-Aldrich); anti-
ol DHP receptor monoclonal antibody (Chemicon); and anti-Ca”"-ATPase monoclonal
antibody (Developmental Studies Hybridoma Bank, University of Iowa). Rhodamine-
RedX-conjugated mouse secondary antibody (Jackson Laboratories), Alexa-Fluor 594-
conjugated mouse secondary antibody (Molecular Probes) and Alexa-Fluor 488-
conjugated rabbit secondary antibodies (Molecular Probes) were wused in
immunohistochemistry  studies. Secondary antibodies used in immunoblotting
experiments included anti-rabbit IgG peroxidase linked whole antibody (Amersham
Pharmacia Biotech) and peroxidase conjugated AffiniPure goat anti-mouse IgG (Jackson

ImmunoResearch Laboratories, Inc.).

Immunofluorescence Microscopy.
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Samples were visualized using Axiophot (Carl Zeiss Inc) microscope equipped with a
3CCD colour video camera. An Olympus IX70 laser-scanning inverted microscope was
used for observation with a 63x o1l immersion objective. Images were acquired using the
BioRad MRC 1024 confocal. Acquired images were digitally processed using Northern

Eclipse (Version 5.0, Empix Imaging Inc.) acquisition software as well as the Confocal

Assistant 40 software. Images were further processed using Adobe PhotoshopTM 5.0

(Adobe Systems Inc.).

Northern Blot Analysis.

Total RNA was extracted from proliferating C2C12 cells or from C2C12 cells at various
days after differentiation using Trizol Reagent (Roche Molecular Biochemicals)
according to the manufacturer’s specifications. Equivalent amounts of total RNA was
electrophoresed through 1% agarose and 2.2% formaldehyde denaturing gel then
transferred to a positively charged nylon membrane (Roche Molecular Biochemicals).
The blot was prehybridized in 1% blocking reagent in maleic acid at 65°C for one hour
and then hybridized overnight with PCR-generated digoxigenin-labeled (Roche
Molecular Biochemicals) cDNA probes. SLMAP cDNA used for probing corresponded
to the common carboxyl terminus sequences present in SLMAPs (28). ¢cDNAs for rat
myogenin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA were also
digoxigenin-labeled for hybridization. After several washes (2X-0.5X SSC; 0.2% SDS),
the membrane was incubated in blocking solution (Roche Molecular Biochemicals), and
then incubated with anti-digoxigenin alkaline phosphatase antibody (1:10 000 in blocking

solution). Blots were washed several times in 0.1 M maleic acid; 0.15 M NaCl, pH 7.5;
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0.3% Tween20, and then incubated in detection buffer (10 mM Tris-HCl; 0.1 M NaCl,
pH 9.5) for 5 minutes, prior to detection of DIG labeled probes using the CSPD reagent

(Roche Biochemicals). Membranes were subsequently exposed to Kodac MR film.

Immunoblot analysis.

Cultured cells were lysed in modified RIPA buffer (10 mM Tris-HCIL, pH 7.4, 1 mM
EDTA, 300 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1% sodium deoxycholate)
supplemented with protease inhibitor cocktail (Sigma-Aldrich). Particulate material and
unbroken cells were removed by centrifugation at 10,000xg for ten minutes at 4°C.
Clarified lysates were retained and the protein content was determined using the BCA
protein assay kit (Pierce). Protein extracts were resolved by electrophoresis on 10%
SDS-polyacrylamide gels and electrotransferred to PVDF membranes (Roche Molecular
Biochemicals). Membranes were blocked with 5% skim milk powder (SMP) in TRIS-
buffered saline containing 0.05% Tween-20 (TBS-T), and then incubated at room
temperature for one hour in the relevant primary antibodies. After several washes in TBS-
T, membranes were incubated in the appropriate peroxidase-linked secondary antibodies
in 5% SMP/TBS-T for one hour. Membranes were washed in TBS-T and antibody
detection was performed using the enhanced chemiluminescent detection system

(Renaissance, NEN). Membranes were exposed to x-ray films (Kodac MR film).

Densitometry.
Densitometric analysis was performed using the Scion Image software (Scion Corp.)

based on the NIH Image program.
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SLMAP expression plasmids.

SLMAP3MI1 (nt 1-2337) was PCR generated from the SLMAP rabbit ¢cDNA clone
(Accession #U21157) using forward primer SLMAPN-F (GGAATTCGATGCC
GTCAGCCTTGGC) and reverse primer SLMAPN-R (GATGCCAGCTTCTAGAGGGA
GGACG). PCR products were inserted into the EcoR1 and Xbal sites of pcDNA3
mammalian expression plasmid (Invitrogen), in frame with the 6Myc epitope tag. Sites of
ligations were confirmed by DNA sequencing. 6Myc-tagged ANSLMAP expression
construct encompassing the Bgllll/Xbal-digested SLMAP3 restriction fragment (lacking
first 315 amino acids of SLMAP3) was generated as described by Wigle er al. (28).
6MYC-tagged SLMAPI expression constructs encoding transmembrane domain 2 (TM2)
or the construct lacking both TM domains were generated according to Wielowieyski et
al. (29). The leucine zipper mutant (SLMAPALZ) was generated by digesting 6Myc-
SLMAP1-pcDNA3 with BamH1. This digestion removed the segment of SLMAP that
encoded the leucine zippers (nucleotides 1790-2001). Nucleotides 2001-2314 of
SLMAP3MI (designated SLMAP3") in pcDNA3 were retained for subsequent ligation. A
PCR amplicon of 6Myc-SLMAP! lacking the leucine zippers was PCR-generated from
the 6Myc-SLMAP1-pcDNA3 template using the 5 primer
(GAATTCAATGGATGAGCAAGACCT; 6Myc-SLP15) and the 3° primer
(CGGATCCCTCTTTCTGCTGGTCCTCACACTGC, LZ-less). The PCR product
(lacking the leucine zippers) was restriction digested (BamH1) and then ligated into

SLMAP3'. The GFP-tagged SLMAP (GFP-ANSLMAP) construct, which lacked the
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first 315 amino acids of SLMAP3 was generated using a Bgllll/Xbal-digested SLMAP3

restriction fragment inserted into GFP-pcDNA3.

Determination of Fusion Indices.

Fusion indices were determined for stable transfectants and control cells following six
" days in differentiation media. Each clone was initially seeded at 8.0 x 107 cells per 60
mm plate and induced to differentiate when confluent. Cells were fixed in 4%
paraformaldehyde then stained with Harris Haematoxylin / 0.2% acetic acid and
counterstained in Eosin solution. A minimum of 12 random fields was assayed. The total
number of nuclei per field and the number of nuclei (3 or more) per myotube were
counted and fusion indices were calculated as: (number of nuclei in myotubes / total
nuclei in each field) x 100. The fusion index for each clone was taken as average *
standard error of the mean fusion index and the significance of the results relative to

control cells was determined using ANOVA.

Immunoprecipitations.

C2C12 cells transiently transfected with GFP and 6Myc expression constructs were lysed
thirty-six hours post-transfection with RIPA buffer as described above. To eliminate
nonspecific interactions, clarified cell lysates were precleared with Protein A/G Plus
agarose-conjugated beads (Santa Cruz) for 15 minutes at 4°C with constant rotation.
Precleared lysates were retained and protein contents were measured. For each
immunoprecipitation condition, 350 pg of total protein was used and samples were

diluted 1:1 in PBS. Immunoprecipitations were performed by incubating lysates with
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anti-myc 9E10 monoclonal antibodies (1:100), purified rabbit 1gG’s or beads only
overnight at 4°C with constant rotation. Immune complexes were captured with the
addition of equivalent amounts of prewashed Protein A/G Plus agarose-conjugated beads
to each sample for four hours at 4°C. Immunoprecipitated proteins bound to the protein
A/G-agarose beads were washed extensively and then resuspended in 2X SDS-PAGE
loading buffer. Immune complexes were eluted from the protein A/G-agarose beads by

boiling, resolved by SDS-PAGE and then subjected to immunoblot analysis.

In vivo interaction assay.

Sequences encoding the first 454 amino acids of SLMAP (SLMAPN) was generated by
PCR amplification of full length SLMAP rabbit clone (Accession # U21157) using
primers 5-GGAATTCATGCCGTCAGCCTTGGCCATC and 3°-CGAATTCACAG
AAGGGACAAGCTGAG. Primers 5’-GGAATTCGATGCCGTCAGCCTTGGC and 3°-
GATGCCAGCTTCTAGAGGGAGGACG were used to PCR amplify the SLMAP
sequence encoding amino acids 454-775 (SLMAPC). SLMAPC ¢DNA with leucine
zipper deletions (aa 597-667, SLMAPCALZ) was amplified from template
SLMAP3MIALZ using primers 5°-GGGAATTCATGGATGAGCAAGACCTG and 3°-
CCGTCTAGATCATTGGAGCAGCTTCAGGTTGTC. SLMAPN PCR product was
EcoR1/BamH]1 digested and the SLMAP-C and SLMAP-CALZ PCR products were
EcoR1/Xbal digested. Digested SLMAP products were used for insertion into the same
sites of (1) pM in frame with the GAL4 DNA-binding domain (DND-BD) or (ii) pVP16
activation domain (AD) vector (Mammalian Matchmaker Two Hybrid Assay Kit,

Clontech).
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Subconfluent C2C12 myoblasts grown on 60 mm plates were co-transfected with
1 pg of mammalian CAT reporter vector (pG5CAT) containing five consensus GAL4
binding sites. 1 pg of the B-galactosidase expression plasmid (pCMV-LacZ) and 2 ug of

recombinant plasmids derived from pM and pVP16 (Clontech) using the Lipofectame

PEusTM transfection reagent (Gibco BRL). For a positive control (sample 14), cells were
co-transfected with 1 pg of pG5CAT, 1 ug pCMV-LacZ, | ug of pVP16-T (VP16 AD 10
SV40 target antigen known to interact with p53) and 1 pg of pMS53 (fusion of GAL4
DNA-BD to mouse p53 protein). Forty-eight hours after transfection, cells were lysed in
0.25 M Tris-HCL, pH 7.8 by two rounds of freeze-thaw and then centrifuged at 10,000xg
for 10 minutes. Samples were heated to 65°C for 10 minutes, cooled on ice then

combined with CAT assay buffer (135 mM TRIS pH 7.8, 1.6 mM chloramphenicol, 0.74

uCi JH-acetyl CoA). Mixtures were heated to 37°C for 1 hour then extracted with ice-

cold ethyl acetate. Extracts were centrifuged at 10,000 xg for 10 minutes and the

aqueous phase was retained for quantification of radioactivity (3H) using a liquid
scintillation counter. The levels of CAT activity were normalized to the B-galactosidase
activity in the respective cell extracts. Basal CAT activity (sample #1 control) was set as
1 and the fold induction of CAT activity was calculated as cpm (samples #2-14)/ basal

CAT activity.

Results.
SLMAP expression in developing skeletal muscle.
As a first step toward understanding the function of SLMAPs in skeletal muscle,

we examined the in vivo distribution of SLMAP in developing and mature skeletal
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muscle. Fusion protein antibodies generated to the carboxyl-terminal sequences of
SLMAP (28) were used to detect SLMAP localization in cryosections of tissue from
developing mice (11-18 days post coitum; d.p.c.) as well as in adult skeletal muscle
(Figure 1). As illustrated in Figure 1A (a) SLMAP expression was detected in
developing somites at 11 d.p.c. Early in development (11-13 d.p.c), SLMAP labelling
was primarily observed at punctate clusters along the length of the myotube (Figure 1A;
a,b). Prior to the myotube to myofiber transition (15 d.p.c.), SLMAP distribution became
increasingly well organized and was abundant at reticular formations and fine
longitudinal structures (Figure 1A; c), consistent with the organization of the developing
SR and T-tubules (21, 22). This SLMAP-specific staining pattern was clearly evident in
skeletal muscle examined at later stages in development (18 d.p.c.; Figure 1A; d,e) and
was also observed in cryosections of adult tibialis anterior muscle (Figure 1B, a-c).

To more closely examine the subcellular localization of SLMAPs in developing
and skeletal muscle, double immunofluorescent labelling was performed using various
muscle-specific antibodies. We first examined the arrangement of SLMAPs relative to
myofibril components by co-staining with o-actinin 2. an actin filament crosslinking
molecule present at the Z-line of myofibrils. Staining with the Z-line marker clearly
revealed a striated pattern at 11 d.p.c. and at 13 d.p.c. (Figure 2A; b, e). In view of the
punctate SLMAP-specific labelling, the distribution of SLMAP relative to a-actinin 2
was difficult to resolve by confocal microscopy at 11 d.p.c. (Figure 2A; a. ¢) and 13
d.p.c. (Figure 2A: d. f). The observed punctate SLMAP labelling is thought to reflect the
immature organization of SLMAP in developing somites, as later in development (18

d.p.c.) SLMAP (Figure 2B; a., ¢, d. f) was shown to clearly associate with distinct
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structures flanking the myofibril Z-line (Figure 2B; b, ¢, e. f). In skeletal muscle
analyzed at 18 d.p.c. as well as mature adult skeletal muscle (Figure 2C), the majority of
SLMAP labeling was distinct from that of a-actinin and was primarily detected as a
continuous network around and between the myofibrils as well as fine longitudinal
structures oriented perpendicular to the Z-line.

SLMAP labelling appeared to extend to peripheral structures in skeletal muscle,
indicative of SLMAP association with the plasma membrane (Figure 2B; d). Caveolin 3
belongs to a family of integral membrane proteins, which constitute a subcompartment of
the plasma membrane known as caveolae. Immunolocalization studies have reported that
caveolin 3 coincides with the distribution of dystrophin at the skeletal muscle fiber
surface (31); thus monoclonal caveolin 3 antibodies were used in our studies to
demarcate these surface membrane regions. As illustrated in Figure 3A, caveolin 3-
specific antibodies revealed a distinct labeling pattern at the peripheral membrane,
without labeling internal membrane structures in developing muscle at 15 d.p.c. (Figure
3A; b), 18 d.p.c. (Figure 3A; ¢) or adult soleus muscle (Figure 3A; h). In contrast,
SLMAP antibodies labelled internal reticular structures in developing and adult skeletal
muscle (Figure 3A; a, d, g) and revealed some co-distribution with caveolin 3 at the
plasma membrane sub-domains (Figure 3A; ¢, f, i). Since the reticular-like distribution
of SLMAPs appeared consistent with the distribution of components associated with
developing SR and T-tubules. skeletal muscle of older embryos (18 d.p.c.) and adult
soleus muscle were co-stained with SLMAP antibodies and markers of these membrane
systems. In longitudinal and transverse cryosections of developing skeletal muscle (18

d.p.c.) and adult skeletal muscle, SLMAP co-localized with the Ca"ATPase, a marker of
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longitudinal SR membrane system (Figure 3B; a-i). This codistribution with the SR
marker was observed within clusters in transverse cryosections of developing skeletal
muscle (18 d.p.c.) (Figure 3B; d-f) and adult soleus muscle (Figure 3B; g-i). In
longitudinal cryosections (18 d.p.c.), SLMAP and the Ca"-ATPase were co-localized at
cross striations along the length of the myofibres (Figure 3B; a-¢). To determine'the
localization of SLMAP relative to the T-tubules. dual immunostaining was performed
using antibodies that specifically recognize the a-1 subunit of the dihydropyridine (DHP)
receptor (Figure 3C). Under various experimental conditions, a clear signal for the
DHPR a-1 subunit could not be resolved in developing skeletal muscle by confocal
microscopy, thus immunostaining of mature skeletal muscle is presented. Consistent
with the mature organization of T-tubules. the a-1 DHP receptor antibody labelled
membrane clusters in transverse cryosections of adult muscle (Figure 3C; b, €). Some co-
localization of the DHP receptor was evident with SLMAP as yellow staining (Figure 3C;
¢. ). The combination of deconvolution and three-dimensional image analyses of muscle
sections labelled with SLMAP antibodies and the surface membrane markers, anti-
caveolin-3 and the DHP receptor (Figure 3D), demonstrated that SLMAP localized to
discrete regions in the cellular interior, and at the cell’s periphery. By deconvolution
microscopy, there is some co-localization of SLMAP with caveolin-3 (Figure 3D, panel
A), and with the DHP receptor (Figure 3D, panel B) as indicated by the white voxels.
Taken together, the above data indicates that SLMAP is a component of both the surface

membrane and the SR.

Induction of ~ 80kDa SLMAP isoform during muscle differentiation.



In view of the observation that SLMAP is expressed early in developing skeletal
muscle. we assessed whether SLMAP transcript and protein levels are regulated during
skeletal muscle differentiation. The C2C12 myoblast cell line derived from mouse
femoral muscle satellite cells is a well established ex vivo model of skeletal muscle
differentiation (31, 32). In mitogen rich media, C2C12 cells proliferate as myoblasts and
can be induced to differentiate by withdrawing serum from the culture media. Following
mitogen depletion, myoblasts undergo biochemical and morphological differentiation as
confirmed by the induction of muscle-specific gene expression and myoblast fusion to
produce elongated multinucleated myotubes.

By immunoblot analysis, undifferentiated. C2C12 myoblasts exclusively
expressed a 91 kDa SLMAP protein (Figure 4B; lane 0). The previously characterized
anti-SLMAP rabbit antibodies used were specific for the detection of SLMAP proteins by
immunoblot analysis since no signal was observed following immunoabsorption of
SLMAP antibodies with bacterially synthesized SLMAP proteins (Figure 4C; lane 0).
We investigated whether SLMAP transcript (Figure 4A) and protein (Figure 4B) levels
are altered during the time course of myogenic differentiation. By Northern blot analysis,
the biochemical differentiation of C2C12 cells was monitored based on the induction of
myogenin mRNA expression as this bHLH transcription factor myogenin is expressed
early in skeletal muscle differentiation program and is critical for myoblast fusion (33-
36). Induction of myogenin mRNA expression was detected as early as 24 hours
following removal of mitogens from the culture media and its expression level increased
as the differentiation program progressed (Figure 4A). Morphological differentiation was

verified on the basis of myotube formation. which occurred approximately two days
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following the removal of mitogens from the media. A 5.9 kb SLMAP transcript was
expressed in undifferentiated C2C12 myoblasts and corresponds to the transcript
encoding SLMAP3 (Figure 4A). No discernible change in the level of SLMARP transcript
expression was detected during the course of differentiation, nor were other SLMAP
transcripts expressed as differentiation progressed in these cells.

SLMAP protein levels were next examined to determine whether SLMAP
undergoes post-transcriptional regulation during differentiation. Whereas MyoD was
expressed in differentiating myoblasts as well as in undifferentiated cells committed to
the myogenic lineage (data not shown), myogenin protein expression was observed only
following induction of myotube formation (Figure 4B). The ubiquitous 91 kDa SLMAP
isoform was expressed in both proliferating myoblasts and in differentiated myotubes.
Interestingly. SLMAP antibodies also recognized a differentiation-induced ~80 kDa
protein (Figure 4B, lanes 1-7). Immunoabsorption of SLMAP antibodies with bacterially
expressed SLMAP fusion proteins further established the antibody specificity for the ~80
kDa SLMAP variant (Figure 4C; lane 7). Densitometric analysis confirmed that the
expression level of the ~80 kDa SLMAP protein increased as differentiation progressed,
whereas expression of the 91 kDa protein remained relatively constant (Figure 4D). To
address the question of a specific link between the induction of the ~80 kDa SLMAP
protein and cell cycle withdrawal, SLMAP protein expression was examined in two
nonmyogenic cell lines. Withdrawal from the cell cycle was induced in HeLa and NIH
3T3 fibroblast cells by culturing these cells under serum-starvation conditions (0.5% FBS
in DMEM, 48 hours). The ~80 kDa SLMAP protein was not detected by immunoblot

analysis of protein extracts from serum starved cells (data not shown).
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Forced expression of SLMAP in myoblasts affects morphological differentiation.

In order to assess whether the temporal induction of the SLMAP isoform was
critical for myotube formation, we ectopically expressed SLMAP in C2C12 myoblasts
and examined their ability to undergo biochemical and morphological differentiation.
Expression plasmids containing full-length SLMAP sequences fused to the 6Myc epitope
tag (6Myc-SLMAP3; Figure 5A) was transfected into C2C12 cells and selected in G418
for stable expression. Interestingly, C2C12 myoblasts overexpressing SLMAP3 cultured
for six days in differentiation promoting conditions showed a significant reduction in the
number of myotubes relative to the control transfectants (Figure 5B,C). To further the
effect of SLMAP overexpression on myoblast fusion, additional 6Myc-SLMAP variants
were generated including a variant lacking amino acids 1-315 of SLMAP3 (6Myc- AN
SLMAP). SLMAP1 expressing the constitutively active transmembrane domain (TM;
6Myc-SLMAP1-TM) as well as a transmembrane domain mutant (6Myc-SLMAPIATM)
(Figure 5A). Consistent with the overexpression of the full-length molecule in
myoblasts, forced expression of both the membrane associated SLMAP variants (6Myc-
ANSLMAP; 6Myc-SLMAPI-TM) and the transmembrane domain mutant (6Myc-
SLMAPIATM) elicited a significantly reduced (>90% inhibition) capacity for myotube
formation (Figure 5B, C). The level of ectopically expressed SLMAP protein was
quantified for each transfected myoblast and it's level relative to endogenous SLMAP
varied from 0.5 to 1.5-fold for the full length SLMAP to 1 to over 5-fold for the shorter
deletion mutants. Irrespective of the level of SLMAP expression. each transfectent gave

the same degree of inhibition of myoblast fusion. It should be noted that the control for
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these experiments represented myoblasts transfected with the 6Myc-pcDNA3 vector and
that Myc-epitope tagged proteins have also been used by others to study myoblast fusion
and differentiation {53).

To determine whether the effect on fusion observed with SLMAP overexpression
was attributed to defective biochemical differentiation, we monitored the expression of
skeletal muscle specific proteins by immunoblot analysis. Expression of the early
differentiation marker, myogenin and muscle-specific myosin heavy chain (MyHC) was
induced in each of the SLMAP over-expressing clones (Figure 6). The relative level of
expression of these polypeptides in fusion defective myoblasts with respect to the mock
transfected clones after day 5 of differentiation was 1.28 for MyHc and 0.99 for
myogenin as quantified by densitometery. The fusion defects observed due to
inappropriate induction of SLMAPs were therefore not a consequence of inhibition of
biochemical differentiation of myoblasts, rather these findings suggest that regulated

levels of SLMAPs are critical for the proper fusion of membranes.

SLMAP homodimerization is mediated by the leucine-rich coiled-coils

Coiled-coil motifs, are known fo mediate protein oligomerizations and
constitute a primary structural feature of the SLMAP polypeptides (28, 29). To assess the
potential for SLMAP oligomerization, we performed co-immunoprecipitation
experiments using C2C12 cells transfected with GFP- and 6Myc-epitope tagged SLMAP
polypeptides (Figure 7A). C2C12 were co-transfected with constructs encoding 6Myc-
SLMAP3 (102 kDa) and the GFP-ANSLMAP variant (72 kDa) (Figure 7B); or were co-

transfected with constructs encoding the 6Myc-SLMAP] variant (49 kDa) and the GFP-
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ANSLMAP variant (72 kDa) (Figure 7C). Immunoblotting with monoclonal anti-myc
antibodies were used to confirm the presence of the 102 kDa 6Myc-SLMAP3 protein
(Figure 7B; second panel, red star) as well as the 49 kDa 6Myc-SLMAP!1 (Figure 7C;
second panel, orange star) in lysates (L) of transfected cells. In lysates of transfected
cells, SLMAP antibodies recognized the 6Myc-tagged SLMAP proteins and the GFP-
ANSLMAP variant (Figure 7B and C; first panel; lane L). Immunoblot analysis
demonstrated each of the 6Myc-SLMAP variants were specifically immunoprecipitated
by anti-myc monoclonal antibodies (Figure 7B and C; second panel, lane M). Association
of the 6Myc-SLMAP3 protein with the GFP-ANSLMAP protein was confirmed by
immunoblot analysis using SLMAP antibodies (Figure 7B; first panel; lane M). The
carboxyl terminal sequences present in SLMAP are responsible for this interaction as
6Myc-SLMAP1 specifically precipitated the GFP-ANSLMAP protein (Figure 7C, first
panel; lane M). These results demonstrate that SLMAPs are able to self-assemble and
this association is mediated by carboxyl terminal SLMAP sequences.

Previous sequence analyses of the carboxyl sequences conserved in each of the
SLMAP isoforms have identified a leucine-rich coiled-coil motif (28). As this specialized
form of coiled-coil structure is known to serve as an oligomerization motif, which can
modulate protein activity in various proteins (37-40), we reasoned that the leucine-rich
coiled-coil present in SLMAPs mediate SLMAP-SLMAP interactions. An in vivo
interaction assay was therefore used to address this issue, whereby myoblasts were co-
transfected with the chloramphenicol acetyl-CoA transferase (CAT) reporter construct
and SLMAP variants encompassing amino-terminal (SLMAP(N)) or carboxyl-terminal

sequences (SLMAP(C)) fused to either the VP16 activation domain or the GAL4 DNA-
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binding domain (DNA-BD) (Figure 8A). CAT gene expression was monitored forty-
eight hours post-transfection and basal levels were determined in lysates from control
transfectants (Figure 8B; lanes 1-4). The level of CAT induction was similar to basal
levels in cells co-transfected with either: SLMAP(C) and SLMAP(N) constructs (Figure
8B; lane 6) fused to either the AD or DNA-BD:; or SLMAP(N) and SLMAP(N) fused to
the AD or DND-BD (Figure 8B; lane 5). A significant induction of CAT activity above
basal levels (104 fold) was measured in the lysates of cells co-transfected with
SLMAP(C)-AD construct and the SLMAP(C)-DNA-BD construct, confirming that the
SLMAP carboxyl terminal containing sequence information is essential for SLMAP
homodimerization (Figure 8B, lane 8). Since the leucine-rich coiled coil motifs are
encoded within this region of SLMAP, leucine-rich coiled coil mutants fused to the AD
and DNA-BD constructs were generated (SLMAPALZ). The leucine-rich coiled coil
mutant (SLMAPCALZ) failed to activate expression of the CAT reporter gene above
basal levels (Figure 8B; lanes 9-11). The leucine-rich coiled coil motifs of an unrelated
protein, ninein (Accession No. NM008697) were fused to the GAL4 DNA binding
domain and cotransfected with carboxyl-terminal SLMAP sequences fused to the VP16
activation domain (Figure 8B; lane 12). These conditions did not result in activation of
CAT reporter expression and suggest that the leucine-rich coiled coil in SLMAP
specifically mediate SLMAP-SLMAP associations. On the basis of these results, we have
concluded that the leucine-rich coiled coil motifs constitute the physical interaction sites
necessary for SLMAP homodimer formation.

We next assessed whether the defective fusion phenotype observed in cells

overexpressing SLMAP was attributed to inappropriate SLMAP homodimer formation.
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To address this issue, myoblasts were stably transfected with a SLMAP mutant lacking
the leucine-rich coiled-coil and induced to differentiate as previously described. Fusion
indices were calculated for the mutant and control cells after six days in differentiation
media. In the absence of SLMAP-SLMAP interactions, a fusion defective phenotype was
also observed in these (Figure 9), thus indicating that the deregulation of SLMAP

oligomerization is not responsible for the defective myotube formation.

Discussion

The data presented indicate that SLMAP is expressed in a developmentally
regulated manner and may serve a role in myoblast fusion and membrane function during
myogenesis. The studies here reveal that the expression of SLMAP is initiated early
during in vivo skeletal myogenesis and SLMAP proteins become distributed within
specialized membrane systems involved in calcium signalling as development
progressed. SLMAP expression was detected within somites at 11 d.p.c., when myogenic
cells elongate and immature myofibrils appear (41). SLMAP expression levels increased
as the fusion process was initiated in the developing embryo (13 d.p.c.) (41); thus
suggesting that regulated SLMAP levels may be required for this crucial morphological
process in skeletal muscle development. We observed that the morphological
differentiation of myoblasts correlated with the induction of a novel ~80 kDa SLMAP
isoform. There appeared to be a direct link between the onset of myotube formation and
the induction of the ~80kDa SLMAP isoform. The appearance of the ~80kDa SLMAP
variant was observed only upon initiation of myotube formation and is not a consequence

of cell cycle withdrawal as it was not expressed in nonmyogenic cell lines forced to exit
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the cell cycle. These data indicate that the temporal appearance of SLMAP isoforms
during skeletal myogenesis appears to be specific for the differentiation process. SLMAP
mRNA expression levels remained unchanged during the course of differentiation and
both myoblasts and myotubes were found to express a single 5.9 kb mRNA transcript.
Post-transcriptional regulation of SLMAP may provide the specificity of expression
required during differentiation. In this regard. two initiating methionines have previously
been identified within SLMAP mRNA which may account for the expression of the two
different SLMAP isoforms observed during myotube formation (28).

The de-regulation of SLMAP by ectopic expression in myoblasts seriously
compromised the ability of these cells to fuse into myotubes under differentiation
promoting conditions. In spite of the impaired ability of SLMAP overexpressing
myoblasts to form multinucleated myotubes, these cells remained permissive for
biochemical differentiation since markers of skeletal muscle differentiation (myogenin,
myosin heavy chain) were expressed under differentiation-promoting conditions. The
fusion defect appeared to be independent of SLMAP association with membranes since
the expression of mutants lacking the carboxyl terminal transmembrane domain also
impaired the ability of myoblasts to fuse. The primary structure of SLMAP revealed that
it has extended coiled-coil regions that may be ideal for protein-protein interactions.
Protein-protein interaction assays demonstrated that SLMAP proteins can self assemble
and that these interactions are mediated by the leucine-rich coiled coil motifs.
Overexpression of SLMAP deletion mutants defective in the homodimerization domain
also compromised the fusion of myoblasts. Thus the fusion-defective phenotype caused

by deregulated expression of SLMAP in myoblasts strongly suggests that normal levels
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of the polypeptide and the temporal induction of SLMAP isoforms may serve critical
roles in the fusing of myoblasts.

The organized assembly of specialized membrane components (SR, T-tubules)
relative to components of the contractile apparatus is a hallmark feature of differentiated
muscle structure and function (46, 27). The distribution of SLMAP relative to the
myofibrils and muscle membrane systems in developing and adult skeletal muscle
indicated that it is a major component of the continuous membrane network around and
between the myofibrils, consistent with the distribution of the SR and T-tubules. By
confocal microscopy, SLMAPs were distributed along longitudinal structures
perpendicular to the Z-line and were largely co-distributed with the SR Ca'?ATPase in
developing and adult muscle. Immunohistochemical labelling with anti-SLMAP and anti-
o1-DHP receptor antibodies also showed that SLMAPs reside at the T-tubular membrane
system. The observation that SLMAPs are distributed to SR and T-tubules suggests that
SLMAPs may function as junctional membrane components that provide structural
integrity. as has been recently described for junctophilin, another carboxyl-terminal
anchored protein of the SR membrane, which binds the lipid moeties of the T-tubule
membrane to organize junctional membrane complexes (47-50). The ability of SLMAPs
to reside in different membrane systems and to homodimerize may allow this molecule to
serve a role in membrane organization. The structural features of SLMAP indicate that
these molecules belong to a superfamily of tail-anchored membrane proteins and share
structural features with the syntaxins and synaptobrevins, which function in membrane
fusion aﬁd regulate excitation-secretion coupling (42, 44, 45). By analogy our data imply

that SLMAPs may serve to regulate myoblast fusion and EC coupling based on their
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cellular locations and interactions. Topological studies suggest that the SLMAP molecule
is oriented in the cytoplasm, thus providing the opportunity to assemble with other
cytoplasmic, cytoskeletal and membrane components. Protein-protein interactions among
membrane and cytoskeletal components represent an important feature of myoblast
fusion. For instance, Galliano et al. (43) showed that the interactions between cytosolic
portion of the transmembrane metalloprotease ADAMIZ (“a disintegrin and
metalloprotease) and o-actinin are necessary for myoblast fusion. Similarly, the
cytoplasmically oriented coiled-coil SLMAP sequences may participate in association
with other yet unidentified components of the sarcomeric cytoskeleton or signalling
molecules participating in the fusion process. In this regard, our recent data suggests
SLMAP may interact with microtubules and myosin (Guzzo et al., manuscript in
preparation) and studies are in progress to determine the functional consequences of this

interaction in fusing myoblasts and in the membrane biology of EC coupling.
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Fig. 1. SLMAP expression in developing and adult skeletal muscle. (A) Formalin-
fixed frozen sections (6-10 pm) of mouse embryos at stages 11 d.p.c.(a); 13 d.p.c. (b} 15
d.p.c. (c); and 18 d.p.c. (d, e) were labelled with rabbit polycional antibodies to SLMAP
(28). SLMAP-specific antibodies labelled developing somites (a) as well as punctate
structures in longitudinal sections of skeletal muscle at 13 d.p.c. (b). Later in
development (d-e), SLMAPs staining revealed a more prominent and increasingly
organized distribution within reticular formations in both longitudinal (c,d) and
transverse (e) sections. (B) Confocal images showed SLMAP to be distributed along
transverse bands in longitudinal cryosections of adult rat tibialis anterior muscle stained
with SLMAP antibodies. Scale bar =25 um.
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Fig. 2. Distribution of SLMAP relative to myofibril arrangement in developing and
adult skeletal muscle. Cryosections of whole mouse embryos were simultaneously
stained for SLMAP and the myofibril marker a-actinin. (A) At 11 d.p.c. (a-¢) and 13
d.p.c. (d-f), a-actinin (b, ) was clearly distributed along striated structures demarcating
the Z-lines of developing skeletal myofibrils. In contrast, punctate SLMAP labelling was
observed in skeletal muscle at 11 d.p.c. (a) and 13 d.p.c. (d). At this stage, the overlap of
the SLMAP signal with the o-actinin signal (c, f) is attributed to the immature
organization of SLMAP. (B) At 18 d.p.c., SLMAP antibodies (a, d) predominantly
stained structures flanking the o-actinin stained Z-line (b, €). When images were
overlaid, it was evident that SLMAPs are largely distributed in structures surrounding the
myofibrils (¢, f). (C) In transverse cryosections of adult soleus muscle, SLMAP
antibodies (a) consistently labelled structures flanking the Z-line stained by a-actinin (b).
A merge of SLMAP (a) and a-actinin (b) signals is shown in (¢). Scale bar = 10 pm.






Fig. 3. SLMAP localization relative to membrane structures. (A) Caveolin 3 specific
labelling (b. e, h) is associated with the subcompartment of the skeletal muscle surface
membranes at 15 d.p.c. (a-c), 18 d.p.c. (d-) as well as in mature soleus muscle (g-1).
SLMAP distribution (a, d, g) was distinct from that of caveolin 3 as evidenced by
SLMAP staining at sub-sarcolemmal membrane associated structures. Merged images of
SLMAP and caveolin 3 stained sections are shown in (c, f, 1).
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Fig. 3. SLMAP localization relative to membrane structares. (B) Co-localization (c,
f, 1) of SLMAP (a, d, g) with the sarcoplasmic reticulum Ca’" ATPase (b, e, h) was
consistently observed in developing skeletal muscle (18 d.p.c.; a-f) as well as in adult
soleus muscle (g-1).
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Fig. 3. SLMAP localization relative to membrane structures. (C) The al-subunit of
the DHP receptor (b, e) was used to identify T-tubules in adult soleus muscle. Regions of
DHP receptor co-localization with SLMAP (a, d) are shown in yellow (c, f). Scale bar =
10 pm.
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Fig. 3. SLMAP localization relative to membrane structures. (D) Three dimensional
reconstruction of confocal images are presented for embryonic skeletal muscle (18 d.p.c.)
co-stained with SLMAP and caveolin (panel A) or SLMAP and DHP receptor (panel B).
Each image is a three-dimensional reconstruction of the indicated depth and colocalized
voxels are shown in white. (a) Staining for caveolin-3 is shown in red and SLMAP
staining 1s shown in green. The image is 8 pm deep. (b) DHP receptor staining is shown
in red and SLMAP staining is shown in green. The image is 7.75 um deep. Scalebar = 5
um in each dimension.
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Fig. 4. SLMAP transcript and protein expression during myogenic differentiation.
(A) SLMAP mRNA expression was assessed in C2C12 myoblasts (lane 0) and
differentiating C2C12 myotubes at various days (lanes 1-3) following the removal of
mitogens from the culture media. The 5.9kb SLMAP transcript was expressed in
undifferentiated (lane 0) and in differentiating C2C12 myotubes (lanes 1-5). Myogenin
mRNA expression is induced upon initiation of the myogenic differentiation program
(lanes 1-5). To indicate the integrity of the RNA samples and equivalent loading, the
expression of the GADPH transcript is shown. (B) Western blot analysis demonstrated
that undifferentiated C2C12 cells (myoblasts) express a 91kDa SLMAP isoform (lane 0).
An 80 kDa SLMAP isoform is induced upon C2C12 differentiation (lanes 1-7).
Myogenin and MF20 (myosin heavy chain) antibodies were used as markers of skeletal
muscle differentiation and o-tubulin antibodies were used to control for equivalent
loading. The 91 kDa SLMAP isoform is expressed in undifferentiated myoblasts and at
all timepoints following onset of differentiation; whereas the 80 kDa SLMAP isoform
was detected only in differentiating cells. (C) Immunoabsorption of SLMAP antibodies
with bacterially expressed SLMAP-maltose binding protein was performed to confirm the
specificity of the antibody for the 91kDa SLMAP protein in undifferentiated C2C12
myoblasts (lane 0). Antibody specificity for the 80 kDa SLMAP protein expressed in
differentiating C2C12 cells (lane 7) was also demonstrated. (D) Densitometric analysis
of SLMAP expression levels during differentiation. Western blots represented in (B)
were analyzed using the SCION software. Densitometry values (y-axis, arbitrary units)
were normalized against a-tubulin levels measured for each day in differentiation media
(x-axis). Increased expression of the differentiation-specific 80kDa SLMAP isoform was
observed with increased time in differentiation media.
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Fig. 5. SLMAP overexpression affects the morphelogical differentiation of C2C12
myoblasts. (A) Schematic representation of the 6Myc-tagged SLMAP expression
constructs used for stable transfections in C2C12 myoblasts. M1 and M2 refer to the two
divergent initiating methionines identified in SLMAP3 (28). (B) Morphology of
differentiating C2C12 myoblasis stably transfected with control 6Myc-pcDNA3 (a);
6Myc-SLMAP3 (b), 6Myc-SLMAPI (c) and 6Myc-SLMAPIATM (d). 6Myc-positive
C2C12 clones were differentiated for 6 days in differentiation medium, fixed with 4%
paraformaldehyde. stained with haematoxylin and eosin and then photographed. (C)
Reduced myotube formation was observed in C2C12 myoblasts that were stably
transfected with 6Myc-SLMAP variants. Fusion indices were calculated as described in
Experimental Procedures. Error bars represent standard deviation for each clone.
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Fig. 6. SLMAP overexpression does not affect biochemical differentiation. Stable
C2C12 cells that ectopically express 6Myc-SLMAP variants were monitored for the
expression of differentiation markers at 0 and 5 days following the removal of mitogens.
The ectopic expression of 6Myc-SLMAP3 (102 kDa), 6Myc-ANSLMAP (72 kDa),
6Myc-SLMAP-TM (47 kDa) or 6Myc-ATM-SLMAPI (42 kDa) was assayed by
immunoblotting experiments using anti-myc monoclonal antibodies. Anti-myogenin
monoclonal antibodies and anti-MF20 monoclonal antibodies were used to detect the
expression of these differentiation markers. Anti-a-tubulin antibodies were used as a
control for equal loading.
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Fig. 7. Carboxyl-terminal SLMAP sequences divect SLMAP-SLMAP interactions.
(A) Schematic representation of the 6Myc and GFP-tagged expression constructs used for
transient transfections and immunoprecipitation studies. (B) C2C12 cells were transfected
with 6Myc-SLMAP3 (MYC-MI; #) or co-transfected with 6Myc-SLMAP3IMT (MYC-
MI; #} and GFP-ANSLMAP (GFP-SLP; +). The membrane blot shown in the first panel
was immunoblotted with anti-SLMAP rabbit antibodies. In C2C12 lysate (L), SLMAP
antibodies detected the 91 kDa endogenous SLMAP as well as the ectopically expressed
6Myc-SLMAPMI (*; 103 kDa) and the GFP-ANSLMAP (+; 72 kDaj variant. In the
second panel, myc antibodies detected only the 6Myc-SLMAP3 variant in lysates (L; *)
of transfected cells. Immunoprecipitations with myc antibodies specifically purified the
6Myc-SLMAP3 variant (second panel, lane M; *). Western blot analysis using SLMAP
antibodies (panel A) further showed that the immunoprecipitated 6Myc-SLMAP3 (*)
protien complexed with the GFP-ANSLMAP (+) protein (lane M, first panel). (C)
C2C12 cells were co-transfected with 6Myc-peDNA3 and GFP-pcDNA3 (controls) or
were co-transfected with 6Myc-SLMAPT (MYC-SLP1; #) and GFP-ANSLMAP (GFP-
SLP; +). The membrane shown in the first panel was immunoblotted with anti-SLMAP
rabbit antibodies. In lysates lanes (L) of control cells, SLMAP antibodies detected only
the 91 kDa endogenous SLMAP. SLMAP antibodies detected both the 6Myc-SLMAP1
{*; 47 kDa) and the GFP-ANSLMARP (+; 72 kDa) variant in lysates of transfected cells. In
the second panel, myc antibodies detected only the 6Myc-SLMAP1 variant (¥) in lysates
(L) of transfected cells. Immunoprecipitation with myc antibodies specifically purified
the 6Myc-SLMAP1 variant (second panel, lane M; ¥). Western blot analysis using
SLMAP antibodies (panel A) aiso showed that the immunoprecipitated 6Myc-SLMAP1
(™) complexed with the GFP-ANSLMAP (lane M, first panel; +). L, lysate; B, mock
immunoprecipitation with protein A/G-agarose beads only; M, immunoprecipitation with
anti-myc monoclonal antibody; C, control immunoprecipitation with rabbit IgGs.
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Fig. 8. Leucine zipper motifs mediate SLMAP homodimer formation. (A) SLMAP3
sequences encoding amino acids 1-450 (SLMAPN) or 450-771 (SLMAPC) were fused in
frame with either the GAL4 DNA binding domain (DNA-BD) or activation domain (AD)
derived from VP16 protein of herpes simplex virus. (B) C2C12 myoblasts were co-
transfected with CAT reporter plasmid pCMV-LacZ, DNA-BD recombinant plasmid or
AD recombinant plasmid: Lane (1) DNA-BD + AD; (2) SLMAPN- (DNA-BD) + AD;
(3) DNA-BD -+ SLMAPC-(AD); (4) SLMAPC-(DNA-BD) + AD: (5) SLMAPN-(DNA-
BD) + SLMAPN-(AD); (6) SLMAPN-(DNA-BD) + SLMAPC-(AD); (7) SLMAPC-
(DNA-BD) + SLMAPN-(AD); (8) SLMAPC-(DNA-BD) + SLMAPC-(AD); (9)
SLMAPCALZ-(DNA-BD) + SLMAPCALZ-(AD); (10) SLMAPCALZ-(DNA-BD) +
SLMAPC- (AD): (11) SLMAPC-(DNA-BD) + SLMAPCALZ (AD), (12) Ninein-LZ-
(DNA-BD) + SLMAPC-(AD); and (14) positive control. Forty-eight hours after
transfection, cells were lysed and then assayed for CAT activity. The level of CAT
activity measured for each sample was normalized based on transfection efficiency as
described in Experimental Procedures. SLMAP homodimer formation was mediated by
carboxyl sequences (8) encompassing the leucine zipper motifs. Deletion of the leucine
zippers (9-11) failed to activate CAT reporter expression above basal levels.
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Fig. 9. Fusion defects are not attributed to aberrant SLMAP-SLMAP asseciations.
(A) Morphology of differentiating C2C12 myoblasts stably transfected with 6Myc-
SLMAPIALZ (b) or the control 6Myc-pcDNA3 vector (a). (B) Cells stably expressing
either 6Myc-SLMAPIALZ or the control vector (6Myc-pcDNA3) were cultured in
differentiation media for 6 days, fixed with 4% paraformaldehyde and stained with
haematoxylin and eosin. Fusion indices were calculated as described in Experimental
Procedures. Error bars represent standard deviation.
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Chapter Three.

Guzzo et al. (2003). SLMAPs Are Directed into Distinct Cellular Membranes by
Alternative Splicing Mechanisms and May Serve Roles in the Structural
Arrangement of the Cardiac Myocyte (manuscript formatted for the Journal of

Cell Science).

The following outlines the experimental contributions of the authors of this
manuscript. Immunocytochemistry, immunohistochemistry (with the exception of
Figure 3B), embryo sectioning, microscopy, image analyses, transient
transfections and cell culture were performed by R. Guzzo. Deconvolution
confocal microscopy (Figure 3D) was performed by Dr. Edwin Moore. The
generation and purification of the GST-SLMAP proteins, pull down assays and
silver staining were performed by R.Guzzo. Dr. John Kelly (National Research
Council of Canada) and his colleagues performed the gel extraction, digestion and
mass spectrometric analysis. Culture adult rat cardiomyocytes were provided by
Dr. G.N. Pierce (Institute of Cardiovascular Sciences, St. Boniface Hospital
Research Centre, Winnipeg). Maysoon Salih and R. Guzzo generated the

mammalian expression constructs and R. Guzzo wrote the manuscript.



79

SLMAPs Are Directed into Distinct Cellular Membranes by Alternative Splicing
Mechanisms and Serve Potential Roles in the Structural Arrangement of the
Cardiac Myocyte

Rosa M. Guzzo', Maysoon Salih’. John F. Kelly*, Edwin D. Moore” and Balwant S.
Tuana®

"Department of Cellular and Molecular Medicine, 451 Smyth Rd, University of Ottawa,
Ottawa, Ontario, Canada K1H 8MS5

* Institute for Biological Sciences, National Research Council, 100 Sussex Drive, Ottawa,
Ontario, Canada. K1A OR6

"Department of Physiology, University of British Columbia, Vancouver, British
Columbia, Canada V6T 173

Corresponding author:

Abbreviations:
SLMAP, sarcolemmal membrane-associated protein; £R, endoplasmic reticulum;
SR, sarcoplasmic reticulum; 7MD, transmembrane domain; LZ, leucine zipper,
FC-coupling, excitation-contraction coupling, GS7, glutathione sepharose

transferase; GFP, green fluorescent protein.



80

SUMMARY

In cardiac myocytes, the ordered arrangement of cell surface membranes (sarcolemmal
and transverse {T)-tubules) and internal membranes of the sarcoplasmic reticulum (SR)
relative to the contractile apparatus is essential for excitation-contraction coupling. The
molecules involved in maintaining this structural arrangement remain to be defined. Here
we ascribe molecular and cellular properties to the tail-anchored sarcolemmal-membrane
associated proteins (SLMAPs) that are consistent with a role in the membrane
arrangement of the cardiomyocyte. The expression of SLMAP was developmentally
regulated appearing predominantly in the ventricle at 9 days post coitum (d.p.c) and
uniformly distributed throughout the myocardium at 13 d.p.c. The localization of SLMAP
became increasingly well organized as development progressed and was seen to coincide
with the organization of the various membrane systems in the adult myocyte. Proteomic
analysis indicated that SLMAPs could self assemble and bind cardiac myosin. In
nonmuscle cells, the targeting of the SLMAPSs to different membrane systems was found
to be dependent on the distinct C-terminal membrane anchors generated by alternative
splicing mechanisms. SLMAP was also shown to be a component of the ER membrane
but was not involved in vesicle transport. The cardiac specific expression of SLMAP
isoforms that can reside in distinct membranes, self assemble and interact with the

contractile apparatus suggest a unique role for this molecule in EC coupling.
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INTRODUCTION

Protein-lipid and protein-protein interactions are of critical importance for the
integrity and function of membrane-bound organelles in eukaryotic cells (Ezerman and
Ishikawa, 1967; Sitia and Meldolesi, 1992; Volpe et al., 1992). Muscle cells have
evolved a specialized membrane architecture that is necessary for the regulation of ion
channel communication underlying the process of excitation-contraction (EC) coupling.
The sarcoplasmic reticulum (SR), derived from the smooth surfaced endoplasmic
reticulum, constitutes an abundant internal membrane system comprised of two
molecularly distinct membrane domains: the longitudinal (nonjunctional) SR and the
terminal cisternae (junctional) SR (Villa et al, 1993; Franzini-Armstrong, 1999).
Situated in close apposition to the junctional or terminal cisternae SR is a system of
sarcolemmal invaginations, known as transverse (T)-tubules. Localized entry of calcium
ions through the L-type calcium channel situated at the T-tubules is induced upon
depolarization of the sarcolemma and triggers the release of calcium to the cytosol from
SR-localized calcium release channels (Endo et al., 1970 and 1977; Fabiato, 1989,
Verkhratsky and Shmigol, 1996). This increase in intracellular calcium levels activates
the closely situated contractile units to facilitate myocyte shortening; thus the proper
spatial distribution of membrane systems relative the contractile myofilament proteins are
pivotal for the EC coupling mechanism (Atar et al.. 1995; Bers, 2002). Subsequent
removal of the intracellular calcium ions is necessary for the relaxation of the myocyte
and is achieved by the activities of the longitudinal SR-localized Ca™ adenosine

triphosphatase (ATPases) SERCA pumps and the Na'-Ca™ exchanger present at the T-
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tubules and sarcolemma (Kiriazis and Kranias. 2000; Reuter et al., 2003; McDonough et
al., 2002; Bers, 2002).

Mouse genetic models with mutations introduced in cardiac SR proteins or with
alterations in the expression levels of SR proteins that function in calcium release
(rvanodine receptor 2), calcium storage (calsequestrin, phospholamban) and calcium
reuptake (SERCA2) have further advanced our understanding of the molecular
physiology of the normal and diseased heart (Takeshima et al.. 1998; Sato et al., 1998,
Jones et al., 1998; Schmitt et al., 2003; Luo et al.. 1994, 1996 and 1998; He et al., 1997,
Kiriazis and Kranias, 2000). The mechanisms that organize the cardiac myocyte
membrane architecture, so that the appropriate targeting of the EC coupling apparatus can
be achieved and maintained on a beat to beat basis, remain poorly understood.
Identification of the molecular components necessary for the organization and
stabilization of the cardiac membrane architecture would not only advance the
understanding of cardiomyocyte function but may also offer insights into heart disease
where the deregulation of membrane components has been correlated with cardiac
dysfunction (Marx and Marks, 2002; Scoote and Williams, 2002). Recent studies indicate
that a family of proteins designated the junctophilins (JPs) may contribute to the
formation of the dyadic couplings between the SR/ER and the T-tubules in
cardiomyocytes (Takeshima et al., 2000: Komazaki et al., 2003). A carboxyl-terminal
hydrophobic segment targets the molecule to the ER/SR membrane, while the
cytoplasmic domain interacts with lipid moieties of the plasma membrane (Takeshima et
al., 2000). Targeted disruption of the cardiac/skeletal JP subtype (JP-2) resulted in early

embryonic lethality (10.5 d.p.c.) and structural and functional analysis of cardiac



myocytes from mutant embryos (9.5 d.p.c.) revealed deficiencies in peripheral couplings
as well as defects in EC coupling (Takeshima et al., 2000).

In an effort to identify novel components of cardiac membrane systems, a heart
c¢DNA library was screened with purified sarcolemmal antibodies. These previous
studies resulted in the isolation of cDNAs encoding a novel family of coiled-coil integral
membrane proteins termed the SLMAPs (sarcolemmal membrane associated proteins)
(Wigle et al., 1997). The overall structure of SLMAPs indicates that these molecules,
consisting of muscle specific variants (SLMAPI, SLMAP?) and a ubiquitously expressed
isoform (SLMAP3), belong to a class of integral membrane proteins known as tail-
anchored (TA) membrane proteins (Kutay et al., 1993). Consistent with the topology of
tail-anchored membrane proteins. a carboxyl-terminal hydrophobic domain inserts
SLMAPs into membrane systems with the amino-terminal domain exposed to the
cytoplasm (Wigle et al.. 1997, Wielowieyski et al., 2000). SLMAPs do not possess an
amino-terminal signal sequence, thus a post-translational targeting mechanism that
operates independent of the éﬁgnal-recognition particle (SRP) is predicted to mediate
SLMAP-membrane insertion (Borgese et al.. 1993; Kutay et al., 1993; Wattenberg and
Lithgow, 2001). Genomic characterization of the carboxyl sequences of the SLMAP
gene further confirmed the presence of two hydrophobic segments encoded by either
alternative exon X or exon XI (Wielowieyski et al., 2000). It is speculated that these two
divergent transmembrane domains target SLMAPs to distinct membrane systems and
contribute to the membrane scaffold in cardiac muscle cells.

Whereas SLMAPI and SLMAP?2 are abundantly expressed in cardiac membrane

fractions, the SLMAP3 variant has previously been shown to display wide tissue
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distribution (Wigle et al., 1997). The SLMAPs share several structural features with
proteins known to mediate intracellular communication among eukaryotic membrane-
bound organelles of the secretory system, including components of the vesicular
trafficking machinery. In this regard, the SNARESs (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) define a class of coiled-coil tail anchored membrane
proteins that regulate the docking and fusion of cargo-containing transport vesicles to
their target organelles (Rothman and Warren. 1994; Kutay. 1993). By virtue of their
molecular properties and broad tissue expression, we hypothesize that SLMAPs are
ubiguitous membrane components of nonmuscle systems.

In the current study, we have defined the pattern of SLMAP localization in
developing and adult cardiomyocytes. Affinity chromatography studies using
recombinant SLMAP were employed to identify SLMAP-associated proteins in cardiac
tissue. Furthermore, we have examined the SLMAP-membrane associations that are

mediated by the two divergent carboxyl-terminal transmembrane domains.

MATERIALS AND METHODS

Immunohistochemistry

Timed-pregnant mice were sacrificed by lethal injection of sodium pentobarbital.
Embryos (9-15 days post coitum) were removed, rinsed briefly in PBS, and then
immediately fixed in 4% paraformaldehyde in 100 mM phosphate buffer, pH 7.4.
Embryos were incubated in cryprotectant consisting of 20% sucrose in PBS. Fixed
embryos were embedded in Tissue-Tek O.C.T. compound, frozen and stored at —80°C.

Cryosections (6-10 um) were collected on gelatin coated microscope slides and stored at
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-80°C. Older embryos (18 d.p.c.) and adult tissues were isolated, rinsed in PBS,
embedded in Tissue-Tek O.C.T. compound and then frozen. Cryosections were mounted
onto slides and fixed overnight in 4% paraformaldehyde. Immunohistochemistry was
performed by first prewarming slides to 37°C. PFA-fixed sections were washed in PBS
then treated with 50 mM ammonium chloride in PBS for 5 minutes to reduce nonspecific
staining of blood proteins. Sections were blocked in PBS containing 10% goat serum,
1% Triton-X-100 and 10% bovine serum albumin for 20 minutes at room temperature
before being exposed to primary antibodies (1 hour at room temperature). Following
several washes in PBS, sections were incubated in PBS containing 5% goat serum, 1%
Triton-X-100 and the appropriate fluorochrome-conjugated secondary antibodies for one
hour at rcom temperature. After several washes in PBS, sections were mounted with
antifade solution (Molecular Probes).

Ventricular myocytes were isolated from adult male Wistar rats and fixed using
methods previously described (Scriven et al.. 2000). Fixed cells were adhered to acid
washed coverslips using poly-L-lysine (Sigma). rinsed in phosphate buffered saline and
permeabilized in a PBS solution containing 0.1% Triton X-100 for 10 minutes. Cells
were then incubated with the relevant primary antibodies overnight in a humidified
environment at room temperature. Antibodies were diluted in buffer consisting of 75 mM
NaCl, 18 mM Nagscitrate, 2% goat serum, 1% BSA, 0.05% Triton X-100 and 0.02%
NaNj. After several rinses in wash solution (75 mM NaCl, 18 mM Nagscitrate, 0.05%
Triton X-100). cells were incubated with highly cross adsorbed fluorescein
isothiocyanate (FITC) conjuated anti-rabbit and Texas Red conjugated anti-mouse

secondary antibodies (Jackson Immunobiologicals) for two hours at room temperature.
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Cells were then rinsed in antibody wash solution and coverslips were mounted onto
frosted slides in a solution composed of 90% glycerol, 10% 10X PBS, 2.5%
triethylenediamine, and 0.02% NaN,;. Fluorescent microspheres (0.2 um diameter,
Molecular Probes) labeled with FITC and Texas Red were added to the mounting

medium to act as fiduciary markers and permit accurate alignment of the 3D data sets.

Antibodies

The following antibodies were used for immunofluorescence staining:
monoclonal anti-Golgi 58K antibody (1:50) (Sigma-Aldrich); rabbit anti-calnexin
carboxyl terminus polyclonal antibody (1:300) (Stressgen); monoclonal anti-ERGIC-53
antibody (1: 1000) (Dr. H.P. Hauri, University of Basle, Switzerland); monoclonal anti-
o-tubulin antibody (1:500) (clone DM1A; Sigma-Aldrich); monoclonal anti-myc 9E10
monoclonal antibody (1:50) (Dr. J. Bell, University of Ottawa); monoclonal anti-a-
actinin? antibody (1:800) (clone EA-53, Sigma-Aldrich), monoclonal anti-caveolin 3
antibody (I pg/ml) (BD Transduction Laboratories); monoclonal anti-ryanodine
receptor 2 C3-33 antibody (1:1000) (Dr. D.W. MacLennan, University of Toronto); anti-
ryanodine receptor (1 pg/ml. Affinity Bioreagents) and rabbit anti-Tom20 polyclonal
antibody (1:500) (Dr. H. McBride, Ottawa Heart Institute). Filamentous actin was
stained using a 1:1000 dilution of FITC-conjugated phalloidin (Sigma-Aldrich). Anti-
SLMAP(C) rabbit antisera was raised against the carboxyl 370 amino acids of SLMAP,
as previously described (Wigle et al., 1997) and used at 1:400 for immunofluorescent
staining and at 1:5000 for immunoblotting. Rabbit anti-a-mannosidase II antibody (Dr.

M.G. Farquhar. University of California San Diego) was used at 1:100 for
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immunoblotting experiments. The secondary antibodies used in these studies included
Alexa-Fluor 488-conjugated anti-rabbit immunoglobulins (Molecular Probes) and Alexa
Flour 594-conjugated anti-mouse immunoglobulins (Molecular Probes). Secondary
antibodies used in immunoblotting experiments included anti-rabbit IgG peroxidase
linked whole antibody (Amersham Pharmacia Biotech) and peroxidase conjugated

AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.).

Microscopy, Image Acquisition and Deconvolution

Samples were visualized using an Axiophot (Carl Zeiss Inc) microscope equipped
with a 3CCD colour video camera. An Olympus IX70 laser-scanning inverted
microscope with a 63x oil immersion objective was also used for observation. Images
were acquired using the BioRad MRC 1024 confocal. Acquired images were digitally
processed using Northern Eclipse (Version 5.0, Empix Imaging Inc.) acquisition software

as well as the Confocal Assistant 40 software. Images were further processed using

Adobe PhotoshopTM 5.0 (Adobe Systems Inc.).

A series of two-dimensional images were acquired through the cells at 0.25 um
spacing using a Nikon Diaphot 200 microscope and a Planapo 60/1.4 objective. This
configuration produced voxel dimensions of 100 x 100 x 250 nm and satisfied the
Nyquist criteria for sampling and prevented aliasing. The image detector was a thermo-
electrically cooled CCD camera with a SiTe S1502AB chip with a peak quantum
efficiency of 80%. Other details of the microscope can be found in Scriven et al. {2000).

The point spread function of the microscope was measured using fluospheres of the
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appropriate color (0.1 pm diameter, Molecular Probes). The images were prepared,

deconvolved and analyzed as previously reported (Dan et al., 2003).

Generation of GST-fusion proteins
Rabbit SLMAP! ¢cDNA was PCR amplified from full length SLMAP3 cDNA using the

forward primer (GEXSL15": cgGAATTCaaagcagtgacgacac) and reverse primer (GEX3":
cgGAATTCgtgtacggactcaagaaa). PCR conditions consisted of: (i) 3 minutes at 94°C; (ii)
30 cycles at 94°C for 40 seconds (denaturing); 60°C for 30 seconds (annealing); 72°C for
2.5 minutes (extension); followed by (iii) one last step at 72°C for 10 minutes. PCR
products were EcoRI digested and ligated into the EcoRI site of pGEX-2TK vector
(Amersham Pharmacia Biotech) to yield pGEX-SLMAPI1. Insert orientation was verified
by restriction site mapping and sequencing.

pGEX-2TK or pGEX-SLMAP! were used to transform BL21 Codon Plus
(Stratagene) competent cells. Transformed cells were plated on LB agar plates
supplemented with ampicillin (1000 ug/mL), chloramphenicol (40 pg/ml) and 2%
glucose. Overnight bacterial cultures for each transformant were grown at 37°C until an
optical density reading (Aeoonm) 0f 0.5-0.6 was reached. Fusion protein synthesis was
induced with 0.1 mM IPTG for 4 hours at room temperature. Cells were collected by
centrifugation for 10 minutes at 5,000 rpm and resuspended in lysis buffer (PBS pH 7.4,
1% Triton-X-100, 0.8% NaCl, 5% glycerol) supplemented with protease inhibitor
cocktail (Sigma-Aldrich). To lyse the cells, 0.1 mg/ml of lysozyme was added and the
bacterial cell lysates were incubated on ice for 30 minutes, followed by brief sonication.

Sonicated material was centrifuged for 20 minutes at 20,000 xg and collected
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supernatants were then incubated with glutathione sepharose 4B (Amersham Pharmacia
Biotech) beads with constant rotation at 4°C. Beads were separated from the lysate by
brief centrifugation (4,000 rpm; 10 seconds) and the protein-linked beads were washed
several times with lysis buffer. Two additional washes were performed with purification

buffer (PBS pH 7.4, 0.5% NP-40, 0.8% NaCl. 5% glycerol).

GST-pull down assays

H9¢2 cells, maintained at 37°C in Dulbecco modified essential media (DMEM)
supplemented with 10% heat inactivated fetal bovine serum and antibiotics, were lysed in
RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS pH 7.4,
protease inhibitors). Unbroken cells and debris were removed by centrifugation and
protein contents were determined using the BCA Protein Assay Kit (Pierce). The H9¢2
cell lysate was precleared with glutathione sepharose 4B (Amersham Pharmacia Biotech)
beads linked to GST (30 minutes rotation at 4°C). 6 mg of precleared cell lysate was
incubated overnight at 4°C with equivalent amounts of purified GST or GST-SLMAP1
bound to glutathione sepharose 4B (GST) beads. After binding, the beads were
extensively washed with 1X RIPA. 0.5X RIPA or PBS, then resuspended in 2X sample
buffer. Captured proteins were eluted from the beads by boiling and then separated on
7.5% SDS-PAGE gels (Laemmli, 1970).

Crude microsomes were isolated from adult rabbit ventricles by homogenization
in buffer consisting of 50 mM Tris-HCI pH 7.8; 20 mM sodium tetraphosphate and 1 mM
EDTA gupplemented with protease inhibitor cocktail (Sigma-Aldrich). The homogenate

was cleared of debris by centrifugation at 10,000 xg for ten minutes at 4°C, then filtered
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through cheesecloth. KCl was added to a final concentration of 0.6M and the cleared
homogenate was further centrifuged at 100,000 xg for 45 minutes at 4°C. The pellet was
retained and solubilized overnight with constant rotation in buffer consisting of 12.5 mM
MOPS pH 7.2, 0.8% CHAPS, 0.5% NP-40, 450 mM NaCl, 150 mM sucrose and 25 uM
EGTA. Solubilized membranes were then subjected to high speed centrifugation
(190,000 xg: 1 hour). The supernatant was retained as the solubilized crude microsome
fraction. Protein contents were determined using the BCA Protein Assay kit (Pierce) and

GST-pull downs were performed as described above for H9¢2 cells.

Silver Staining

SDS-polyacrylamide gels were fixed in 50% ethanol; 5% acetic acid solution for
30 minutes at room temperature. Gels were then washed for 10 minutes in 50% ethanol
followed by two washes (20 minutes total) in double distilled water. Gels were
subsequently incubated in silver staining sensitizer solution (0.02% sodium thiosulphate)
for 5 minutes, then washed twice in double distilled water prior to staining in 0.1% silver
nitrate for 30 minutes. Gels were briefly rinsed in double distilled water, and then
exposed to developer solution (0.04% formalin in 2% sodium carbonate). The reaction
was stopped by the addition of 5% acetic acid solution upon visualization of bands. Gels

were stored in 1% acetic acid solution.

Digestion Protocol and Mass Spectrometry

Gel slices were destained (15 mM potassium ferricyanide; 50 mM sodium

thiosulfate) and incubated at room temperature with shaking. Gel pieces were then
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washed (3 x 10 minutes) in deionized water and acetonitrile was added to shrink the gel
pieces. Gel pieces were rehydrated with buffer consisting of 0.01 pg/ul of trypsin in 50
mM ammonium bicarbonate and digested overnight at 37°C. The buffer containing the
digested peptides was transferred to a mass spectrometer analysis plate and analyzed on
the Q-tof ultima instrument (Micro Mass). Samples were analyzed using a nano-LC-
MS/MS method with runs of 45 minutes/sample and a gradient of acetonitrile ranging

from 5 t0 55%.

Subcellular fractionation of the Golgi and ER

Stacked golgi fractions (SGF) and endoplasmic reticulum fractions were isolated
from rabbit liver according to the method described by Taylor et al. (1997). All
procedures were performed on ice in the presence of protease inhibitors (PMSF,
leupeptin, aprotonin, pepstatin A). Freshly removed livers were minced and then
homogenized (0.5M phosphate buffered sucrose. 100 mM KH,PO, / K;HPO, pH 6.5 and
5 mM MgCl). The homogenate was centrifuged at 1500 xg for 10 minutes to remove
unbroken cells, debris and nuclei. Postnuclear supernatant (PNS) was loaded onto a
sucrose step gradient (1.3 M sucrose. 0.86 M sucrose. PNS in 0.5 M sucrose, 0.25 M
sucrose) and centrifuged at 100,000 xg for one hour. Fractions collected from the
gradient included SI (0.25-0.5 M interface); A (0.5 M layer); SII (0.5-0.86 M interface);
B (0.86 M layer); SIII (0.86-1.3 M interface); C (1.3 M layer) and pellet. SII fraction was
adjusted to 1.15 M sucrose, and then overlaid with 1.0 M sucrose, 0.86 M sucrose and
0.25 M sucrose. This sucrose gradient was centrifuged at 76,000 xg for 53 hours.

Fractions collected included: SGFA (0.25 M layer); SGF1 (0.26-0.86 M interface);
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SGFB (0.86 M layer); SGF2 (0.86-1.0 M interface); SGFC (1.0 M layer); SGF3 (1.0-1.15
M interface); and SGFL (1.15 M layer). Protein content of each fraction was determined
via the BCA protein assay (Pierce). Equal amounts (10 ug) of each fraction were loaded

onto a 10% SDS polyacrylamide gel.

Cell culture, transfections and cytoskeletal disruptions

COS7 African green monkey kidney cells and H9¢2 cells (CRL-1446, ATCC)
were maintained at 37°C in Dulbecco modified essential media (DMEM) supplemented
with 10% heat inactivated fetal bovine serum and antibiotics. Transient transfection
experiments were performed using the FugeneTM (Roche Biochemicals) transfection
reagent according to the manufacturers’ specifications. Disruption of microtubules was
induced in COS7 cells with 10 uM nocodazole (Sigma-Aldrich) for two hours at 37°C.
Filamentous actin was disrupted in COS7 cells with 1 uM cytochalasin D (Sigma
Aldrich) for 2 hours at 37°C. Ventricular cardiomyocytes were isolated from adult rat

hearts as described by Liu and Pierce (1993).

SLMAP expression constructs

6Myc-tagged SLMAP1 expression constructs encoding transmembrane domain |
(TMD1), transmembrane domain 2 (TMD2) or the construct lacking both TM (ATM)
domains were generated according to Wielowieyski et al. (2000). The leucine zipper
mutant (SLMAPALZ) contained TMD?2 sequences and was generated by digesting 6Myc-
SLMAP1-pcDNA3 with BamHI. This digestion removed the segment of SLMAP that

encoded the leucine zippers (nucleotides 1774-1984). Nucleotides 2001-2314 of



SLMAP3M]1 (designated SLMAP3") in pcDNA3 were retained for subsequent ligation. A
PCR amplicon of 6Myc-SLMAP! lacking the leucine zippers was generated from the
6Myc-SLMAPL-pcDNA3 template using the 5° primer (6MYC-SLP15') and the 3’
primer (CGGATCCCTCTTTCTGCTGGTCCTCACACTGC; LZ-less). The PCR product
(lacking the leucine zippers) was restriction digested (BamH!) and then ligated into
SLMAP3'. The GFP-SLMAP1-TMD2 construct was PCR generated using the 5' primer
GGGAATTCAATGGATGAGCAAGACCTG  and  3'  primer  SLMAPN-R
(GATGCCAGCTTCTAGAGGGAGGACG). EcoR1/Xbal digested PCR products were
inserted into the EcoR1/Xbal sites of pcDNA3 mammalian expression plasmid
(Invitrogen), in frame with a 6Myc epitope tag or into the EcoR1/Xbal sites of pcDNA3,

in frame with a GFP tag. Sites of ligations were confirmed by DNA sequencing.

Immunocytochemistry

Cells grown on sterile glass coverslips were fixed in either 4% paraformaldehyde
(PFA) in phosphate buffer for 15 minutes at room temperature or in ice-cold methanol for
five minutes. Following either fixation method, coverslips were mounted onto glass
slides and cells were incubated with the relevant antibody(s) diluted in 10 mM PBS
containing 0.3% Triton-X-100 (PBS-T) for 2 hours at room temperature. After several
washes in PBS, celis were incubated in the appropriate fluorochrome-conjugated
secondary antibody(s) for 45 minutes at 37°C. Cells were washed extensively in PBS,

and then mounted with antifade media (Molecular Probes).

ER-Golgi protein transport assays
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The 1s045-VSVG-GFP expression plasmid was donated by Dr. Lippincott-
Schwartz (Presley et al.. 1997). The plasmid was co-transfected with 6Myc-tagged
SLMAP-pcDNA3 constructs into COS7 at 40°C for 15 hours. Cells were then shifted to
either 32°C for one hour or 15°C for three hours to monitor the transport of ts045-VSVG-

GFP from the ER to the ERGIC, Golgi and plasma membrane.

RESULTS

SLMAP expression in the developing myocardium and adult
cardiomyocytes.

In view of the abundant SLMAP transcript expression in cardiac muscle (Wigle
et al., 1997, Wielowieyski et al., 2000), we investigated the temporal and spatial pattern
of SLMAP expression in developing cardiac tissue. At nine days post coitum (d.p.c.), the
primitive mouse heart exists as a tubular structure with presumptive atrial and ventricular
chambers. SLMAP-antibody labelling of formalin-fixed sagital cryosections of mouse
embryos revealed that SLMAPs were expressed in both the atria and ventricles at this
early stage developmental stage. with more robust staining observed in the ventricular
myocardium (Fig. 1A). At 13 d.p.c., the developing heart is divided by septa into a four-
chambered heart (Epstein and Buck, 2000) and SLMAPs were uniformly expressed in the
atrial and ventricular myocardium, as well as the interventricular and interatrial septum
(Fig. 1B; a,c.d). An immunofluorescent signal was not observed in sections incubated in
pre-immune rabbit serum (Fig. 1B; c), nor was a signal obtained in sections where the
primary antibody was omitted (secondary antibody control. not shown). Confocal images
of ventricular myocytes stained for SLMAPs at 13 d.p.c. revealed diffuse SLMAP-

localization (Figure 2a). A distinct distribution of SLMAPs relative to the myofibrils was
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not observed at this developmental stage (Fig. 2a-c). In older embryos (18 d.p.c.), a clear
striated pattern of SLMAP expression was apparent and SLMAP localization was
primarily distinct from that of the Z-line marker. a-actinin (Fig. 2d-f).

Immunostaining and confocal microscopy was used to further examine the
subcellular localization of SLMAPs in cultured adult rat ventricular myocytes. In contrast
to the disordered SLMAP distribution in early embryonic ventricular myocytes, a regular
cross-striated pattern of SLMAP distribution was observed in adult cardiac cells (Fig. 2
g-1). SLMAP labelling of the Z-line was apparent by confocal and deconvolution
microscopy (Fig. 2i and Fig. 3A, parallel arrows in panel a); however SLMAPs were also
seen to reside between the Z-lines (Fig. 3B. panel A, u) as well as in longitudinal
structures oriented parallel to the Z-line (Fig. 21). This staining pattern is consistent with
the network-like distribution of the SR and T-tubules that surrounds the myofibrils (Opie
et al.. 1991). The reticular staining pattern acquired with SLMAP antibodies was also
reminiscent of the longitudinal SR.

In adult ventricular cardiomyocytes, SLMAP-specific staining was shown to
extend toward the periphery of the cell and also labelled invaginations of the plasma
membrane, thus we examined whether SLMAPs are associated with external membrane
systems in mature myocytes. Caveolin 3 proteins are expressed in cardiac, skeletal and
smooth muscle and reside at the vesicular invaginations of the plasma membrane known
as caveolae (Song et al., 1996). Caveolin 3 antibodies clearly labelled a subcompartment
of the surface cardiac membrane as well as plasma membrane invaginations (Fig. 3A, b
and Fig. 3B, panel b), consistent with the distribution of caveolin 3 in the transverse

tubular membrane system in cardiac cells (Liu et al., 2003). SLMAP co-localization with
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caveolin 3 at the cell surface, membrane invaginations and along the Z-lines was well
resolved by deconvolution miéroscopy (Fig 3B, panel b; Fig. 3A. c). Regional
differences in the SLMAP-caveloin 3 co-localization were apparent as cavolin 3 along
the Z-lines was more heavily co-localized with SLMAP than the cell surface (Fig. 3A, c;
Fig. 3B, panel B).

The ryanodine receptors (RyR) or the calcium release channels are essential
components of the EC-coupling machinery in muscle localized at the terminal cisternae
SR membranes. By immunofluorescent microscopy. RyRs are typically detected as a
series of regularly spaced doublets in developing and adult cardiomyocytes (Fig. 3e and
Fig. 3B, panel C in red) (Carl et al., 1995). Dual staining with SLMAP and RyR2-
specific antibodies revealed that SLMAPs labelled extensive reticular formations in
isolated ventricular myocytes, in addition to the RyR-stained doublets (Fig. 3d, f and Fig.

3B, panel C).

Identification of SLMAP-associated proteins.

To gain insight regarding the biological role(s) of SLMAPs in cardiac cells,
affinity chromatography assays using bacterially expressed recombinant glutathione
sepharose transferase linked SLMAP proteins (GST-SLMAP1) were performed to
identify SLMAP-associated proteins. GST-SLMAP1 fusion proteins were immobilized
on glutathione-Sepharose beads (Fig. 4A) and incubated with detergent extracts of H9¢c2
cells or crude microsomal fractions isolated from adult rabbit ventricles. Following
extensivé washing to remove non-specific and weakly bound proteins, the proteins bound

to recombinant SLMAPs were eluted, separated by SDS-PAGE and visualized by silver
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staining. A protein band with an apparent molecular weight of 35 kDa and a less
abundant protein band of 70 kDa expressed in H9¢Z cells were found to consistently bind
GST-SLMAPI (Fig. 4B). In addition, a band with an apparent molecular weight of over
200 kDa was eluted from the immobilized GST-SLMAP! proteins incubated with the
cardiac fractions (Fig. 4C). Each of the recovered proteins specifically interacted with
the GST-SLMAP fusion proteins, since none of the protein bands were recovered by GST
alone (Fig. 4B, C). In addition, the protein bands were not identified in other control
experiments where GST or GST-SLMAP recombinant proteins were incubated with lysis
buffer alone. The 200 kDa, 70kDa and 35kDa proteins were excised from the silver
stained gels, trypsin digested and further analyzed for peptide composition by mass
spectrometry. Database comparisons of the tryptic peptide sequences of the 70 kDa and
35 kDa proteins matched Accession No. 790240, 790238 and 20870858, each
representing SLMAP. The ability SLMAPs to self assemble has been corroborated by
additional studies (immunoprecipitations, in vitro protein-protein interactions) conducted
in our laboratory (manuscript in preparation). The peptide sequences acquired from the
mass spectrometric analysis of the 200 kDa protein corresponded to the cardiac alpha and
beta subunits of myosin heavy chain. These findings suggest that SLMAPs may provide

a structural link between the cardiac membrane systems and the contractile myofilaments.

SLMAP3 associates with intracellular membranes in nonmuscle cells.

The SR is derived from the smooth endoplasmic reticulum, an extensive
membrane-bound organelle, which contributes to general intracellular calcium regulation

in eukaryotic cells (Baumann and Walz, 2001). In view of the abundant SLMAP
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expression in the SR of cardiac cells and the ubiquitous distribution of the SLMAP3
variant (Wigle et al., 1997), we sought to determine whether SLMAP3 is also a
component of membrane systems (ER, Golgi) in nonmuscle cells such as liver. Total
membranes were prepared from the postnuclear supernatant of rat liver homogenates and
further separated into ER and golgi fractions by sucrose gradient centrifugation (Fig. 5)
(Taylor et al.. 1997). Protein fractions from each gradient were collected, separated by
SDS-PAGE and subject to immunoblot analysis using anti-SLMAP antibodies as well as
specific markers of the ER (calnexin) and a cis-golgi marker (a-mannosidase). A 91
kDa SLMAP isoform, consistent with the molecular size of the full length SLMAP3
protein, co-purified with calnexin in fractions enriched in the ER. The SLMAP3 protein
was not identified in a highly enriched stacked golgi fraction where a-mannosidase was
purified (Fig. 5).

Immunocytochemistry and biochemical fractionation studies have previously
revealed that SLMAPs are targeted to intracellular membrane systems by sequences at
the extreme carboxyl terminal region of the molecule (Wielowieyski et al., 2000). The
membrane targeting regions of SLMAPs were confined to sequences encompassing
transmembrane domain | (TMD1) encoded by alternative exon V in SLMAPI and
sequences encompassing transmembrane domain 2 (TMD2) encoded by exon VI
(Wielowieyski et al., 2000). To further elucidate whether TMD! or TMD2 target
SLMAPs to distinct membrane systems, SLMAP constructs encoding either TMD!1 or
TMD?2 sequences fused to the 6Myc epitope tag were transfected into COS7 cells (Fig.
6). When expressed in COS7 cells, the 6Myc-pcDNA empty vector exhibited a

nonspecific distribution throughout the cytoplasm as well as in the nucleus (data not
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shown). Transient expression of SLMAP sequences encompassing TMD1 generated a
pronounced perinuclear localization, which also extended throughout the cytoplasm in a
diffuse reticular pattern consistent with the distribution of ER proteins (Fig. 7A; a). The
ectopic expression of SLMAP sequences encompassing TMD?2 targeted the 6Myc-tagged
fusion protein to distinct reticular formations as well as filament-like projections
throughout the cell that were not observed in cells expressing TMD1 (Fig. 7A; b).
Extraction with Triton-X-100 prior to fixation resulted in lack of myc staining in
paraformaldehyde fixed cells expressing 6Myc-SLMAP-TMD?2, thus confirming this
SLMAP variant associates with detergent soluble complexes such as membrane
structures (data not shown). Recent studies conducted in our laboratory have indicated
that the leucine zipper motifs in SLMAPs specifically direct SLMAP homodimerization
(manuscript in preparation). Thus, to assess whether SLMAP oligomerization could
affect SLMAP targeting to membrane systems, mutants lacking the leucine zipper motifs
were expressed in COS7 cells. In the absence of the leucine zipper motifs, the expression
of TMD2 sequences retained the ability to direct the 6Myc-SLMAPALZ fusion protein to
the filament-like membrane structures (Fig. 7A; ¢). Notably, in the absence of either
transmembrane domain, the 6Myc-SLMAPATM fusion protein was not targeted to
reticular or filament-like membrane structures, rather was diffusely distributed
throughout the cytosol (Figure 7A; d).

To further examine whether the expression of the two transmembrane segments
mediate differential SLMAP-membrane associations, co-transfection experiments were
performed using (i) SLMAP cDNA encompassing TMDI1 fused to 6Myc (6Myc-

SLMAP-TM1); and (ii) SLMAP ¢DNA encompassing TMD2 fused to GFP (GFP-
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SLMAP-TM2). The subcellular distribution of the 6Myc-SLMAP-TM1 fusion protein as
well as the GFP-SLMAP-TM2 fusion proteins were monitored by visualizing GFP
fluorescence relative to myc immunolabeling in those cells which co-expressed the
SLMAP fusion proteins (Fig. 7B). While some overlap in the GFP and myc signal by
immunocytochemistry in cells co-expressing TMD1 and TMD2 (Figure 7B; c, yellow
signal), the localizations were predominantly distinct (Fig. 7B; a-c). Inclusion of the GFP
tag did not appear to affect membrane targeting since cells that were co-transfected with
GFP-SLMAP and 6Myc-SLMAP fusion proteins encompassing the same TMD (TMD2)

showed completely overlapping distribution profiles (Fig. 7B; d-f).

SLMAP transmembrane domains target SLMAPs to distinct membrane
systems in COS7 cells.

In view of the observation that the two carboxyl-terminal transmembrane domains
target SLMAPs to distinct membrane structures in COS7. we monitored SLMAP
localization relative to various components of intracellular membrane-bound organelles.
Co-staining with the ER marker calnexin demonstrated significant co-distribution with
6Myc-SLMAP-TMD1 variant at reticular formations (Fig. 8A; a-c); however limited co-
distribution was observed in cells expressing 6Myc-SLMAP-TMD?2 (Fig. 8A; d-f) or
6Myc-SLMAP-TMD2ALZ (Fig. 8A; g-1). Anti-ERGIC-53 monoclonal antibodies, which
were used to detect the ER-golgi intermediate compartment, consistently labelled fine
punctate structures concentrated at perinuclear sites in COS7 cells (Schindler et al., 1993;
Itin et al., 1995). This distribution pattern was distinct from that of either 6Myc-SLMAP-

TMD!1 (Fig. 8B; a-c) or 6Myc-SLMAP-TMD?2 (Fig. 8B; d-f). Whereas myc staining
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demonstrated that TMD1 and TMD? direct SLMAPs to perinuclear sttes, neither TMD1
nor TMD?2 sequences target SLMAPs to the golgi as assessed by co-staining with the
anti-Golgi58K monoclonal antibody (Fig. 8C: a-i). Consistent with these observations,
the fungal metabolite Brefeldin A, a widely used agent that disrupts the structure of the
Golgi apparatus (Lippincott-Schwartz et al., 1989 and 1990) did not alter the distribution

of membrane-associated SLMAPs (data not shown).

SLMAP membrane associations require an intact microtubule system.

The importance of cytoskeleton for the organization of the membrane-bound
organelles such as the ER has been demonstrated by the pharmacological disruption of
microtubules (Baumann and Walz, 2001). In cells treated with the microtubule
depolymerizing agent nocodazole, the ER membrane collapses and forms aggregates
around the nucleus (Terasaki et al., 1986; Lee et al., 1989; Presley et al., 1997). In our
studies, the effect of nocodazole on microtubule assembly was confirmed by staining
with a-tubulin, which illustrated a distinct redistribution of the cytoplasmic microtubules
(Fig. 9A: d-f). Under conditions that disrupt microtubules, the distribution of the
ectopically expressed ER-membrane associated SLMAP variant (6Myc-SLMAPI-
TMD1) was altered from a reticular-like distribution (Fig. 9A; a) to an aggregate-like
distribution (Fig. 9A: b). These nocodazole-induced structures were not however
observed in COS7 expressing the transmembrane domain mutant (6Myc-SLMAPATM)
(Fig. 9A; c). These observations imply that SLMAP-membrane associations are

dependent upon an intact microtubule network. which is consistent with the distribution

of SLMAP-TMD1 at the ER network.
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To determine whether SLMAPs are associated with the actin cytoskeleton, COS7
cells expressing 6Myc-SLMAP fusion proteins were treated with cytochalasin D, an actin
myofilament disrupting agent (Cooper, 1987). In the presence of cytochalasin D, actin-
containing microfilaments in COS7 cells were transformed from filamentous (Figure 9B;
e, g) to punctate structures (Fig. 9B; f, h). Depolymerization of the actin filament system
did not however appear to alter the localization of 6Myc-SLMAP fusion proteins

expressing either TMD1 (Fig. 9B; a, b) or TMD2 (Fig. 9B; ¢ .d).

ER-Golgi transport studies.

Comparisons of the predicted SLMAP protein sequence with sequences deposited
in the Genbank database were performed using the BLAST program to identify proteins
sharing overall homology with SLMAPs that may provide insight to SLMAP function.
The results of BLAST searches revealed that SLMAPs share similarity (24% similarity
over 261 amino acids) (Fig. 10) with the Saccharomyces cerevisiae coiled-coil protein
Usolp (Accession No. NP 010225). This coiled-coil yeast protein is necessary for the
transport of vesicles from the ER and the docking of vesicles at the golgi (Sapperstein et
al., 1996, Cao et al., 1998). Analysis of the amino acid sequences encoding SLMAPs
(Accession No. AAA65597) also indicated the presence of a putative di-acidic sorting
signal upstream of the carboxyl-terminal TM domain (Fig. 10; in red). Di-acidic motifs,
defined by Asp/Glu residues separated by a variable residue (D/E)X(D/E), are often
located in close proximity to tyrosine-based sorting motifs (YXX¢) and are thought to
mediate the efficient export from the ER by interacting with the vesicular transport

machinery (Nishimura and Balch 1997; Bannykh et al., 1998).
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In view of these features, we investigated whether SLMAPs are involved in
vesicular transport from the ER to the golgi. Previous studies have shown that
overexpression of coiled-coil membrane proteins invoived in vesicle trafficking from the
ER to golgi inhibit protein export from the ER (Hatsuzawa et al., 2000). To examine this
possibility, COS7 cells were co-transfected with an ER-localized 6Myc-SLMAP variant
and the GFP-tagged glycoprotein of the temperature sensitive strain of vesicular
stomatitis virus (ts045-VSV-G-GFP), which serves as a marker of ER to golgi transport.
When maintained at the restrictive temperature (39.5°C), the viral glycoprotein could not
be exported from the ER due to a thermoreversible-folding defect (Fig. 11, d) and
consequently co-distributed with 6Myc-SLMAP (Fig. 11; a). Proper folding and
subsequent transport out of the ER to the golgi and cell periphery was achieved when the
ts045-VSV-G transfected cells were incubated at the permissive temperature (32°C) (Fig.
11; e). Whereas the GFP-labeled viral glycoprotein was transporied out the ER to the
golgi and plasma membrane under conditions that promote vesicular transport, the 6Myc-
SLMAP fusion protein did not appear to exit the ER (Fig. 11; b). Expression of the
SLMAP mutants lacking either the transmembrane domain or the leucine zipper motifs
did not affect the ability of the viral glycoprotein to exit the ER at the permissive
temperature (data not shown). COS7 cells co-expressing ts045-VSV-G-GFP and 6Myc-
SLMAP were also incubated at reduced temperatures to monitor whether SLMAPs cycle
from the ER to the ERGIC (Tang et al., 1995). At 15°C the membrane associated
SLMAP was retained in the ER (Fig. 11; ¢), whereas the GFP-labeled viral glycoprotein
was visualized as vesicular clusters concentrated at perinuclear sties (Fig. 11; 1)

consistent with localization at the ERGIC. Collectively, these studies indicate that
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SLMAP do not exit the ER, nor do altered levels of expression inhibit vesicular transport

Processes.

TMD?2 sequences target SLMAP to mitochondria.

The subcellular localization of the ectopically expressed SLMAP variant
encoding TMD2 (Fig.7A; b, ¢) was reminiscent of the distribution of mitochondrial
proteins. To address this issue further. immunostaining was performed using antibodies
directed against a well-characterized component of the outer mitochondrial membrane,
Tom20 (Kanaji et al., 2000). A distinct pattern of Tom20 distribution was observed
relative to the localization pattern of the 6Myc-SLMAP-TMD1 variant in COS7 cells
(Fig. 12; a-c). Striking co-distribution of Tom20 with either the 6Myc-SLMAP-TMD?2
variant (Fig. 12; d-f) or the 6Myc-SLMAPI1ALZ-TMD?2 (Fig. 12; g-i) were observed by
dual immunostaining. thus indicating that TMD2 sequences direct SLMAPs to the

mitochondrnia.

DISCUSSION

The data reported here demonstrate that SLMAPs can homodimerize, reside in
distinct membrane systems and form associations with the microtubule cytoskeleton and
myosin. These molecular properties of SLMAPs are consistent with a role in
organizing the membrane architecture with respect to the cytoskeleton and
the contractile apparatus of the cardiomyocyte. Immunoconfocal imaging revealed that
SLMAPs are highly expressed early in the developing myocardium and are primarily

distributed within the SR membranes of ventricular myocytes, in accordance with our
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previous biochemical studies (Wigle et al.. 1997). Confocal imaging of SLMAPs
expression in mature cardiomyocytes indicates that SLMAPs co-distribute with markers
of the junctional and nonjunctional SR membrane. Immunolocalization studies using
caveolin 3 and a-actinin antibodies further indicated that a pool of SLMAPs are
distributed at the Z-line and membrane invaginations that are consistent with the
distribution of the T-tubular membrane system. Although the transmembrane domain-
mediated targeting of SLMAPs in cardiac myocytes warrants further investigation, the
immunolocalization studies presented here suggest that SLMAPs reside in distinct
membrane components that serve a primary function in EC-coupling mechanisms.
Previous RT-PCR studies have also indicated that fetal, neonatal and adult heart mutually
express SLMAP transcripts encoding exon IX (TMDI1) and exon V (TMD2)
(Wielowieyski et al., 2000). Taken together, these observations suggest that divergent
carboxyl-terminal transmembrane domains may target SLMAPs to junctional membrane
domains of the SR-T-tubule system as well as nonjunctional SR membrane domains. The
distribution of SLMAPs in various cardiac membrane domains in adult myocytes, in
addition to their ability to self assemble (manuscript in preparation) further suggests that
SLMAPs may regulate membrane function through homodimer formation. These
polypeptides may be ideally situated to organize the specialized membrane junctions
involving the sub-cisternal SR as well as the dyad structures.

Immunolocalization studies presented in COS7 cells support the hypothesis that
SLMAPs possess mutually exclusive transmembrane domains responsible for directing
SLMAPs to specific membrane systems. These hydrophobic carboxyl-terminal segments

are essential for anchoring SLMAPs within intracellular membrane systems, as 6Myc-
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SLMAP fusion proteins lacking either transmembrane domain failed to target the
heterologous protein (myc) to reticular formations in COS7 cells.  SLMAP
homodimerization was nonessential for membrane localization since the removal of the
SLMAP dimerization motifs (leucine zippers) did not influence targeting of SLMAPs to
intracellular membrane structures. Interestingly, the carboxyl-terminal TMD1 primarily
directed SLMAPSs to the ER, whereas sequences encompassing TMD?2 targeted SLMAP
to the mitochondria in COS7 cells. Tail-anchored integral membrane proteins such as
SLMAP. are typically inserted post-transiationally into either the endoplasmic reticulum
or the mitochondria (Wattenberg and Lithgow, 2001). Several studies have examined the
molecular basis for this differential targeting, and have revealed that important targeting
information may be conferred within the amino acid residues of the carboxyl-terminal
TMD itself, as well as within the residues flanking the TMD (Kanaji et al, 2000;
Wattenberg and Lithgow, 2001). Further analysis of the divergent TMD sequences
present in SLMAPs, as well as the upstream cytoplasmic-oriented residues may expose
information that is necessary and sufficient for the differential membrane targeting of
SLMAPs.

Analysis of the amino acid sequences encoding SLMAPs have indicated that
SLMAPs possess several structural features that are consistent with those of proteins
involved in intracellular transport mechanisms. For instance, extensive regions of coiled-
coiled structure and carboxyl-terminal membrane anchoring domains are common
features of various ER resident proteins, as well as golgi localized proteins (Jakymiw et
al.. 2000). A BLAST search revealed that SLMAPs share identity with the yeast coiled-

coil protein required for ER to golgi transport (Sapperstein er a/, 1996). In light of this
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homology and the localization of SLMAPs at the ER. we investigated whether SLMAPs
are involved in the transport of vesicles from the ER to the Golgi. The presence of a di-
acidic sorting motif upstream of the TMD (within the cytoplasmic region of the
molecule) further suggested that SLMAPs may serve a role in ER export. Overexpression
of SLMAPs did not affect ER to golgi transport of the viral glycoprotein. Consistent with
these observations, immunocytochemistry studies using specific markers for the golgi
and ERGIC revealed that SLMAPs are not targeted to other membrane systems along the
secretory pathway of COS7 cells. Collectively these studies confirm that SLMAPs are
excluded from vesicular transport along the secretory pathway and retained in the ER.
Whereas SLMAPs do not possess ER retention or retrieval signals, the presence of
hydrophobic membrane anchors as well as the ability to form homodimers may serve to
retain SLMAPs within the ER (Sitia and Meldolesi, 1992; Nilsson ¢t al., 1991; Munro,
1991 and 1995; Colley et al., 1992; Tang et al., 1992; Weisz et al., 1993).

There is evidence to suggest that SLMAPs provide a molecular link between the
intracellular membranes and the microtubule-based cytoskeleton. Under conditions that
disrupt microtubules (nocodazole), the cellular distribution of the ectopically expressed
SLMAP-TMDI! variant was altered from a reticular-like distribution to a punctate-like
distribution. Several membrane-associated proteins provide a link between intracellular
membranes and the microtubule cytoskeleton. including the cytoplasmic linker proteins
(CLIPs) and the ER integral membrane protein, p63 (Scheel and Kreis. 1991; Pierre et al.,
1992; Klopfenstein et al., 1998). Such interactions, which may also involve SLMAPs,
are crucial for the positioning and the structural maintenance of the ER (Terasaki et al,

1986; Lee and Chen, 1988). Interestingly, affinity chromatography studies presented in
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this study indicate that a muscle-specific SLMAP variant (SLMAP1) associates with the
beta and alpha subunit of the myosin heavy chain in cardiac muscle. Deconvolution
microscopy further revealed that SLMAPs are localized at regions between the Z-lines in
adult cardiac myocytes, consistent with the distribution of myosin. These findings are
significant and warrant further investigation, as little is known regarding the molecular
mechanisms that mediate interactions among components of the SR membrane and
myofibril proteins. In this respect. a splice variant of the ankyrin 1 gene (ankyrin 1.5) was
recently proposed to provide a molecular link between the SR membrane and contractile
elements based on its binding to a large sarcomeric protein, termed obscurin (Bagnato et
al., 2003; Kontrogianni-Konstantopoulos et al., 2003). SLMAP and other yet unidentified
accessory proteins may provide a similar role as the ankyrin by establishing a scaffold
that links the SR membrane domains with the contractile cytoskeleton. Additional studies
are required to better define these associations. Furthermore, whether the assembly of
SLMAPs within the membrane aids in the transmission of the calcium signal to the

contractile apparatus during EC coupling remains to be explored.
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Fig. 1. SLMAPs are expressed in the developing mouse myocardium. (A) Sagital
sections (6 um) of formalin-fixed mouse embryos were eosin-hematoxlyin stained (A; a,
b) or subject to immunchistochemical analysis using anti-SLMAP rabbit polyclonal
antibodies (A; ¢, d). At embryonic day nine. SLMAP-specific labelling (A; ¢, d) was
observed within both the presumptive atrial (A) and ventricular (V) chambers, with
greater expression observed in the ventricle. Scale bar = 250 ym. (B) At 13 d.p.c.
SLMAPs were uniformly expressed in the atrial and ventricular myocardium, as well as
the interventricular septum (IVS) and interatrial septum (IAS) (B; a, ¢, d). An
immunofluorescent signal was not observed within the myocardium of 13 d.p.c. hearts
using pre-immune rabbit serum in sequential (transverse) sections (B; b).
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Fig. 2. SL.MAP localization relative to myofibril contractile elements in developing
and adult ventricular myocytes. Ventricular myocytes from 13 d.p.c. mouse embryos
(a-c), 18 d.p.c. mouse embryos (d-f) and adult rats (g-i) were stained for SLMAP (a, d, g)
and the myofibril marker protein, a-actinin (b, e, h). The merge of the SLMAP and the a-
actinin immunofluorescent signals are shown in (c, f, 1). a-actinin proteins were
visualized by confocal imaging at striated formations demarcating the Z-line of the
myofibril in ventricular myocytes at 13 d.p.c. (b) SLMAP-specific labelling was
displayed throughout the myocyte at this stage (a). SLMAP antibodies stained reticular
formations (d) in older embryos (18 d.p.c.) and showed limited overlap with the z-line
marker a-actinin (e, f). In isolated adult rat ventricular myocytes co-stained for SLMAP
(g) and o-actinin (h), immunoconfocal images showed areas of co-localization (yellow)
(i) as well as distinct SLMAP labelling at structures perpendicular to the a-actinin-
labelled striations. Scale bar = 10 um.
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Fig. 3. SLMAP distribution in cardiac membrane systems of cultured adult
ventricular myecytes. (A) Caveolin 3 antibodies labelled peripheral structures
representing a subdomain of the plasma membrane (A; b). SLMAP antibodies (A; a)
primarily labelled internal structures (A; a). Overlay of the caveolin 3 and SLMAP
staining showed that the two immunofluorescent signals coincided at membrane
invaginations (A; c¢). Consistent with the distribution of membrane components of the
terminal cisternae SR, the monoclonal anti-RyR2 antibody labelled regularly spaced
doublets (A; ). SLMAP antibodies (A; d) stained similar structures as the RyR2 antibody
as well as tubular-like structures that were distinct from RyR2 labelling (A; ¢). Scale bar
=10 pm. (B) Deconvolution microscopy was used to examine cells stained with SLMAP
(green, panel A-C), caveolin-3 (red, panel B) and the ryanodine receptor (red, panel C).
Areas of co-localization are indicated in white. The two parallel arrows in panel A point
to the surface of the cell, which is heavily labeled by SLMAP antibodies, and to a pair of
Z lines. Scale bar = 2 pm in each dimension and image is 0.5 pm thick (two Z planes).
np, nuclear poles; m, M-line; *, nucleus; u = *patchy’ SLMAP labelling.
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Fig. 4. Identification of the SLMAP-binding partners. (A) A Coomassie stained gel
shows the purified GST (26 kDa) and GST-SLMAP! fusion protein (GST-SLPI; 60 kDa)
used in the ‘pull-down’ assays. (B) The electrophoretic profile of proteins isolated from
the H9¢c2 lysate that associated with GST or GST-SLP! proteins immobilized on
glutathione sepharose beads is shown. A 35 kDa and 70 kDa protein specifically bound
the GST-SLP1 proteins (lane 5). These bands were not recovered in H9c2 lysates
incubated with GST alone (lane 4) or in buffer controls (no lysate) incubated with either
GST (lane 2) or GST-SLP1 (lane 3). (C) Electrophoretic profile of proteins recovered
from a rabbit heart microsomal lysate that associated with GST or GST-SLP1 proteins. A
220 kDa protein specifically associated with GST-SLP1 (lane 4). This protein did not
interact with GST alone (lane 5); nor was this band identified in buffer controls (no
lysate) incubating with GST (lane 2) or GST-SLP1 (lane 3).
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Fig. 5. Endogenous SLMAP3J is expressed in purified ER fractions from rat liver.
Rat liver was fractionated by sucrose gradient centrifugation as described in Materials
and Methods. Western blot analysis demonstrated that the cis-Golgi marker, «o-
mannosidase resides in the stacked golgi fraction 1 (lane SGF1). Anti-SLMAP
polyclonal antibodies did not detect SLMAPs in this fraction. Endogenous SLMAP3 (91
kDa) proteins are distributed among fractions where the ER marker calnexin is expressed
(lanes B1; S3; SGF3). H (homogenate); PNS (postnuclear supernatant); SGF (stacked
golgi fraction); P (pellet).
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Fig. 6. Schematic representation of 6Myc-tagged SLMAP expression construects.
Sequences encoding the 6Myc-epitope tag were fused in frame with: SLMAP1 sequences
encompassing TMD1 (6Myc-SLMAP-TMD1); SLMAP! sequences encompassing
T™MD2 (6Myc-SLMAP-TMD2); SLMAP! sequences lacking either TMD (6Myc-
SLMAP1ATM); and SLMAP! sequences encompassing TMD2, yet lacking the leucine
zipper motifs (6Myc-SLMAPIALZ-TMD2). Sequences encoding GFP were also fused
in frame with amino-terminal sequences of SLMAP! encompassing TMD2 (GFP-
SLMAPI1-TMD?2). These constructs were used for transient transfection studies in COS7
cells.
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Fig. 7. Divergent carboxyl-terminal transmembrane domains mediate SLMAP
membrane targeting. (A) Myc antibody staining of cells expressing 6Myc-SLMAP1-
TMD! revealed targeting to juxtanuclear sites and reticular formations extending
throughout the cytoplasm (A; a). The 6Myc-SLMAPI-TMD2 fusion protein was
ectopically expressed at filamentous-like structures in COS7 cells (A;b). A similar pattern
of localization was observed in cells expressing 6Myc-SLMAPIALZ-TMD2 (A; ¢). In
the absence of either transmembrane domain (6Myc-SLMAPIATM), myc labeling was
observed throughout the cell and membrane associations were not detected (A; d). (B)
COS7 cells were co-transfected with 6Myc-SLMAP-TMD1 and GFP-SLMAP-TMD?2 (B;
a-c) to confirm that the two transmembrane domains did not target SLMAPs to the same
intracellular membrane sites. Myc labelled cells are shown in red and GFP labelled cells
are shown in green. Cells co-transfected with 6Myc-SLMAP-TMD?2 and GFP-SLMAP-
TMD2 (B, d-f) showed complete overlap (vellow) of the myc and GFP signals. The
merge of the myc and GFP signal are shown in (B; c, ). Scale bar = 10 um
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Fig. 8. SLMAP co-staining with markers of membrane bound organelles of the
secretory system. (A) COS7 cells transiently transfected with 6Myc-tagged SLMAP
variants encompassing either TMD1 (A; a-c), TMD2 (A; d-f) or ALZ-TMD?2 (g-1) were
stained with anti-calnexin polyclonal antibodies (b, e, h). Significant co-distribution of
the myc (A; a) and calnexin signal (A; b) was observed at perinuclear sites as well as at
reticular formations extending throughout the cytoplasm in cells expressing the SLMAP-
TMD1 variant (A; a-c). The overlay of the myc and calnexin signal in these cells is
shown in (A; ¢). Whereas considerable overlap (yellow) of the calnexin signal (A; e) and
the myc signal (A; d) was observed in COS7 cells expressing TMD2 (A; d-f), regions
where the two signals remained distinct were also notable (A; f, merge). The distinction
between the calnexin signal (h) and the myc signal (g) was also apparent in cells
expressing the SLMAPALZ-TMD?2 (A; i, merge). Scale bar = 10 um
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Fig. 8. SLMAP co-staining with markers of membrane bound organelles of the
secretory system. (B) The ERGIC of cells transfected with either 6Myc-SLMAP-
TMD1 (B; a-c) or 6Myc-SLMAPI-TMD?2 (d-f) was detected by immunofluorescent
labeling with anti-ERGIC-53 monoclonal antibodies (B; b, e). Co-staining with anti-
SLMAP polyclonal antibodies (B; a, d) revealed that 6Myc-SLMAP-TMD1 and 6Myc-
SLMAPI1-TMD?2 extended beyond the boundaries of the ERGIC (B; ¢, f). Scale bar = 10
pm
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Fig. 8. SLMAP ce-staining with markers of membrane bound organelles of the
secretory system. (C) The golgi was labelled by anti-golgi 58K monoclonal antibodies
(C; b, e, h) in cells expressing either 6Myc-SLMAP-TMD1 (C; a-c); 6Myc-SLMAP-
TMD2 (C; d-f) or 6Myc-SLMAPALZ-TMD2 (g-1). Anti-SLMAP antibodies were used
to detect the localizations of the 6Myc-tagged fusion proteins (a, d, g). The ectopically
expressed SLMAP wvariants were not shown to co-distribute with the golgi marker
protein, as the two signals remained distinct in overlays of the two images (C; ¢, f, i).

Scale bar = 10 pm.
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Fig. 9. SLMAP-TMDI membrane associations are microtubule dependent. (A)
COS 7 cells were transfected with the ER-localized 6Myc-SLMAP-TMD1 variant (A; a,
b. d. e) or the transmembrane domain mutant (6Myc-SLMAPATM) (A; ¢, f). In control
cells. SLMAP antibodies detected the ectopically expressed 6Myc-SLMAP-TMD1
proteins at reticular formations (A; a). Anti-a-tubulin antibodies labelled a filamentous
microtubule network in control cells (A; d). In cells treated with nocodazole (A; b, ¢, e,
f), the distribution of a-tubulin was transformed from a filamentous to a diffuse pattern
(A; e, ). Disruption of microtubules induced the formation of punctate structures in cells
expressing 6Myc-SLMAP-TMDI1 (A; b). Treatment with nocodazole did not alter the
distribution of the transmembrane domain mutant (A;c). (B) Disruption of the actin
cytoskeleton with cytochalasin D did not affect SLMAP-membrane associations. The
filamentous actin cytoskeleton (B; e, g) was detected by phalloidin staining in cells
transfected with either 6Myc-SLMAP-TMDI (B; a, b, e, f) or 6Myc-SLMAP-TMD?2 (B;
¢, d. g, h). Treatment with cytochalasin D caused the depolymerization of the actin
filaments as shown in (B; f, h). The distributions of 6Myc-SLMAP-TMD1 (C; a, b) or
6Myc-SLMAP-TMD2 (C; c,d) was unaffected by cytochalasin D treatment, as assessed
by myc labeling (C; b.d). Scale bar = 10 pm.
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Fig. 10. SLMAPs share similarity with Uselp. A BLAST homology search was
performed to identify proteins that share identity with SLMAP. SLMAP amino acid
sequences (Accession No. AAA65597) showed 24% similarity over 261 amino acids
with the yeast protein Usolp (Accession No. NP 010225). A putative di-acidic sorting
signal {(D/E)X(D/E)} (in red) was identified within SLMAP sequence. A tyrosine-based
motif (underlined) was also identified upstream of the di-acidic sorting motif.
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Fig. 11. Overexpression of SLMAP does not affect VSV-G transport from the ER.
COS7 cells were co-transfected with 6Myc-SLMAP and ts045-VSV-G-GFP. When
maintained at 40°C (a, 4, g), the GFP-tagged viral glycoprotein was retained in the ER (d)
and co-distributed with the myc-labelled SLMAP protein (a). At 32°C, ts045-VSV-G-
GFP exited the ER and was observed at perinuclear structures as well as at the cell
periphery (e): whereas the 6Myc-SLMAP (b) appeared to remain in the ER. In cells
incubated at reduced temperatures (15°C), the GFP-tagged viral glycoprotein is
redistributed to perinuclear punctate-like structures indicative of the ERGIC (f). The
localization of the 6Myc-SLMAP (¢) remained unaltered in these cells. Overlay of the
myc and GFP signals are shown in (g, h, 1).
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Fig. 12. TMID2 sequences direct SLMAPs to the mitochondria in COS7 cells. COS7
were transiently transfected with 6Myc-SLMAP-TMDI (a-c); 6Myc-SLMAP-TMD?2 (d-
£); or 6Myc-SLMAPALZ-TMD?2 (g-i). Cells were co-stained with anti-myc monoclonal
antibodies (a, d, g) and anti-Tom20 polyclonal antibodies (b, e, h). The overlay of the
two signals is shown in (¢, f, 1). Whereas the myc and Tom20 signals in 6Myc-SLMAP-
TMD1 expressing cells were largely distinct (c); the myc and Tom20 signals were found
to coincide at filamentous-like structures representing the mitochondria in those cells
expressing either 6Myc-SLMAP-TMD?2 (f) or 6Myc-SLMAPALZ-TMD?2 (i). Scale bar =
10 pm
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Chapter Four.

Overview of the structure, composition and function of the microtubule

organizing centre.



Examination of the subcellular localizations of endogenous SLMAPs by
immunocytochemistry resulted in the identification of a novel variant that localizes at
centrosomes. The genomic organization of the 5’ sequences which encode this novel
isoform as well as the structural features that dictate targeting of SLMAPs to centrosomes
are described in the appended manuscript (Chapter Five). The following provides an
overview of the functional significance of this organelle in cell biology as well as a
description of various structural and regulatory components necessary for proper

centrosome activity.

A. Genomic Stability: Faithful segregation of sister chromatids.

In proliferating cells, the cell’s complement of nuclear DNA is duplicated once
every cell cycle during S phase and must be subsequently partitioned to incipient
daughter cells to ensure genomic stability. To accomplish this, the cell must properly
assemble a bipolar microtubule-based structure known as the mitotic spindle. As
depicted in Figure 1. spindle microtubules are anchored by a dynamic structure termed
the centrosome, otherwise known as the microtubule organizing center (MTOC) of the
cell.

Almost a century ago, Theodore Boveri (1914) proposed that defects in
centrosome dynamics might give rise to the chromosomal abnormalities characteristic of
cancer cells. The link between centrosome function and cancer has been further
corroborated by the observations that malignant tumours and tumour-derived cell lines
exhibit several structural and numerical centrosome abnormalities (Salisbury et al., 1999;

Kramer and Ho, 2001; Nigg, 2002). Defects in centrosome activities may result in the



Figure 1. Aberrant mitotic spindle formation in centrosome defective cells.

(A) Centrosomes (red) are positioned at the poles of the mitotic spindle apparatus. The
plus-ends of mitotic microtubules emanating from centrosomes make contact with the
duplicated chromosomes aligned at the center of the spindle. A bipolar mitotic spindle is
required for equal partitioning of the duplicated chromosomes to the two incipient

daughter cells.

(B) Defects in centrosome duplication or separation may give rise to monopolar spindles,

which are incapable of chromosome segregation (modified from Doxsey, 1998).

(C) In the event of excessive centrosome duplication, multipolar spindles are generated

and result in the distribution of chromosomes to more than two daughter cells.






formation of monopolar spindles, incapable of chromosome segregation, or conversely
may generate multipolar spindles that distribute the chromosomes to more than two
daughter cells (Doxsey, 1998; Kramer and Ho, 2001) (Figure 1). Such defects ultimately
present serious implications in the maintenance of genomic stability. In a recent review,
Nigg (2002) emphasizes that whether defects in centrosome function directly cause

tumorgenesis or arise as a consequence of the disease remains to be clearly established.

B. Centrosomes: Microtubule Organizing Centres.

Centrosomes are dynamic organelles responsible for controlling the organization
and nucleation of the interphase and mitotic microtubule (MT) cytoskeleton.
Structurally, each centrosome consists of two orthogonally positioned cylindrical
centrioles composed of nine triplet microtubule bundles (Robbins et al., 1968; Kuriyama
and Borisy, 1981; Albrecht-Buehler, 1992) (Figure 2). Several studies have
demonstrated that centrioles play a pivotal role in the recruitment and organization of
centrosome components as well as in the execution of cytokinesis (Karsenti, 1991; Piel et
al., 2001). Surrounding these centrosomal substructures is an electron dense
pericentriolar matrix (PCM) containing various structural and enzymatic components
necessary for MT nucleation (Andersen, 1999; Whitehead and Salisbury, 1999).

The ‘centrosome cycle’, occurring once every cell cycle, is a complex process
involving stages of duplication. separation, maturation and segregation (Doxsey, 2001).
These events must be well coordinated with DNA replication to ensure proper cell cycle
progression and the faithful segregation of sister chromatids to progeny cells (Fisk et al,

2002). In interphase cells, the minus ends of MT’s are anchored



Figure 2. Centrosome structure.

Centrosomes are composed of two orthogonally positioned, barrel shaped centrioles,
including a maternal centriole and a daughter centriole. Each centriole is made up of nine
sets of radially positioned triplet microtubules. The structure of the maternal centriole
differs from that of the daughter centriole in the presence of appendages, which anchor
microtubules. Interconnecting fibers link the two centrioles at their proximal ends.
Surrounding the centrioles is a proteinaceous material known as the pericentriolar
material (PCM), which contains the components necessary for microtubule nucleation

(modified from Doxsey, 2001).
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at a single perinuclear centrosome composed of two centrioles. Imtiated at G1 of the cell
cycle, the link between the two centrioles is lost, which leads to splitting of the two
centrioles. At S phase, the centrioles are duplicated thus generating four centrioles per
cell, which are subject to elongation and maturation during the subsequent G2 phase. A
sudden increase in the MT nucleating potential of centrosomes occurs concomitantly with
the recruitment of extra pericentriolar material peaking at late G2 after centrosome
maturation is complete (Khodjakov and Rieder. 1999). The two newly duplicated
centrosomes separate at the onset of mitosis and migrate to opposite poles of the cell to
establish the mitotic spindle. The plus-ends of the spindle MT’s contact the sister
chromatids by associating with sites at the chromosomes referred to as kinetochores. A
critical event in mitotic exit and cell cleavage is the repositioning of the maternal

centriole to the intercellular bridge linking the daughter cells (Piel et al., 2001).

C. Profile of Centrosome Components.

Several approaches have been used to identify novel molecular components of
centrosomes. Serum from individuals with autoimmune disorders contain autoantibodies
that specifically stain centrosomes (Tuffanelli et al.. 1983; Mack et al.. 1998; Gavanescu
et al., 1999). Integral components of centrosomes have been identified by screening
c¢cDNA libraries with sera from individuals with autoimmune disorders, such as
scleroderma (Doxsey et al., 1994). Homology searches, yeast-two hybrid screens,
advanced microscopy and biochemical purification of centrosomes coupled with
proteomic applications have further facilitated the identification of novel centrosome

proteins (Wigge et al., 1998). As a result, over a hundred proteins have been identified as



integral proteins of the MTOC, representing diverse classes of structural and regulatory

components.

C.1. Structural Components.

v-tubulin is a highly conserved integral centrosome protein that associates with -
several other proteins to form the y-tubulin ring complex (y-TuRC) (Joshi et al., 1992;
Felix et al., 1994; Stearns and Kirschner, 1994; Zheng et al., 1995; Fuller et al., 1995;
Murphy et al., 1998). Assembly of y-tubulin at the y-TuRC is thought to provide the
structural template for M T nucleation at centrosomes (Felix et al. 1994; Joshi et al, 1992;
Stearns and Kirschner, 1994). There is additional evidence to suggest that the y-TuRC
complex functions by capping the minus ends of MT’s (Wiese and Zheng, 2000; Keating
and Borisy, 2000; Moritz et al., 2000).

Screening of a ¢cDNA library with autoimmune sera resulted in the identification
of a ¢cDNA encoding a large coiled-coil centrosome protein, known as pericentrin
(Doxsey et al., 1994). This integral component of the PCM provides several roles
including a structural scaffold for the recruitment and assembly of protein complexes at
centrosomes, the nucleation of MT’s and the organization of the mitotic spindle (Doxsey
et al.. 1994; Dictenberg et al., 1998). Biochemical fractionation and advanced
microscopy using Xenopus egg extracts revealed that pericentrin participates in MT
nucleation by assembling with y-tubulin in a highly-ordered reticular lattice structure,
which makes contact with the ends of nucleated MT’s (Dictenberg et al., 1998). In
studies using Chinese hamster ovary cells, Dictenberg et al. (1998) demonstrated that as

the MT nucleating activity increased from G to mitosis, pericentrin and y-tubulin
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progressively assemble onto the soluble reticular lattice in a centriole-independent
manner. Exit from mitosis in these cells culminates in the dissolution of the y-tubulin-
pericentrin lattice, leading to the redistribution of pericentrin and y-tubulin to the
cytoplasm. These observations support the view that pericentrin, in complex with v-
tubulin constitutes the general architectural framework of the PCM necessary for MT
nucleation. It should be noted, however that the complex formed by pericentrin and y-
tubulin is not part of the y-TuRC. The transport of y-tubulin-pericentrin complexes along
the MT’s to the centrosome is mediated by the pericentrin’s association with the MT
motor protein, dynein (Purohit et al., 1999; Young et al., 2000).

Structural components of centrosomes further function as molecular anchors of
regulatory components at the MTOC. The centrosome and Golgi-localized PKN-
associated protein (CG-NAP), for example assembles key signaling enzymes at
centrosomes including various kinases and phosphatases (Takahashi et al.,, 1999;
Sillibourne et al., 2002). Similarly, pericentrin functions as a structural anchor by
directly interacting with the type Il regulatory subunit (RII) of protein kinase A (PKA) as
well as the PKA catalytic subunit (Diviani et al., 2000). This direct physical association
tethers the PKA holoenzyme to the MTOC, thus maintaining PKA in close proximity to
its centrosomal substrates (Diviani et al., 2000; Diviani and Scott, 2001). Thus the
sequestration of multivalent signal transduction complexes at centrosomes aids in
integrating signaling events required for cell cycle progression and centrosome function

(Diviani and Scott, 2001).



C.2. Regulatory Components.

In earlier studies, Vandre et al. (1984) used monoclonal antibodies recognizing a
class of mitotic phosphoproteins to demonstrate that phosphorylated proteins are
abundant at centrosomes. Results of these studies suggested that protein phosphorylation
at centrosomes is an important mechanism for regulating centrosome dynamics during
mitosis. Various kinases and phosphatases have since been identified at that MTOC and
several of these regulatory enzymes influence key aspects of centrosome function
(Brinkley and Goepfert, 1998; Whitehead and Salisbury. 1999; Mayor et al., 1999).

Nek2, a mammalian serine-threonine kinase related to the Aspergillus nidulans
NIMA kinase plays a pivotal role in the separation of centrosomes required for mitotic
phase progression. Evidence of the role of Nek2 kinase in centrosome splitting was
provided by studies demonstrating that the ectopic expression of active Nek2 at any
phase of the cell cycle induces centrosome splitting and centriole separation (Fry et al.,
1995 and 1998a). In contrast, expression of the inactive mutant has no effect in somatic
cells (Fry et al.. 1998a). Subsequent studies have provided explanation of the molecular
mechanism via which Nek?2 kinase activity causes centrosome splitting. Nek2-mediated
phosphorylation of C-Napl (centrosomal Nek2-associated protein) localized at the
proximal ends of centrioles causes the dissociation of C-Napl from mitotic centrosomes,
leading to a loss of cohesion between duplicated centrosomes (Fry et al., 1998b; Mayor et
al., 2002).

As several other serine-threonine mitotic kinases are known to localize at the

MTOC, an in-depth understanding of the functions provided by the various centrosomal



regulatory proteins is contingent upon the further identification of kinase-associated

proteins and their physiological centrosomal substrates. (Giet and Prigent, 1999).

D. Future Directions in Centrosome Research.

The ability of the centrosome to nucleate MT has important consequences for the
regulation of cell shape, cell polarity, the positioning of MT-dependent organelles,
chromosome segregation and cytokinesis. The further identification and characterization
of novel centrosomal components and centrosome-associated proteins may promote an

improved understanding of the assembly and function of this important organelie.



Chapter Five.

Guzzo et al. (2003). A Novel Isoform of the Sarcolemmal Membrane-Associated
Protein (SLMAP) is a Core Component of the Cell’s Microtubule Organizing

Centre (submitted to the Journal of Cell Science).

The following outlines the experimental contributions of the authors of this
manuscript. R-M. Guzzo performed the immunoblotting experiments, transient
transfections, drug treatments, immunocytochemistry studies, microscopy and
image analysis. biochemical isolation of centrosomes, FACS analysis and cell
proliferation assays. The genomic studies were performed by Maysoon Salih and
Dr. Serdal Sevinc. Expression constructs were generated by Maysoon Salih and
R.M. Guzzo. The manuscript was written by R.M. Guzzo, under the guidance of

Dr. Balwant Tuana.
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SUMMARY

The microtubule organizing centre (MTOC) or the centrosome serves a critical role in the
establishment of cellular polarity, organization of interphase microtubules and the
formation of the bipolar mitotic spindle. We have elucidated the genomic structure of a
gene encoding the sarcolemmal-membrane associated protein (SLMAP) which encodes a
91 kDa polypeptide with a previously uncharacterized N-terminal sequence
encompassing a forkhead associated (FHA) domain that resides at the centrosome. Anti-
bodies directed against SLMAPs demonstrated co-localization with y-tubulin at the
centrosomes at all phases of the cell cycle. Agents that specifically disrupt microtubules
did not affect SLMAP association with centrosomes. Furthermore, SLMAP sequences
directed a reporter green fluorescent protein to the centrosome and deletions of the newly
identified N-terminal sequence from SLMAP prevented the centrosomal targeting.
Deletion-mutant analysis concluded that overall structural determinants in SLMAPs were
responsible for centrosomal targeting. Elevated levels of centrosomal SLMAP were
found to be lethal while mutants that lacked centrosomal targeting inhibited cell growth

accompanied by an accumulation of cells at G2/M phase of the cell cycle.
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The microtubule organizing centre (MTOC) of the cell is the centrosome, a
complex organelle that fulfills multiple functions including the nucleation of interphase
microtubules; the establishment of cellular polarity; the formation and positioning of the
bipolar mitotic spindle; and the segregation of chromosomes (reviewed in Kellog et al,,
1994. Doxsey. 2001; Nigg, 2002). Failure to preserve the integrity of centrosome
structure and activity has severe consequences on cell cycle progression and genomic
stability (Whitehead and Salisbury, 1999; Kaiser et al., 2002; Doxsey 2001). Deregulated
centrosome activity has been shown to promote the missegregation of chromosomes,
which may lead to aneuploidy, a common feature of tumors (Doxsey, 2002; Nigg, 2002).
In view of the pivotal role of the MTOC in ensuring genomic stability, various kinases
and phosphatases anchored at centrosomes function as central regulators of centrosome
activity (Meraldi et al., 1999; Hinchcliffe et al. 1999; Sluder and Hinchcliffe, 2001; Nigg
2002). Examples include, cde2™. cAMP dependent kinase II (PKA). Polo kinase,
Cdcl14A phosphatase, STK15 (BTAK) and Nek?2 kinase (reviewed in Major et al., 1999;
Meraldi and Nigg. 2001; Mailand et al., 2002; Whitehead and Salisbury, 1999). While
the functional roles of many centrosomal kinases and phosphatases continue to be further
defined, the repertoire of centrosome-associated substrates remains to be uncovered.

In recent years, considerable progress has been made in elucidating the protein
composition of centrosomes. In this regard. proteins localized to the MTOC have been
classified as: (i) integral components of centrosomes; (ii) proteins associated with
centrosomes in a transient, cell cycle regulated manner; and/or (iii) proteins that require

microtubules for centrosomal associations (Urbani and Stearns. 1999). Coiled-coil
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structure has emerged as a common structural motif predicted in several proteins
localized at the MTOC, among which include pericentrin, Nek2 protein kinase, ninein,
CG-NAP, kendrin and pl60-Rho-associated coiled-coil-containing protein kinase
(ROCK) (Doxsey et al.. 1994; Fry et al., 1998. 1999; Boukson-Castaing et al., 1996;
Takahashi et al., 1999; Takahashi et al., 2002; Li et al., 2000; Chevrier et al., 2002).
Further characterization of novel structural and regulatory components localized at the
MTOC will foster an improved understanding of the complex mechanisms defining
centrosomal processes.

Sarcolemmal membrane-associated proteins (SLMAPs) comprise a unique family
of alpha-helical coiled-coil proteins encoded by a single gene mapped to human
chromosome 3p14.3-21.2 (Wigle et al., 1997. Wielowieyski et al., 2000). Elucidation of
the genomic organization of the 3° region of the SLMAP gene indicated the presence of
several splice variants, which exhibit developmental and tissue specific expression
(Wielowieyski et al., 2000). A central coiled-coil region encompassing two leucine
zipper motifs constitutes the core structural feature of all SLMAP isoforms together with
a single transmembrane domain at the carboxyl terminus that can be alternatively spliced
to target these polypeptides to cellular membranes (Wielowieyski et al., 2000). In the
present study we elucidated the genomic organization of the entire SLMAP gene which
was found to be composed of 24 exons spread over ~122 kilobases of DNA. The genomic
structure of the SLMAP gene predicted the presence of several splice variants, one of

which was found to be a core component of the MTOC.
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MATERIALS AND MET

Isolation and sequence analysis of genomic clones.

Genomic clones corresponding to the SLMAP gene were isolated by direct screeming of
two mouse genomic libraries (AFIXII and ADASH II; Stratagene). SLMAP cDNA
probes used for library screening were PCR generated (Table I) and digoxigenin labeled,
according 1o the manufacturer's directions (Roche Applied Science) for subsequent use in
Southern blotting experiments. Positive phage DNA clones were digested and resolved
by electrophoresis. The SLMAP exons in the restriction enzyme digest fragments of the
phage genomic DNA clones were analyzed by Southern blotting. Genomic DNA for each
of the eight clones was isolated (Table II), subcloned into pBlueScript KS (Stratagene)
and subsequently sequenced using AmpliTaw sequencing methodology (ABI).
Sequencing of the identified exons enabled the identification of exon-intron junctions by
PCR using forward and reverse primers designed to span successive exons (Table I).
PCR conditions consisted of the following step: (i) 3 minutes at 94°C; (i1) 30 cycles
consisting of denaturation at 94°C for 30 seconds, annealing at 50-55°C for 30 seconds,
extension at 72°C for 1-3 minutes; and (iii) 10 minutes at 72°C. Amplicons were
resolved by electrophoresis, and the isolated DNA cloned into the pCR4-TOPO cloning
vector (Invitrogen), for subsequent sequence analysis. Computer assisted alignment of
SLMAP cDNA sequence {Accession #AF304451) with genomic sequences facilitated the
identification of putative exons. The exon-intron organization of SLMAP3 was verified
by aligning the mouse cDNA sequence of SLMAP3 (Accession AF304451) with mouse

genomic sequences (NW 000090.1) deposited in GenBank. Consensus phosphorylation,
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N-glycosylation and N-myristoylation sites were identified using PROSITE database

available on the EMBL server (Falquet et al., 2002).

Cell Culture, Transfections and Drug Treatments.

NIH 373 fibroblast cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat inactivated fetal bovine serum, 50 units/mL penicillin, 50
ug/mL streptomycin and gentamycin at 37°C in a humidified 5% CO, atmosphere.
Transient transfection experiments were performed using the LIPOFECTAMINE
PLUS™ (Gibco BRL) transfection reagent according to the manufacturers’
specifications.  For experiments where microtubules were disrupted, NIH 3T3 cells
grown on sterile glass coverslips were treated with either nocodazole (Sigma Chemical
Co.. 6 ug/mL) or paclitaxel (Sigma Chemical Co., 4 uM) in growth media (DMEM) for 3

hours at 37°C.

Antibodies.

Two polyclonal antibodies against SLMAP were generated by-injecting rabbits with two
synthetic SLMAP specific peptides. Anti-SLMAP(C) rabbit antiserum was raised against
the carboxyl 370 amino acids of SLAP. as previously described (Wigle et al., 1997). A
second antibody. designated anti-SLMAP(N) was raised against the peptide
RLSRGEESPPCEI which corresponds to the extreme amino terminus of SLMAPS3,
within the region separating two different initiating methionines M1 and M2 (Fig. 2A).

Monoclonal anti-y-tubulin (clone GTU-88. Sigma Chemical Co.) was used to identify
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centrosomes and monoclonal anti-a-tubulin {clone DM 1A, Sigma Chemical Co.) was
used to visualize cytoplasmic microtubules in immunocytochemical studies. The DNA
stain 4',6-diamidino-2-phenylindole dihydrochloride (DAP1) was purchased from
Molecular Probes. Secondary antibodies used in immuno-cytochemistry studies included
FITC-conjugated anti-rabbit immunogiobulins (Amersham Pharmacia Biotech) and CY3-
conjugated anti-mouse immunoglobulins (Jackson ImmunoResearch Laboratories, Inc.).
Secondary antibodies used in immunoblotting experiments included anti-rabbit IgG
peroxidase linked whole antibody (Amersham Pharmacia Biotech) and peroxidase
conjugated AffiniPure goat anti-mouse 1gG (Jackson ImmunoResearch Laboratories,

Inc.).

Immunoblot analysis.

NIH 3T3 cells were solubilized by RIPA lysis buffer (1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS in PBS pH 7.4) and centrifuged at 10,000xg (15 minutes, 4°C).
Protein content of clarified supernatants was determined using the BCA Protein Assay
Kit (Pierce). Proteins (15 ug) were resolved by electrophoresis on 10% SDS-
polyacrylamide gels, according to Laemmli (1970). Separated proteins were
electrophoretically transferred onto PVDF membranes (Amersham Pharmacia Biotech)
and blocked in 5% skim milk powder (SMP) in TRIS-buffered saline containing 0.05 %
Tween-20 (TBS-T), then incubated at room temperature for one hour with anti-SLMAP
rabbit antibodies (1:4500) in 5% SMP/TBS-T. After four washes with TBS-T, blots were

incubated with anti-rabbit IgG peroxidase linked whole antibody (Amersham Pharmacia
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Biotech) in 5% SMP in TBS-T for one hour. Antibody detection was carried out using

the enhanced chemiluminescent detection system (Amersham Pharmacia Biotech).

Isolation of centrosomes.

Centrosomes were isolated from NIH 3T3 cells using sucrose density gradients according

to the method of Moudjou and Bornens (1998).

Mammalian expression plasmids.

SLMAP3MI1 (nucleotides 1-2314) was PCR generated from the original full length
SLMAP rabbit cDNA clone (Wigle et al.. 1997) using the forward primer SLMAPN-F
(GGAATTCGATGCCGTCAGCCTTGGC) and  reverse  primer SLMAPN-R
(GATGCCAGCT TCTAGAGGGAGGACG). Forward primer SLMAPN-F and reverse
primer (SLMAP+3") CCTCTAGAGCTCAGCTCTCACCTTCTTAAGC were utilized to
produce carboxy! truncation mutant (nucleotides 1-1674), designated SLMAP3MIAC.
Generation of amino terminal/ carboxyl terminal truncation mutant SLMAP3M2AC
(nucleotides 389-1674) was accomplished using forward primer (ATG2ZMS")
GGAATTCAGATGGTATGGAAGCC and the reverse primer (SLMAP+3"). The PCR
products were each inserted into the EcoRl and Xbal sites of vector pcDNA3
(Invitrogen), in frame with the open reading frame of the green fluorescent protein
(GFP). Sites of ligation were confirmed by DNA sequencing. To generate the leucine
zipper mutant (GFP-SLMAP3MIALZ), the GFP-SLMAP3MI construct was digested
with BamH1 to release the segment of SLMAP that included the leucine zippers

(nucleotides 1-1994). We retained the vector which included nucleotides 2001-2314 of
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SEMAP3MI (designated SLMAP3") for subsequent subcloning of a PCR amplicon of
SLMAP3M1 lacking the leucine zippers. This amplicon was generated using GFP-
SLMAP3M1 template and employing primers GFP-5' (GGGATCCATGGAC
AAAGGAGAAGAACTCTTCAC) and antisense primer LZ-less 3
(CGGATCCCTCTTTCT GCTGGTCCTCACACTGC) which both incorporated BamH1
sites. The PCR product (lacking the leucine zippers) was restriction digested (BamH1)
and then subcloned into SLMAP3'. SLMAP amino terminal constructs were PCR
generated using forward primer SLMAPN-F and the following reverse primers T3’
(CCTGAGTCTAGATACTTGGAGTGTTAGC: nucleotides 1-490); U3
(CTTCTTCTAGAACATCTGTTCCCG; nucleotides 1-5493; and V3
(TGCTCTAGATCAAGC CTGCCAACTGGT;, nucleotides 1-603). PCR products were
each subcloned into GFP-pcDNA3 and sites of ligation were confirmed by DNA

sequencing.

Immunocytochemistry.

Cells grown on sterile glass coverslips were fixed by two methods. The first method
involved a 10 minute exposure to 4% paraformaldehyde (PFA) in phosphate buffer at
room temperature. The second method consisted of a one minute incubation in
microtubule stabilization buffer (MTSB: 4M glycerol, 100 mM PIPES pH 6.9, 1 mM
EGTA, 5 mM MgCl), followed by a two minute incubation in MTSB containing 0.5%
Triton-X-100 to extract soluble cellular components. then an additional 2 minute
exposure to MTSB. Detergent extracted cells were then fixed with 4% PFA as described.

Following either fixation method, coverslips were mounted onto glass slides and cells
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were incubated with relevant antibody(s) diluted in PBS containing 0.3% Triton-X-100
(PBS-T) for 3 hours at room temperature. After several washes in PBS, cells were
incubated in the appropriate fluorochrome-conjugated secondary antibody(s) for 45
minutes at 37°C. DNA was stained with 4,6-diamidino-2-phenylindole dihydrochloride

(DAP1. 1 ug/mL) for 15 minutes at room temperature.

Microscopy and Image Analysis.

Live cells were visualized with Axiovert S100 TV (Carl Zeiss Inc.) microscope equipped
with SensiCam digital camera (PCO CCD Imaging). For immunocytochemistry studies,
cells were visualized using Axiophot (Carl Zeiss Inc) microscope equipped with a 3CCD
colour video camera. Acquired images were digitally processed using Northern Eclipse
(Version 5.0, Empix Imaging Inc.) acquisition software. Images were further processed

using Adobe Photoshop™ 5.0 (Adobe Systems Inc.).

BrdU Incorporation.

GFP-pcDNA3 or the SLMAP expression plasmids (GFP-SLMAP3MI1; GFP-
SLMAP3MIAC; GFP-SLMAP3M2AC) were transiently transfected into NIH 3T3 cells
grown on glass coverslips. 5'-Bromo-2'-deoxyuridine (BrdU, 10 umol/L, Boehringer
Mannheim) was added to the culture media at 36 hours post transfection for 2, 8, 12 or 24
hours. At the end of each labeling period, cells were washed in PBS and fixed in 70%
ethanol (in 50 mM glycine, pH 2) for 30 minutes at -20°C. Cells were then covered with
anti-BrdU monoclonal antibody (1:10. Boehringer Mannheim) and anti-GFP rabbit

antibody (1:10, Clontech) in incubation buffer (66 mM TRIS buffer, 0.66 mM MgCl,, 1
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mM B-mercaptoethanol) for 30 minutes at 37°C. Following several washes in PBS, cells
were incubated in secondary antibodies (in PBS) for 30 minutes at 37°C. Nuclei were
stained with DAP1 as previously described. Cells were then covered with mounting

media and processed for immunofluorescence microscopy.

Fluorescence activated cell sorting (FACS analysis).

Transfected cells were harvested and analyzed 48 hours after removal of DNA
precipitates and prepared for FACS analysis as described by Pestov et al. (1999). DNA
content of propidium iodide (Molecular Probes, 10 ug/mL) stained GFP positive cells
was measured by a Becton Dickinson FACScan cytometer using an argon laser (488nm)

and analyzed with MulticycleAV (Phoenix Flow System) program.

RESULTS
Genomic Organization of the SLMAP Gene.

We previously reported that the 3 region of the SLMAP gene is composed of eleven
exons and encodes a 47 kDa SLMAP (SLMAP?2) polypeptide which is expressed in a
tissue specific manner (Wielowieyski et al.. 2000). The elucidation of the genomic
structure of the complete SLMAP gene may offer valuable insights to gene function. In
the current study SLMAP genomic sequences were analyzed by a combination of
approaches involving direct screening of mouse genomic libraries using SLMAP ¢cDNAs,
a PCR-based cloning strategy as well as the alignment of SLMAP c¢cDNA with GenBank

deposited genomic sequences. By direct screening of the genomic library or the PCR-
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based cloningv strategy, eight genomic clones were isolated as outlined in Table 1. The
genomic clones ranged in size from 2 kb to 20 kb. Characterization of these genomic
clones revealed that the SLMAP gene, spans over 122 kb of genomic DNA, and consists
of twenty four exons (I-XXIV), including five alternative exons (XI, XII, XIII, XVII and
XXIII) (Table I, Fig. 1). Sequence data for each intron-exon boundary conformed to
the canonic consensus donor (GT) and acceptor (AG) splice sites described by Mount
(1982) and 1s depicted in Fig 1A. Intron sizes varied from 87 bp to over 50.5 kb of
genomic DNA, whereas SLMAP exons ranged in size from 51 bp to over 1.8 kb (Table
D). Furthermore, each class of intron (0, 1 and 2) was represented within SLMAP
genomic sequences (Mount, 1982).

As a result of our analysis, three additional alternative exons were identified in
SLMAP. These novel alternative exons are exons XI (51 bp), XII (51 bp) and XIII (63
bp) (Table I, Fig. 1). Each alternative exon is flanked by either class 1 introns (introns
10, 11, 13) which interrupt the coding between the first and second base of the codon or a
class 0 intron (intron 12) which occurs between codons (Mount, 1982). Notably, splicing
of any of the alternative exons maintains the open reading frame of the predicted
polypeptides. A PROSITE sequence scan did not predict the presence of conserved
functional domains in alternative exons XI, XII or XIII, however consensus sites for
casein kinase 2 phosphorylation, protein kinase C phosphorylation, N-glycosylation and
N-myristoylation were identified (Fig. 1B: Falquet et al., 2002).

Leucine zipper motifs, two regions of specialized coiled-coil structure in the
common carboxyl portion of SLMAPs are encoded by exons XX and XXI, corresponding

to exons VII and VII in SLMAP2 (Wielowieyski et al., 2000). Two distinct
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transmembrane domains, TM1 and TM2 were previously identified within the extreme
carboxyl terminus of SLMAPs and are encoded by alternative exon XXIII and exon
XXIV of SLMAP3, known as alternative exon X and exon XI in SLMAP2
(Wielowieyski et al., 2000). Expression of TM1 and TM2 has previously been described
as mutually exclusive. Splicing of alternative exon TM1 introduces an in frame stop
codon which renders the second transmembrane domain (TM2) nonfunctional.

Two in-frame start codons (ATGI; M1) and (ATG2; M2) were previously
reported in the full length cDNA sequence of the rabbit SLMAP3 isoform (Accession
#U21157; Wigle et al., 1997) and have since been found to be conserved in mouse
SLMAP cDNA. Analysis of the mouse SLMAP genomic sequences revealed that the
first initiating methionine (ATG1; M1) is en.coded by exon I, whereas the second
initiating methionine (ATG2; M2) resides in exon II. Computer-assisted sequence
analysis of exon I resulted in the identification of a consensus forkhead associated
domain (FHA) corresponding to amino acid 24-58 within the region spanning M1 and
M2 (Fig. 2A; bold print). FHA domains exist in proteins of diverse function and have
been recognized as phosphoserine / threonine-specific protein-protein interaction motifs

involved in phosphopeptide recognition (Durocher et al., 2000; Sun et al., 1998).

Endogenous Expression and Subcellular Distribution of SLMAP.

In vitro transcription-translation experiments revealed the presence of two SLMAP
products whose molecular masses were similar to those predicted by the utilization of M1
(91 kDa) or M2 (80 kDa) (Wigle et al., 1997). To test whether a 91 kDa protein is

produced in vivo, implying the utilization of M1 as the initiating methionine, antibodies
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were generated against a peptide sequence in the M1-M2 region at the N-terminus of
SLMAP (anti-SLMAP-N) or against a fusion protein encompassing the C-terminal region
of SLMAP (anti-SLMAP-C). Both antibodies recognized a 91 kDa protein in NIH 373
cell extracts (Fig. 2B, lanes 1 and 2). Immunoadsorption of the anti-SLMAP(N)
antibodies with purified SLMAP fusion protein confirmed the specificity of the antiserum
(Fig. 2B; lane 3). These results suggest that a 91 kDa polypeptide is preduced from M1
of SLMAP3 mRNA in NIH 3T3 cells.

The use of M1 as a translation initiation codon is predicted to add 132-residues to
the N-terminal region of the previously identified SLMAP3 isoform. We then examined
if these residues confer different biochemical and subcellular properties to SLMAP3M]1
not previously described for other SLMAP isoforms. Immunocytochemical analysis of
NIH 3T3 cells which exclusively express the 91 kDa isoform revealed that SLMAP3M1
resides in several subcellular compartments. While diffuse cytoplasmic SLMAP staining
was evident, SLMAP proteins could also be detected in one or two foci generally situated
adjacent to the nuclear membrane (Fig. 3A; a). The foci staining pattern, but not the
diffuse cytoplasmic staining pattern were resistant to detergent extraction suggesting that
SLMAP3MT1 is tightly assembled with detergent-insoluble structures (Fig. 3A; b). The
N-terminal directed peptide antibody (anti-SLMAP(N); Fig.3A; c), but not the control
preimmune serum (Fig. 3A; d), detected SLMAP proteins at perinuclear foci in detergent
extracted COS-7 cells as well. Peptide competition experiments abolished the staining
pattern observed with anti-SLMAP(C) (Fig. 3A; e) and incubation with the preimmune
antisera also abolished staining (Fig. 3A; f) thus confirming the antibody specificity for

SLMAP proteins. The subcellular distribution of SLMAP was similar in other cells that
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express the 91 kDa SLMAP isoform, including murine myoblasts (C2C12) and

embryonic stem cells (data not shown).

SLMAP is a Core Component of the Centrosome.

The perinuclear foci staining of SLMAP is reminiscent of proteins that localize to the
centrosome. 1o determine if SLMAP is associated with centrosomes, co-localization
experiments were performed with y-tubulin, a well characterized core centrosomal
component {Stearns et al., 1991). As illustrated in Figure 3B, SLMAP labelling was co-
incident with the y-tubulin signal at each stage of the cell cycle as determined by DAPI
staining. Interphase (G1) cells (Fig. 3B; a,f,k) contained one centrosome stained by both
anti-SLMAP and anti-y-tubulin. In mitotic cells SLMAP (Fig. 3B; b-¢) co-localized with
y-tubulin (Fig. 3B; g-j) from prophase to anaphase (Fig. 3B; I-0). The SLMAP protein
appears to have a symmetrical distribution during centrosome division since anti-SLMAP
appeared to stain each centrosome with equal intensity.

Many proteins reside at the minus ends of microtubules and are thus dependent
upon microtubules for their associations with the MTOC. These proteins can be
distinguished from integral centrosomal proteins by treatments with agents that
specifically disrupt microtubules. The fungal toxin, nocodazole causes depolymerization
of the cytoplasmic microtubule network whereas taxol (paclitaxel) acts to stabilize
cytoplasmic microtubules by binding tubulin directly along the length of the microtubule
(De Brabander et al.,, 1986). Upon treatment with either drug, integral centrosomal

proteins remain bound to centrosomal components whereas microtubule dependent
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centrosome-associated proteins are no longer retained at the MTOC (De Brabander et al.,
1986). Under control conditions (untreated) SLMAP3M1 was found to co-localize with
v-tubulin (Fig. 4A; a, d, g, j). The effects of taxol (Fig. 4A; k) and nocodazole (Fig. 4A;
1) on microtubules were confirmed by staining with a-tubulin, which illustrated a distinct
re-distribution of cytoplasmic microtubules. Treatment with taxol (Fig. 4A; b, ¢, h, k) or
nocodazole (Fig. 4A; c. f, 1, 1) did not alter the localization of SLMAPs at centrosomes.
These findings confirm that SLMAP localization at the centrosome is independent of
microtubule assembly.

To demonstrate biochemically that SLMAP is a component of centrosomes, these
subcellular structures were purified from NIH 3T3 cell extracts by fractionation on a
sucrose density gradient (Moudjou and Bornens, 1998). The sucrose gradient fractions
were resolved by SDS-PAGE and examined by immunoblotting with anti-y-tubulin and
anti-SLMAP (Fig. 4B). The centrosomal marker, y-tubulin was present in the cell lysate
(lane 1), and enriched in the crude centrosome preparation (lane 2), and even further
concentrated in fraction 2 (lane 5) from the sucrose density gradient. The 91 kDa
SLMAP3M1 protein was found to co-enrich with the y-tubulin peak in fraction 2 (lane 5)

of the purified centrosome preparation.

Centrosomal Targeting is Mediated by the Novel N-Terminal Region of

SLMAPMI.
The data presented indicates that SLMAP3MI1 is an integral component of centrosomes.
These observations led us to hypothesize that the newly identified sequences from the M1

initiating codon might play a role in targeting SLMAP to the MTOC. To test this
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hypothesis SLMAP3M1 ¢cDNA (Fig. 5A) and a series of SLMAP deletion mutants (Fig.
6A-C) were fused in frame to the green fluorescent protein (GFP) to produce GFP-
SLMAP fusion proteins. The GFP-SLMAP fusion constructs were used for transient
expression studies in NIH 373 cells. Fig. 5B (a) shows that SLMAP3M1 cDNA encodes
information that is sufficient to target the heterologous reporter GFP to the centrosome in
live cells. This localization patiern was not observed in live mitotic cells expressing GFP
alone (Fig. 5B; ¢). GFP-SLMAP3M1 co-localized with y-tubulin at the centrosome (Fig.
5B: b, d). consistent with the localization of endogenous SLMAP3MI1 (Fig. 3, 4).
Deletion of the two leucine zipper regions did not affect GFP targeting to the centrosome
(Fig. 6A; a), and the C-terminal truncation mutant (SLMAP3MI1AC) also retained the
ability to target GFP to centrosomes (Fig. 6A; b). A ¢cDNA encoding SLMAP initiated
from the second methionine (GFP-SLMAP3M2AC) lacking the transmembrane domain
was unable to target GFP to centrosomes (Fig. 6A; c). It is notable that C-terminal
mutants lacking the putative transmembrane domain resulted in the exclusion of SLMAP
from the perinuclear membranes and reticular formations (Fig. 6C; b, c) consistent with
the observation that C-terminal sequences play a role in membrane targeting of SLMAP
(Wielowieyski et al., 2000). These results suggest that the newly described N-terminal
sequences encompassing the FHA domain of SLMAP contain information that is
required for centrosomal localization.

In order to identify the minimal sequences present in SLMAP sufficient for
targeting to the MTOC, a series of SLMAP amino-terminal fragments fused to GFP were
utilized in transient expression studies in NIH 37T3 fibroblast cells. Diffuse cytosolic and

nuclear localization was observed in cells expressing the GFP-SLMAP mutant expressing
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amino acids 1-163 (Fig. 6B, a); while GFP-positive detergent-insoluble aggregates were
detected in cells transfected with SLMAP mutants expressing amino acids 1-183 and 1-
201 (Fig. 6B; b, ¢). Based on observations by live microscopy and co-staining with the
centrosome marker protein, y-tubulin (data not shown), GFP fluorescence was not
detected at centrosomes in cells overexpressing these extreme N-terminal SLMAP3M1
mutants. These observations suggest that, amino terminal sequences in addition to
preservation of the overall structure of SLMAP or SLMAP-mediated protein interactions

may be important determinants for targeting SLMAPs to centrosomes.

SLMAP Overexpression Affects Cell Proliferation.

The demonstration that SLMAP3M1 is localized at the centrosome raised the
question as to whether SLMAPs serve a role in mitosis and cell growth. We observed
that a large proportion of cells expressing the GFP-SLMAP3M1 variant were rounded
(Fig. 6D; b) and detached from the coverslips within thirty-six hours following
transfection. In contrast, cell viability did not appear 1o be affected by the expression of
either the carboxyl-terminal mutant (GFP-SLMAP3M1AC; Fig. 6D; ¢) or the GFP-tagged
SLMAP mutant lacking both the amino and carboxyl-terminal sequences (GFP-
SLMAP3IMZAC: Fig. 6D; d). To address this issue further we examined the effect of an
overproduction of SLMAP3M1, SLMAP3M2 and SLMAP3M2AC on cell proliferation.
A greater than two fold reduction in the level of BrdU incorporation was observed in
cells expressing GFP-SLMAP3MI fusion protein relative to GFP transfected control cells
for labeling periods of two to eight hours (Fig.7A). Approximately 60% of cells

expressing either SLMAP3MI1, SLMAP3M2 or SLMAP3M2AC displayed BrdU
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incorporation after a 24 hour pulse whereas essentially all of the control cells were
positive for BrdU. These results indicate that regulated levels of SLMAPs are important
for normal cell growth.

We sought to determine whether overexpression of SLMAPs altered cell
proliferation by interfering in a cell cycle phase-specific manner. Fluorescence activated
cell sorting (FACS) was used to identify GFP-expressing cells and thereby identify
changes in cell cycle progression induced by SLMAP (Fig. 7B). Overproduction of GFP-
SLMAP3M1 was toxic to NIH 3T3 cells as the majority of cells died within thirty-six
hours post transfection. However, cells expressing the deletion mutant GFP-SLMAP3M?2
remained viable for the time required for FACS analysis and overproduction of this
deletion mutant caused about a 4-fold increase in G2/M (4N DNA; Fig. 7B; ii.) content
compared to control cells (Fig. 7B; i.). These results suggest that deregulated levels of
SLMAP3 in NIH 3T3 cells alter proliferation by interfering at the G2/M phase of the cell

cycle.

DISCUSSION

In the present study, we show that a novel SLMAP isoform is a component of the
MTOC and may serve a role in centrosomal function. The SLMAP gene is encoded by
twenty-four exons that span over approximately 122 kb of continuous DNA sequence.
Analysis of the sequences defined the presence of three additional regions of alternative
splicing (exons XI. XII, XII) in SLMAP. A new SLMAP variant (SLMAP3MI1)
containing an N-terminal extension of 132 amino acid residues that are encoded in exon [

was identified to be a component of the MTOC. Using anti-peptide antibodies to the N-
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terminal sequences, a protein of ~ 91 kDa was identified in various cell extracts. These
findings confirm that SLMAP3M]1 represents a ubiquitously expressed SLMAP isoform.
Indirect immunofluorescence studies using fixation procedures known to aid
visualization of the cytoskeleton localized SLMAP3MI to the centrosome. SLMAP3M1
was detected at the centrosome at all stages of the cell cycle (therefore not a transient
association) and co-localized with y-tubulin. Treatments with reagents that specifically
disrupt cytoplasmic microtubules did not affect SLMAP association at centrosomes
indicating that SLMAP-centrosome association occur independent of microtubules. Thus
SLMAP is a core component of the MTOC.

SLMAPM] sequences were found to contain the information required to target
the heterologous protein GFP to centrosomes. Large C-terminal deletions eliminating
much of the coiled-coil structure including the leucine zipper motifs did not affect
targeting of GFP to centrosomes. However. removal of the newly identified N-terminal
residues from SLMAP abolished the targeting of GFP to the centrosome, indicating that
the 132 N-terminal amino acid residues are required for centrosomal targeting. Further
analysis of SLMAP deletion mutants encoding N-terminal sequences revealed that this
region of SLMAP is not alone sufficient for centrosome targeting. While the N-terminus
of SLMAP may serve a critical role in mediating SLMAP-centrosome associations, the
preservation of the overall structure of SLMAP may constitute an additional determinant
for ensuring faithful targeting at the MTOC. Conserved motifs for protein targeting to
and retention within organelles such as the ER and Golgi have been characterized
(Pelham, 1988; Jackson et al.. 1990; Kjer-Nielsen et al.. 1999; Munro and Nichols, 1999;

Brown et al., 2001), vet little is known of conserved sequences directing proteins to
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centrosomes. Recent studies have highlighted a conserved region of approximately 90
amino acids encoded in pericentrin and AKAP450 that confers targeting to centrosomes
(Gillingham and Munro, 2000). This motif, known as the PACT domain, was not
identified within the N-terminal sequences of SLMAP3 or within any other region of
SLMAP. Thus our results indicate that structural motifs in addition to motifs such as the
PACT domain are critical in targeting components to centrosomes.

Amino acid sequence analysis of the new SLMAP N-terminal sequences revealed
the presence of a conserved motif known as the forkhead associated (FHA) domain.
FHA domains have been characterized in a number of proteins of diverse function,
including kinases, phosphatases, kinesins, transcription factors. DNA and RNA-binding
proteins as well as metabolic enzymes (Hofmann and Bucher. 1995; Durocher and
Jackson. 2002) and are known to serve as phosphoserine / threonine-specific protein-
protein interaction motifs (Durocher et al., 2000; Sun et al., 1998). In this regard, FHA-
interacting proteins such as Hklp2. a human homolog of Xklp2, a Xenopus kinesin-like
motor protein which serve roles in centrosome separation and spindle bipolarity are
known to reside at the MTOC (Boleti et al., 1996; Sueishi et al., 2000). The FHA domain
in SLMAP may thus mediate associations with phospho-proteins present at MTOC. In
this regard, the Aurora family of mitotic serine-threonine kinases is required for MTOC
functions (Kimura et al., 1997; Kimura et al.. 1999; Giet and Prigent, 1999). The
presence of the FHA domains in SLMAP raises the possibility that it may interact with
phosphorylated substrates of this kinase to affect centrosome activity and cell viability.

SLMAP shares several features inherent to other centrosomal proteins including a

net negative charge (pl 4.9) and extensive regions of coiled-coil structure (Doxsey et al.,
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1994; Boukson-Castaing et al., 1996; Balczon et al., 1994; Errabolu et al., 1994). The
alternative exons X1, XII and XIII were predicted to introduce posttranslational
modifications sites including phosphorvlation for casein kinase 2 and protein kinase C, as
well as N-glycosylation and N-myristoylation. Such modifications may impose
significant consequences with respect to the biological function and regulation of
SLMAPs. In view of the extensive splicing predicted in SLMAP. we speculate that
alternative splicing may represent a fundamental mechanism that confers functional
diversity among SLMAP variants as has been reported for other coiled-coil proteins.
While we do not know the precise function of SLMAP at centrosomes, the deregulation
of SLMAP expression had a marked effect on cell wviability. It is notable that
overexpression of full length SLMAP that targets to the centrosome (SLMAP3M1) was
lethal to the cell suggesting that regulated levels of this centrosomal component are
critical for normal cell viability. Increased levels of SLMAP mutants that did not target to
centrosomes (GFP-SLMAP3M?2) caused a significant number of cells to have a longer
time of residency at the G2/M stage of the cell cycle. We speculate that increased
synthesis of this SLMAP mutant may affect cell progression independent of SLMAP-
centrosome associations. While the mechanism(s) mediating the observed SLMAP-
induced effects on cell growth requires further investigation, the findings imply that the
new SLMAP isoform is a core component of the centrosome whose regulated levels are

critical for cell viability.
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Table I. Exonic primer sequences used to clone SLMAP genomic fragments.

PRIMER SEQUENCE
*708~-F (22mex; TTA CCC ATG GGT GTA TTG TTT C
822-R (Z28mer) GCA ACT TTG TCT ACA GGA CTC GGT AAT G
781-F (24mex) AGA TGT CAT CCh TGC TCC ATT ACC
g29-F (23mer) CAC TCC AAG TAT GTA CTC TCA -GG
851-R (23mer) CCT GAG AGT 2CA TAC TTG GAG TG
"9LZ-F (22mer) CCa CAC TTC AGC GGC TAC TaAG C
*966-R (24mer) GTA TCT GAAR CCC TCT TGG GTG ATG
F1023-R  {(24mer) CCC ATA ACT TCT AAC CGT GAT AAG
“1062-R (Z29mer) TCT TCT GTT TGA TTT TTG GAG CAT GCC TG
“1140-R  (22mer) CGC CTC AGG GAC TCT TTG GCT G
“1228-R (23mex) CAG GTG GGT ACA TTC ATC TTC AG
“1377-R  (24mer) TTC TCA GCT TGT CCC TTC TGT TGG
Ex1-F (36mer) AGA AGC TGA TCG TGG AGG GGC ATC TAA CCA AAG TGG
"Ex2-F (2lmer) AAR ATC AGG CAA AAG CAA AGGC
YEx2-R (18mexr) CTG TAG TGT CGT CGC TGC
'Ex3-R (3Bmex: CTT TTA ATA GAG ACA CCT TAG CAA GGG GTT CAT TTA GG
"Ex4-F (32mer) ACT TAC AGG GTA CCC AGT CAG AAA CTG AGG CC
*Ex4-R (33mer) CTT GAA GTT CAA AGC ATT TTT GTT TAC TTG TTC
"Ex5-F (19mer) CTC TTT TGG AAG AAG AAA G
“Ex5-R (19mer) CTT GAA GAA CCT GTA TTT G
“Ex6-R (33mer) ACC TTG TTG CCT CCT CCC TTT GCT GGT CTT CAC
“Ex7-F (20merx) GTG AGC TGG AGA AGT TGA AG
PEx7-R (22mer) TTG TGC AAT TCT TTC TCT TGT C
“Ex11-R  (25mer) GGT GCA CTA AGAR AGC GTA CTT TAG G
‘1-15F {25mer) CTC CAG CCC AAA ACT GCT TCC AGR G
“405-F (27mer) ACC CGT TTC AGG AGC GTC ATG TCT ACC
#Used for PCR cloning.

®Used for internal verification of genomic library clones and/or large PCR clones.
“Used to generate SLMAP cDNA probe



Table I1.
isolation.

Clone (size)

Exons Encompassed

169

List of genomic clones containing SLMAP exons and the methods of

Method Cbtained

A (10 kb
B (3.6 kb)
¢ (2.0 kb
D (3.0 kb)
E  {6.0 kb)
F (4.0 kb)
G {20 kb)
H (4.5kb)

Exon

Exon

Exon

Exon

Exon

Exon

Exon

Exon

II

IV to Exon V

V to Exon VI

VI to Exon II

VII to Exon IX

XIV to Exon XVI

XV to Exon XXI

XIII to Exon XV

direct screening of genomic library’

PCR

PCR

PCR

PCR

cloning (708-F & 822~R)°
cloning {781-F & 851-R)”
cloning (82%-F & 966-R)’
cloning (922-F & 1377-R)°

cloning (Ex1-F & Ex3-R)’

direct screening of genomic library’

direct screening of genomic library”

' 1 FIX I mouse genomic library (Stratagene)
2 1 DASH II mouse genomic library (Stratagene)

3 Primers used in PCR
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of SLMAP3 and sizes of the respective exons

Exon Intron Exon
No. Size No. Size Class No.
{(bp) { bp)
GGCCCTTGA I
I 1604 ACGAGCAAGgtaatgtcg 1 50542 ’O tcctttcagTTCTATCTC II
II 148 CCCGGARAGgtatgagta 2 8847 1 tttaaccagTTACCCATG III
I1I 73 TCGTTCAGAgtgagtata 3 3571 2 actttgcagTGTCATCCA IV
Iv 37 GTAGACAAAgtaagttgt 4 1818 a TatttctagGTTGCTGCT V
Y 63 TATCTACAGgtaaaagtc 5 2819 0 ttatgttagGAGGCCTTA VI
VI 96 AGTTGGCAGgtattccat 6 295 0 tttcaacagGCTTTAATA VII
VII 72 TGCTCCARAAgtaggtatt 7 1484 0 ttatcctagAATCAAACA VIIT
VIII 141 GAAGTTGAGgtatttcac 8 1178 ol gccttgcagCGAAGTCTG IX
Ix 138 AARATTAAAGgtatgtata ] 2050 0 atgcaacagGTAGCAGAG X
X 1683 CTCTGCARAGgtaagctgy 10 87 1 tttttacagTACGGTTAG XI~
X1 51 GCAGCTTAGgtaggtgtc 11 443 1 taatcctagGGATACAAG XII*
XI1 51 CAGARAAAGgtagcgtaa 12 5809 0 ctttattagAGCACTTGC XIII*
XIIT 63 AGTGCCAGAgtgagtaca 13 10903 1 ctttggcaghGAAGCTGA XIV
XIv &0 TTTCAAAAGgttagtttg 14 3546 1 tcctaatagAAARRTCAGG XV
HV 81 ACACTACAGgtgagtgcg 15 290 1 cccttatagACGCCCAGA  XVI
XVI &0 TATTAAAAGgtattttaa 16 8768 1 tEttgtcagATGACTTAC XVII*
XVII 123 AACTTCAAGgtgagatga 17 1471 1 gctttttagCTCTTTTGG XVIII
KVIIT 75 TTCTTCAAGgtatgggge 18 686 1 cttttacagTCCAGCTGC XIX
XNIX 321 GGTTGCAAGgtaagtgag 19 552 1 ctactttagGTGAGCTGG KX
K 118 ATTGCACAAgtatgtgag 20 3974 2 gtgttgcagTTCTCAGAR  XXI
XXI 172 CAGAAAGAGgtaaagcgyg 21 4243 0 tgcctttagTATGAARAAG | XXIT
XXIT 135 GGAAATRATgtaagtgtt 22 1820 0 cttcttcagCCCTCCATA  XIIIx
XXITI 90 TAGAGAAAGgtacaagca 23 1214 0 tccacacaghAACCCTGGE  XXIV
XXIV 1832 TAATCTCCC
Notes:

* Alternative exon
Exon-intron boundaries conform to the consensus splice donor and acceptor sites (gt-ag).
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Fig. 1. Genomic organization of the SLMAP gene. (A) The schematic illusirates that
the SLMAP gene is composed of twenty-four exons and introns spanning over 122 kb of
genomic DNA. Exon-exon (exons [-XXIV}) boundaries are depicted. Exons XI (red), X1I
(black), XIII (blue), XVI (orange), XXIII (green) encode alternative exons.
Transmembrane domains are encoded by exon XXIII and exon XXIV. Exon XX and
exon XXI contain the leucine zipper motifs (*). ATG1 (M1, red arrow) is encoded in
exon | whereas ATG2 (M2; green arrow) is present in exon II. (B) Amino acid
composition of alternative exons XI, XII and XIIIl. Consensus casein kinase 2
phosphorylation sites are underlined; protein kinase C phosphorylation sites are indicated
in blue; N-glycosylation site is in italics; and N-myristolyation site is shown in red.
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Fig. 2. SLMIAP3M]1 is characterized by a unique N-terminal extension. (A) Amino
acid composition of the amino-terminal extension identified in SLMAP3. M1 (in red)
and M2 (in bold and underlined) represent the two initiating methionines used to generate
SLMAPs (Wigle et al., 1997). The consensus fork head associated (FHA) domain is
demarcated by bold print. Peptide sequence used to generate anti-SLMAP(N) rabbit
antiserum is in italics and underiined (RLSRGEESPPCEI). (B) Immunoblot analysis of
SLMAP expression in NIH 3T3 cells. NIH 3T3 cells were lysed in RIPA buffer, 15 ug of
total protein was separated by 10% SDS-PAGE then electrotransferred to PVDF
membranes. Immuncblotting with anti-SLMAP(C) antibody (lane 1) or anti-SLMAP(N)
antisera (lane 2) detected a single band at 91 kDa. Prior incubation of the anti-
SLMAP(N) with SLMAP peptide abolished the immunoreactivity (lane 3). Positions of
molecular mass standards are indicated (BENCHMARK Prestained Protein ladder, Gibco
BRL).
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Fig. 3. Subcellular localization of endogenous SLMAP in NIH 373 cells. (A)
Immuno-fluorescent labeling of SLMAP proteins using anti-SLMAP(C) antiserum
revealed staining of reticular formations, the cytosol and perinuclear sites in
paraformaldehyde fixed NIH 3T3 cells (a). Reduced cytosolic SLMAP siaining and
labelling of distinct foci at the perinuclear region was observed in detergent-extracted,
paraformaldehyde fixed cells (b). No immunoreactivity was observed with prior
incubation of SLMAP(C) antisera with purified SLMAP protein (¢) or in cells incubated
with the preimmune rabbit serum (f). Staining of foci was also evident in detergent
extracted COS-7 cells stained with anti-SLMAP(N) (¢). This staining pattern was not
observed in COS-7 cells stained with the preimmune serum (d). (B) SLMAP co-localizes
with e-tubulin at centrosomes throughout the cell cycle. Paraformaldehyde-fixed NIH
3T3 cells were co-stained with anti-SLMAP (a-e), anti-y-tubulin (f-j) and DAP! (k-o0).
Representative cells in interphase (a. f, k). prophase (b, g, 1), metaphase (c, h, m),
anaphase (d, 1, n) and telophase (e, j, o) are shown. Scale bar = 20 pm.
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Fig. 4. SLMAP is a component of centrosomes. (A) SLMAP localization at
centrosomes 1S not affected by nocodazole or taxol treatment. NIH 3T3 cells were
untreated (a, d. g, ) or treated with either taxol (5 uM, 4 hours; b, e, h, k) to stabilize
microtubules or nocodazole (6 ug/ml., 4 hours; c, f, i, ) to depolymerize microtubules.
Cells were prepared for immunofluorescence microscopy and co-stained with anti-
SLMAP (a, b, ¢), anti-y-tubulin (d, ¢, ) and DAPI (g, h, 1). To demonstrate that the
drugs affected cytoplasmic microtubules, cells were stained with anti-a-tubulin
monoclonal antibodies (, k, 1). Scale bar = 25um. (B) Centrosomes were isolated from
exponentially growing NIH 3T3 cells by fractionation on a sucrose gradient as described
{(Moudjou and Bornens, 1998). Equivalent amount (15ug) of each protein fraction was
analyzed by SDS-PAGE followed by Western blotting with anti-SLMAP or anti-y-
tubulin. Lane 1 (lysed extract); lane 2 (crude centrosomes); lanes 3-6 represent fractions
obtained from sucrose density gradients.
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Fig. 5. SLMAP3M]1 sequences target GFP to centrosomes. (A} Schematic of the GFP-
SLMAPM]1 fusion protein used for transient transfection studies. Depicted are the GFP
tag, the FHA domain, PEST motif, leucine zippers and the transmembrane domain. (B)
Localization of GFP-SLMAP fusion proteins transiently expressed in NIH 3T3 was
visualized by live microscopy. GFP fluorescence was detected at centrosomes in mitotic
cells expressing GFP-SLMAP3M1 (B; a, two closely spaced dots). No green
fluorescence was observed at centrosomes in control mitotic cells transfected with GFP-
pcDNA alone (B; ¢). Co-incidence of the y-tubulin signal (B; d) and GFP fluorescence
(B: b) occurred in paraformaldehyde fixed mitotic cells expressing GFP-SLMAP3MI.
Scale bar = 25 um.
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Fig. 6. N-terminal sequences of SLMAP are required for targeting GFP to
centrosomes. (A) Transient expression of GFP-tagged SLMAP mutants demonstrated
that green fluorescence was observed at centrosomes in live cells expressing GFP-
SIMAP3MIALZ (A; a) and GFP-SLMAP3MIAC (A; b) but not in mitotic cells
expressing GFP-SLMAP3M2AC (A; c). Corresponding phase contrast images are shown
for SLMAP3MIALZ (A; d), GFP-SLAP3MIAC (A; ) and GFP-SLMAP3M2AC (A; ).
Scale bar = 25 pm. (B) N-terminal SLMAP3 constructs encoding amino acids 1-163 (B;
a), 1-183 (B; b) or 1-201 (B; c) were expressed in fibroblast cells. GFP fluorescence was
detected throughout the cell, including the nucleus in (a) or within detergent-insoluble
aggregates (b, c). Scale bar = 10 um. (C) Transient expression of the full length GFP-
SLMAP fusion protein, GFP-SLMAP3M1 (C: a) was detected at perinuclear sites in
interphase cells, indicative of membrane localization. Diffuse cytosolic localization was
observed for both carboxyl terminal mutants, GFP-SLMAP3MIAC (C;b) and
SLMAP3MZ2AC (C; c). Scale bar = 50um. (D} At thirty-six hours post-transfection, cells
expressing GFP-SLMAP3M1 were rounded (D; b), whereas those cells expressing either
GFP-pcDNA3 (D; a), GFP-SLMAP3MIAC (D, ¢) or GFP-SLMAP3M2AC appeared
normal. Scale bar = 10 pm.
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Fig. 7. SLMAP Overexpression Affects Cell Proliferation. (A) Overexpression of
GFP-tagged SLMAPs inhibits BrdU uptake in NIH 3T3 cells. NIH 3T3 cells were
transfected with either GFPpcDNA3 (green bar), GFP-SLMAP3M1 (red bar), GFP-
SLMAP3M?2 (yellow bar) or GFP-SLMAP3M2AC (blue bar). Thirty-six hours post
transfection, cells were labeled with BrdU (10 mmol/L) for 2, 8, 12 or 24 hours. Ethanol
fixed cells were co-stained with anti-mouse BrdU antibody and anti-rabbit GFP antibody.
Transfected cells were identified by their green fluorescence and the number of cells with
co-existing nuclear red fluorescence (BrdU positive cells) was determined. The mean
results of at least three independent experiments for each labeling period are shown. For
each transfectant and condition, 2 minimum of 200 cells was scored. Error bars represent
standard deviations. (B) FACS profiles of GFP-pcDNA3 (i) and GFP-SLMAP3M?2 (ii)
transfected NIH 373 cells. At 48 hours post transfection, cells were incubated with
propidium iodide to stain DNA (Pestov et al., 1999).
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Chapter Six.

Discussion and Conclusions.
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General Discussion and Conclusions

In era of genomics, 1érge—scale sequencing projects have contributed vast amounts
of information to establish the complete genetic profile of organisms from Drosophila
melangaster 10 Homo sapiens. As a result. molecular biologists are faced with the
formidable challenge of assigning function to the proteins encoded by thousands of
genes. Experimental approaches for the characterization of protein function have relied
upon the amalgamation of applications from various disciplines ranging from cell
biology. biochemistry, physiology and genetics to structural biology and computer
science (Brent 2000; Pennington et al., 1997). In the studies presented in this thesis,
many of the aforementioned approaches have been implemented to gain insight regarding
the biological functions of a novel family of sarcolemmal-membrane associated proteins.

Genomic studies have revealed that the complete SLMAP gene is made up of
twenty-four exons spanning over 122 kb of DNA, including five alternatively expressed
exons (X1, XII, XIII, XVII and XIV). Whereas alternative exons XVII and XIV are
present within the genomic sequences encompassing the common core region of the
gene, alternative exons XI, XII and XIII are thought to provide diversity to the SLMAP3
and SLMAP2 isoforms. The extensive processing of a common precursor SLMAP
mRNA implies that alternative splicing represents a central mechanism for generating
structural and functional diversity among SLMAP variants. In this respect, two distinct
hydrophobic segments designated TMD1 and TMD2 were shown to be encoded by
alternative exon XXIII and exon XXIV, respectively. These transmembrane domains are
distinct on the basis of their amino acid composition as well as the type of membrane

system with which they associate (further discussed below). Based on the genomic
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organization previously reported by Wielowieyski et al. (2000), the two leucine zipper
motifs are salient structural features existing in each of the theoretical SLMAP variants
and studies presented in this thesis imply that these specialized regions of coiled-coil
structure modulate SLMAP function(s) (discussed below). The identification of a
forkhead associated domain within the newly identified N-terminal extension of
SLMAP3 further suggest that SLMAPs provide functional roles other than those related
to membrane biology (discussed below). Overall, the elucidations of the genomic
sequences of SLMAPs and their structural elements, combined with the observed tissue
distribution have established a significant framework for continued study of protein
function (Discussion Figure 1).

To gain insight on function, the distributions of endogenous SLMAPs were
analyzed in developing and mature tissue systems. as well as in cultured cells. In vivo
analysis of SLMAP expression in mouse embryos indicated that SLMAP expression is
induced early in development. SLMAPs were detected in the linear heart tube (9 d.p.c.)
as well as in prefusional somites (Chapters 2 and 3). These observations, coupled with
the prominent expression profile of SLMAPs in mature striated muscle membranes
suggested that these molecules might contribute to structural integrity of the membrane
architecture that is necessary for the development, function and maintenance of striated
muscle. Confocal imaging further revealed that SLMAPs reside in membrane systems
that play a central role in EC coupling mechanisms inherent to both cardiac and skeletal
muscle. SLMAP distribution at nonjunctional SR membranes, as well as in junctional
membrane structures further supported the hypothesis that divergent transmembrane

domains may direct SLMAPs to distinct membrane systems.
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Figure 1. Molecular Dissection of SLMAPs.

Overview of the structural features of SLMAPs and the functions ascribed to these

features based on results presented in this thesis.
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The functional role(s) of a protein may also be ascribed based on the identification of
associated proteins. Yeast two-hybrid screens. coupled with co-immunoprecipitation
assays are frequently used to identify interacting proteins and to characterize the nature of
their associations. Such methods have, for instance, been used to identify components
associated with the dystrophin-associated glycoprotein complex, which contribute to the
maintenance of muscle integrity (Sadoulet-Puccio et al., 1997; Benson et al., 2001;
Newey et al., 2001). As a result, these studies have shed light on the organization of
dystrophin-associated glycoprotein complex as well as the molecular pathology of
muscular dystrophy. Affinity-based methods using recombinant SLMAP fusion proteins
were employed to purify biologically relevant protein complexes in tissues and isolated
cells. Coupled with mass spectrometric analysis, these studies resulted in the
identification of SLMAP-SLMAP interactions (Chapter 3), which were further
corroborated by immunoprecipitation experiments and in vitro protein-protein interaction
assays (Chapter 2). The ability of SLMAPs to self assemble, by virtue of their leucine
zipper motifs, is likely to be highly relevant to the biological activities of this family of
proteins. The functional significance of SLMAP-SLMAP assembly may be relevant to
the organization of excitatory systems whereby junctional complexes mediate
communication between closely apposed membrane systems. such as the T-tubule-SR
membranes in striated muscle (Discussion Figure 2). In this respect, SLMAPs anchored
in opposing membrane systems by their divergent hydrophobic segments may form
homodimers to create junctional membrane complexes that are essential for structural

integrity. Furthermore, SLMAP-SLMAP interactions may modulate EC-coupling
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processes by organizing the assembly of other junctional membrane components or
regulatory factors. To further test this possibility. a mouse model may be engineered to
specifically ablate the SLMAP leucine zipper motifs in cardiac or skeletal muscles.
Examination of the structural organization of muscle membrane systems as well as the
process of EC coupling may indicate that SLMAP-SLMAP associations are necessary for
the integrity of muscle membrane assembly and activity.

Insight into the functional roles of SLMAPs was further gauged by altering
SLMAP protein levels in cultured myogenic cells. This approach is widely used and as
such, the overexpression of myogenic regulatory factors has contributed to the
understanding of their roles as regulators of skeletal myogenesis. In this respect, seminal
studies by Lassar et al. (1989) demonstrated that the forced expression of the MyoD
transcription factor in nonmyogenic cells activates skeletal muscle-specific gene
expression, thus corroborating a central role for this factor in regulating skeletal
myogenesis. Dominant-negative effects are in many circumstances elicited by the
overexpression of structural mutants and thus offer valuable insights to structure-function
relationships. In view of the abundant SLMAP expression in prefusion myoblasts,
various SLMAP structural mutants were expressed in C2C12 myoblasts to assess whether
SLMAPs may serve a role in the fusion process. Whereas biochemical differentiation
remained unaffected, a significant defect in fusion was observed in cells having altered
levels of SLMAP variants. Studies presented in Chapter 2 have indicated that the fusion
defective phenotype was not dependent upon either SLMAP-membrane associations or
SLMAP-SLMAP interactions. There is evidence supporting the role of protein-protein

interactions between cytoskeletal components and the cytosolic portion of
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transmembrane domains in the promotion of myoblast fusion. Overexpression of the
cytosolic portion of a transmembrane domain metalloprotease, which mediates
interactions with a-actinin, resulted in a defect in myoblast fusion (Galliano et al., 2000).
We thus speculate that coiled-coil motifs present in SLMAPs may interfere with the
fusion process, possibly by associating with structural elements or cytosolic signaling
factors regulating the fusion process. Further elucidation of SLMAP-associated proteins
may clarify this issue. In addition, Cre-lox technology. coupled with the use of skeletal
muscle-specific promoters may be used to generate a SLMAP-deficient mouse. Such a
model may then be used to examine the effect of SLMAP deficiency during myoblast
fusion in vivo.

The molecular features of SLMAPs indicated that this protein family belongs to a
class of carboxyl-terminal tail-anchored membrane proteins with an amino-terminal
coiled-coil cytosolic moiety. This topology is ideal for complex association with other
cytosolic or cytoskeletal components. Interestingly. the muscle specific SLMAP isoform
(SLMAP1) was shown to interact with myosin heavy chain (MyHC). This association
between an SR-membrane localized protein and a myofibril component may serve to
efficiently transmit the calcium signal to the contractile apparatus during the EC-coupling
mechanism in striated muscle (Discussion Figure 2). To further understand the nature of
the SLMAP-myofibril association, it is obviously necessary to delineate the sequences
that are responsible for directing SLMAP-MyHC associations. In view of the potential
SLMAP-myofibril association, amimal models that are deficient in SLMAPs are

anticipated to have impaired contractile properties.
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Immunolocalization studies have revealed that SLMAPs may be differentially
targeted to either the ER or the mitochondria by the two divergent carboxyl-terminal
transmembrane domains. The transmembrane domain dependent association of SLMAPs
with either the ER or the mitochondria is consistent with the localization pattern typically
observed for various tail-anchored membrane proteins, including cytochrome b5
(D’ Arrigo et al., 1993; Borgese et al., 2001). The differential targeting of SLMAPs to the
ER or mitochondria implies that these coiled-coil molecules may serve varied functions,
depending on their membrane associations. It is tempting to speculate that SLMAPs may
function in calcium regulation as both the ER and mitochondria play central roles in
modulating intracellular calcium levels. At the molecular level, the specific amino acids
which are necessary for directing SLMAP to the mitochondria versus the ER have not yet
been defined. The nature of the amino acids flanking TMD1 and TMD2 may also contain
important information necessary for organelle-specific targeting (Kanaji et al., 2000).
These issues may be addressed in future studies employing site directed mutagenesis.

As many proteins that are related by function exhibit homology at the amino acid
level. the BLAST program is frequently used to identify homologous proteins that may
offer insight to some element of protein function. The identification of essential genes in
lower organisms (flies, yeast, worms, viruses) has facilitated the identification of
mammalian protein orthologues that share analogous functions. For instance, the link
between the mammalian inhibitor of apoptosis proteins (IAP’s) and their role in
impairing cell death responses was first postulated because of the homology shared with
proteins encoded by baculoviruses, known to function in inhibiting apoptosis (Huang et

al., 2000). Homology searches were periodically performed to identify SLMAP
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orthologues of known function. At the amino acid level. SLMAPs were found to share
significant homology with a coiled-coil yeast protein, Usolp, known to function in ER to
golgi transport (Sapperstein et al., 1996). This homology, in addition to the presence of
an ER exit motif that has been reported to mediate efficient ER to golgi vesicle transport,
inspired the studies presented in Chapter three, whereby ER to golgi transport assays
were conducted to assess a possible role for SLMAPs in this process. On the basis of
these studies, we have concluded that SLMAPs do not provide a role in vesicle transport.
These conclusions are further supported by the observation that ectopically expressed
SLMAP variants were not distributed to post-ER organelles, such as the ERGIC or the
Golgi (Chapter three). Additional studies may be performed to further examine a role for
SLMAPs in the intracellular trafficking process. For instance, an inhibition of SLMAP
expression may affect the morphology of membrane-bound organelles of the secretory
pathway or the mechanism of intracellular trafficking, potentially at the level of vesicle
docking or membrane fusion.

Interestingly, the examination of SLMAP distribution in proliferating cells lead to
the identification of a centrosome-localized SLMAP variant (Chapter five). Diverse
classes of proteins have been shown to localize at the MTOC, and many possess
extensive regions of coiled-coil structure (Doxsey et al., 1994; Fry et al., 1998a, 1998b,
1999; Bouckson-Castaing et al., 1996; Takahashi et al., 1999 and 2002; Li et al., 2000,
Chevrier et al., 2002). In view of the diverse nature of the classes of proteins localized at
the MTOC, the identification of discrete centrosome targeting sequences has posed a
considerable challenge. Sequence comparison of the centrosome components pericentrin

and A-kinase anchoring protein (AKAP450) revealed that these coiled-coil proteins share
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a 90 amino acid motif (PACT motif), which confers centrosome targeting (Gillingham
and Munro, 2000). This motif was not identified within the SLMAP sequences necessary
for centrosome targeting (Chapter five). Whereas SLMAP localization at the MTOC
appears to be dependent upon the presence of amino-terminal sequences, a particular
conformational structure is also thought to serve as a determinant for centrosome
association. In this respect, the coiled-coil sequences of SLMAPs plus the N-terminal
sequences may function to mediate the assembly of cell cycle regulators or other
regulatory molecules at the MTOC. Increased synthesis of the centrosome-targeted
SLMAP variant in proliferating fibroblast cells compromised cell viability, and this effect
may potentially by mediated by affecting the levels of regulatory proteins through
protein-protein interactions involving the SLMAP coiled-coil motifs.

Computer-assisted sequence analyses are also common tools used to predict the
presence of structural motifs, protein interaction modules, regulatory domains, targeting
motifs and consensus post-translational modification sites, such as phosphorylation
motifs. The phosphorylation status of proteins provides an additional determinant for the
mediation of protein-protein interactions. In this respect, signaling protein modules such
as the Src homology 2 (SH2) domain function as discrete phosphopeptide binding motifs.
SH?2 domains are encoded by several important signaling molecules and serve to mediate
interactions with phosphotyrosine peptides present within target substrates (Mayer and
Baltimore, 1994). Analysis of SLMAP protein sequences resulted in the identification of
an amino-terminal localized forkhead-associated (FHA) domain (Chapter five). Initially
identified in forkhead transcription factors. this phosphopeptide recognition motif has

since been identified in diverse classes of mammalian and yeast proteins and are thought
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to function in DNA damage checkpoint signaling mechanisms as well as in the regulation
of mitotic phase progression (Hoffmann and Bucher. 1995; Li et al., 2000b; Durocher and
Jackson, 2002; Durocher et al., 2000; Sun et al., 1998; Sueishi et al., 2000). Whereas the
functional significance of the FHA domain present in SLMAP is not fully understood, the
ectopic expression of the full length SLMAP3MI encompassing this motif compromised
the viability of cultured fibroblasts (Chapter five). Interestingly, SLMAP variants lacking
sequences encompassing this motif did not retain the ability to target a heterologous
protein to the MTOC. Taken together, these studies suggest that the FHA motif may
mediate associations with phosphoproteins that may serve a role in centrosome-mediated
functions. This inference may be further explored by identifying the FHA-mediated
SLMAP associations.

Inhibition of gene expression represents a powerful tool to examine the function
of the encoded protein. At the cellular level, the introduction of antisense
oligonucleotides and small interfering RNAs (siRNA) represents an effective method for
gene functional analysis (Harborth et al., 2001; Elbashir et al., 2001a and 2001b). In
recent years, siRNA-mediated technology has gained popularity for use in cell culture
systems. As is the case for any experimental application, there are technical limitations
associated with the use of antisense or siRNA technology, and such limitations are
attributed to the dilution of the antisense or siRNA effect with increased time in culture
as well as the stability of the protein (Elbashir et al., 2001a). During my studies, I have
designed and implemented strategies using siRNAs, including commercially synthesized
double stranded RNA directed against several regions in SLMAP, as well as a vector
siRNA mediated approach (Gou et al., 2003; Miyagishi and Taira, 2002; Yu et al., 2002).

When the levels of SLMAP proteins produced in cultured cells (NIH 3T3, C2C12) were
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assayed, no apparent inhibition or reduction of SLMAP levels was apparent by

immunoblot analysis. These issues may be addressed by designing additional antisense

oligonucleotides or siRNA against other regions of SLMAPs. Further insight regarding

the role of SLMAPs may be acquired through ongoing studies in our laboratory aimed at

generating SLMAP-deficient mice.

Taken together, the original studies described in this thesis support the following

conclusions:

@

(i1)

(iii)

Alternative splicing mechanisms generate SLMAP variants that are
targeted to multiple subcellular localizations, including membrane bound
organelles (ER, SR, mitochondria), junctional membranes (SR, T-tubules)
as well as centrosomes. These observations imply that distinct SLMAP
variants provide functions specifically related to membrane biology as

well as the activity or assembly of the microtubule organizing center.

The distribution of SLMAPs at the SR and T-tubules membrane systems
in striated muscle suggest that SLMAP-SLMAP interactions establish
junctional complexes that may be necessary for proper EC coupling
mechanisms. Interaction with a myofibril contractile element further
suggests a role for SLMAPs in establishing a scaffold that links the SR

membrane domains with the contractile cytoskeleton.

Regulated levels of SLMAPs are critical for developmental processes

{myoblast fusion) as well as normal cell proliferation.
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The sarcolemmal associated proteins (SLAPs) ave en-
coded by multiple mRBNAs that are presumably gener-
ated by altermative splicing mechanisms. The amino
acid sequence of the SLAPI isoform exhibited 76% iden-
tity with TOP,p, 2 topographically graded antigen of the
chick visual system. The regions of coiled-coil structure
including sn 11-heptad acidic amphipathic o-helical
segment was conserved with a major divergence in se-
guence noted in the hydrophobic C termini predicted to
be transmembrane domains in the two polypeptides.
The genomic organization of the 3’ region of the SLAP
gene indicated that SLAP1 and TOP,p are generated by
alternative splicing mechanisms, which are conserved
among mammalian and avian species. SLAPI/TOP ,p
were encoded by 11 exons distributed over a minimum
of 35 kilobase pairs of continuous DNA; 9 of the exons
were constitutively expressed, and 2 were alternatively
spliced. The exons range in size from 60 to 321 base
pairs, and the predicted functional domains within the
polypepiides were encompassed by single exons. The
introns vary from 0.2 to 10 kilobase pairs and conform to
consensus dinucleotide splicing signals. Reverse tran-
scriptase-polymerase chain reaction studies demon-
strated that alternative exons (IV and X) of SLAP were
expressed in a tissue-specific fashion and developmen-
tally regulated. The alternatively spliced exon X, which
encodes the putative transmembrane anchor in TOP,p,
and a constitutively expressed exon XI, which encodes
the putative tramsmembrane domain in SLAP, were
found to target these polypeptides to membrane struc-
tures. The presence and comservation of termination
codons in exons X and XI render expression of the two
SLAPUTOP ,p transmembrane domains mutually exclu-
sive. These data reveal that TOP,,, and SLAP are alter-
natively spliced products of a single gene that encodes a
unigue class of tail-anchored membrane proteins.

The coiled-coil membrane proteins such as syntaxin, synap-
fobrevin, and epimorphin are believed to play diverse roles in
cell function including membrane fusion, vesicle transport, and
neurotransmitier release (1-4). These polypeptides belong to a
growing family of membrane proteins that lack a signal se-

* This work was supported by a grant from the Heart and Stroke
Foundation of Ontario (to B.S.T.). The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

i To whom correspondence should be addressed. Tel.: 613-562-5800
ext. 8355; Fax 613-562-5434; E-mai:BTUANA@UOTTAWA.CA.
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quence and are anchored in the membrane by a hydrophobic
segment at the C terminus (5). These tail-anchored proteins
can be found at the plasma membrane as well as on intracel-
lular membrane compartments, and evidence suggests that
gene families as well as alternative splicing mechanisms may
generate products with distinct hydrophobic C-terminal pep-
tides that determine subcellular localizations and hence func-
tion (6, 7). The membrane inserfion of these polypeptides is
believed to be achieved by unique mechanisms that do not
require the signal recognition particle (8). An important fea-
ture in these polypeptides is an extended coiled-coil structure,
believed to be important for their intermolecular interactions
(9-11). We have previously defined the cloning of a series of
cDNAs that encode polypeptides, which were found to be asso-
ciated with cardiac membranes, referred to as SLAPs' (for
sarcolemmal-associated proteins (12)). Three different SLAP
transcripts expressed in cardiac tissue were found to contain
unique 5’ and common 3' sequences that encode three SLAP
polypeptides (37-kDa SLAP1, 46-kDa SLAP2, and 74-kDa
SLAP3). The most noticeable structural features of SLAPs
include their predicted ability to form an extended coiled coil
over most of their length and a putative transmembrane do-
main at the extreme C terminus, although there was no con-
sensus signal sequence (12). Our previous studies indicate that
SLAPs are integral membrane proteins that localize to the cell
membrane as well as intracellular membranes, but it is not
known whether the putative transmembrane domain found in
the SLAPs is responsible for their membrane integration (12).

Although we do not know the physiological role of the SLAPs,
the proteins share common core features with the tail-anchored
membrane proteins and hence may play important roles in
membrane biclogy. In this regard, homology searches of the
GenBank™ data base revealed that the SLAPI isoform shares
high nucleotide and amino acid sequence identity with TOP,,
a topographically graded antigen of the chick visual system
implicated in the neuronal guidance and development of the
chick retinotectal map (13). The molecular properties of TOP
reveal that it is a 85-kDa coiled-coil protein with a putative
transmembrane domain at the C terminus, which is believed to
be localized at the cell membrane. There was strong identity
(76% at the amino acid level) between avian TOP,p and the
37-kDa SLAP1 isoform over most of the coding region, with the
differences noted in the predicted transmembrane domains in
the two polypeptides. This finding led us to hypothesize that

* The abbreviations used are: SLAP, sarcolemmal-associated protein;
TOP,p, topographically graded antigen of the chick visual system;
RT-PCR, reverse transcriptase-polymerase chain reaction; TM, trans-
membrane; bp, base pairs; nt, nucleotide(s).

This paper is available on line at http://www.jbc.org
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F16. 1. Genomic organization of the
3’ region of the SLAP gene. Rabbit and
mouse genomic A Dashil DINA libraries
were screened with two **P-radiolabeled
SIAP ¢DNA probes (U21157; nt 1607-
1931 and 1-3017) to isolate five positive
genomic clones (R-2, R-13, and R-14 from
rabbit and M-2 and M-3 from mouse).The
DNA was isclated, restriction mapped,
and sequenced to elucidate the intron-
exon junctions in both the rabbit and
mouse SLAP genes. Characterization of
genomic A DASHII DNA clones revealed
the presence of 11 exons that encode the
common C-terminal core of the three iso-
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forms (SLAPI, SLAP2, and SLAP3)
(U21157; nt 1560-2675).
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v 123 AACTTCAAGgtgagatgaa’ 5 >3.0 1 ttatttttagCTCTTTTIGG v
v 75 TTCTTCAAGgtatgggaac 6 2.5 1 acttttgtagCCCAACTGC VI
VI 321 GGCTGCAAGgtgaatgaac 7 0.5 1 actattttagGTGAATTAG VII
VII 118 ATTGCACAAgtatgcaaga 8 5.0 2 tttgttgeagTTCTCAGAA VIII
VIII 172 CAAAAAGAGgtaaagcgaa 9 5.5 0 ttgecettagTATGAAAMG IX
X 138 AATAATAATgtaagtcttt 10 »2.0 0 ccttettcagCCCTCCATA' X
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F1c. 2. Exon/fintron organization of the 3’ region of the SLAP gene. Panel A summarizes the intron-exon junctions of the common
functional core C terminus of SLAP isoforms. All of the exon-intron boundaries encompassing the common 3’ region of the SLAP gene conform to
the consensus splice donor and acceptor sites (gi-ag) (15). Panel B is a graphic representation of the exon-exon boundaries of the common core C
terminus of the SLAP gene. Exon IV encodes an alternative exon, exons VII and VIII encode coiled-coil motifs, and exons X and XI encode mutually
exclusive transmembrane domains. @, denotes conserved exon-exon boundaries between mouse and rabbit SLAP genes. All exon-exon boundaries
and intron-exon junctions are conserved between rabbit and mouse genes.

avian TOP,p, and mammalian SLAP may be derived by alter-
native splicing mechanisms from a common gene. We therefore
undertook studies to determine the genomic organization of the
3' region of the SLAP gene, which revealed that mammalian
SLAP] and avian TOP,, are generated by alternative splicing
mechanisms that are highly conserved among mammalian and
avian species. In addition, we report that the alternatively
spliced products were expressed in a developmental and tissue-
specific manner and the putative transmembrane domains
were responsible for their membrane integration.
EXPERIMENTAL PROCEDURES

Isolation of Genomic Clones, Southern X Blot Analysis, and Sequenc-
ing—The screening of the rabbit genomic A Dashil library (Stratagene)

with a radiolabeled restriction fragment of SLAP3 ¢cDNA (U21157; 324
nt Avel-HindIIl, 1607-1931) led to the isolation of three positive clones
(R-2, R-13, R-14). A full-length SLAP3 ¢DNA probe, Sall-EcoRI (nt
1-3017), was also used to screen a mouse genomic A Dashll library, and
two additional clones (M-2 and M-3) were isolated. The genomic clones
were digested with EcoRI, BamH]I, and Kpnl, resolved on agarose gels,
and blotted onto MCI nylon membranes. The membranes were hybrid-
ized at 65 °C for 16 h, with Aval-HindIIl and Sall-EcoRI cDNA radio-
labeled probes in 10% polyethylene glycol, 7% SDS and 2.5X saline/
sodium phosphate/EDTA. The membranes were then washed at 60 °C
for 30 min and using intensifying screens were exposed to Kodak
BioMax MR film at -70 °C for 16 to 24 h. The positive restriction
fragments of the genomic A clones were subcloned into pBlueScript KS
(Stratagene) and sequenced. Mouse spleen and human cardiac cDNA
libraries constructed in AZAP were screened with a Sall-EcoRI restric-
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v v v v v v v v
Rabbit AGAAGCTGATCGTGGAGGGECATCTAACCAARAGTGGTAGAAGAAACAAAGCTTGCARAAGAAAACCAGEC 70
Human AGRAGCTGATCGToCAaGGGLATCTAACCAMAGEGGTAGAAGAARCARAGCT TECARRARGAMARECAGAC 70
Mouse AGRAGCTGATGGTCcAaGGGCATCTAACCAANGTGGTAGAAGAAALAARGCTTECARRAGAARALCAGEC 70

Rabbit AAGAGCAAAGGAATCIGATTTATCAGATACTCTGAGTCCAAGCAAGGAARAAAGCAGTGACGACACTACE 140
Human AAGAGCARAaGAATCTGATTTETCAGATACTCTCAGTCCAAGCAAGGAMAAAAGCAGTIACGACACTACE 140
Mouse ARaAGCAAAGGAATCeGACTTATCAGACACTCTGAGTCCAAGCAAGGAAAARAGCAGeCACGACACTACR 140

Rabbit GACGCCCAAATGGATGAGCAAGACCTGAATGAATCTCTTGCTAAAGTGTCCCTATTAAARG =~ = -~ 201
Human GACGCCCARATGGATGAGCAAGACCTaAATGAgeCTCTTGCCARAGTGTCCCTLTTAAAAGaLgacttge 210
Mouse GACGCCCAGATGGATGAGCAAGACCTaAATGARCCeCTTCCTARGGTGTCECTATTAARAGatgAactLae 210

REDDIE mmmmmmm s o e e e e e e e e e e e e 201
Human agggtgcacagtcagaaactgaggcaaaacaagasaticagcatcticgcaaggaattgategaageoca 280
Mouse agggtacecagtcagaaactigaggccaaacaagacattcageatcticgcaaagaatiggggaageeca 280

REDDAL m == m o s m e - CTCTTTTGGAAGAAGARRGAARAGCC 227
Human ggagctagctagagcaagtaaacaaaaatgetttgaactteaagCTCTTTTCGGAAGAAGAAAGAARAGCC 350
Mougse ggagctagctagaacaagtaaacaaaaatgetttgaacttcaagCTCTTTTGGAAGAAGAACGARAAAGCC 350

Rabbit TATCGARATCAAGTTGAGGAATCCAGTAAACARATACAGGTTCTTCAAGCCCAACTGCAGRGGTTACACE 297
Human TATCGARATCAAGTTGAGGAATCCACTAAACARATACAGCTTCTTCAAGCCCARLTGCAGAGETTACACA 420
Mouse TATCGAAATCAAGTTGAaGAATCagcTARACAARTACAGGTTCTTCAAGLCCAgGCTGCAGARGTTACACA 420

Rabbit TGGACATTGAGAATCTCCGGCEAGGAGAAGGACAATGARATCACAAGCACTAGAGATEGAATTGCTTAGTGC 367
Human TcGAtACTGAGAATCTCCGGGAGGAGARGEACAGTGAAATCACAAGLACTAGAGATGARATTGCTTAGTGL 450
Mouse TGCACATgGAGAATCTCCaGGAGCAaAACGACACgGARAATCECCAGUACAAGAGATAaAATTGCTTAGTGC 490

Rabbit CCEAGATGRAATTTTIGCTCCTTCATCAAGCAGCAGARAAGECTGCCTCTGAGCEGGACACTGACATTGET 437
Human CCGAGATGARATTTTGCTCCTTCATCAAGCAGCAGCAMAGGETGCCTCTGAGCGGGEACACTGACATTECT 560
Mouse CCaRAGATGAgATTTTGCTCCTTCYTCAAGCAGCAGCAQAGGCTGLgTCTCGAGCGEGACACTEACETTGET 560

Rabbit TCTTTECAAGAAGAGCTTAAGAAGGTGAGAGCTIGAGCTTGAGCEETCECCGCARAGCAGCATCTGAATATS 507
Human TCTTTaCAAGAAGAGCTTAAGAAGGTGAGAGCTGAGCTTCAGCGGTGCCGGAAAGCAGCTCTGAATATG 630
Mouse TCTTTGCAAGAAGAGCTTAAGAAGGTCAGAGCgGAGCTTGAGEGCTCGaGGARAGCAGCYTCTGAATACG 630

Rabbit AGAAAGAAGTCACAAGTCTGCAGAGCAGTTTCCAGCTTCGGTGTCAGCAGTGTGAGGACCAGCAGARAGA 577
Human AGAAAGARaTCACAAGTCTGCAaRAaCAGTITTELCAGCTTaGaTGTCAaCAGTGTGAGGACCAGCAGAGAGA 700
Mouse AGAAEGAAaTCAgAAGTCTGCAGAGCAGCTTCCAGCTTaGaTGTCAGCAGTGTGAaGACCAGCAaRgGA 700

Rabbit GGAAGCCACAAGGCTGCAAGGTGAATTAGAGAAGTTGAGAAAGGRAATGGAATGTATTGGARACCGAGTGC 647
Human aGRAGCaACAAGGLTGCAAGGTCGAACTAGAGAACTTGAGAAAGGAATGGAATGCATTGGAARCCGRATGC 770
Mouse GGAgGCaACAAGGtTGCAAGGTGAgeTgGRGAACTTCAagAAGCGATGGgATGTACTGGARACGGRATEC 770

Rabbit CATTCTCTAAAARAGGAARATGTCTTGTTATCATCAGAACTGCAACGACAGCGAAARAAGAATTGCACBATT 717
Human CATTCTCTAAAAAGGGAAARATGTETTGeTATCATCAGAACTGCAACGGCAaGAARAAGAATTGCACAATT 840
Mouse CATTCTCTAAABARGGGAgACGTETTCITQTCETCAGAACTGCAGUGACA2GAGAALAGARTTGCACAATT B840

Rabbit CTCAGAAGCAGAGTTTAGAGCTTACCAGTGATCTCAGCATCCTTCAGATGACTAGGARAAGAGCTTGAGAR 787
Human CTCAGAAGCAGAGTTTAGAGCTTACCAGTGATCTCAGCATCCTTCA2ATGECTAGGAAAGAaCTTGAGAR 910
Mouse CTCAGAAGCAGAGTTTtGAaCTcACgAGTGACCTCAGCATCCTTCAGATCACTAGGAAAGAGCTGGAGAR 910

Rabbit CCARATGGGATCCTTGAAAGAACAGCATCTTCGTGATTCAGCTGATITARAAATITCTTCTCAGTAAGGCT 857
Human tCAAgTGGGATCCTTGAAAGRACAGBCATCTTCGEGATTCAGCTGATTTARAARACTCTTCTCAGTARGGCa 280
Mouse gCAAGTGGGATCCTTGAAAGAACAaCACCTTCGYGATYGCAGCTGACCTAAAAACTCTCCTCAGTAAGGCT 980

Rabbit GAAAACCAAGCAAAGGATGTACRAAAAGCAGTATGAAAAGACACAGACTGTACTCTCAGARCTGARGTTGA 927
Human GAARACCAAGCAAAGGATCTYCAgGARACACTATGARAAGACACAGACTCTACTCTCAGARCTGAAGTTGA 1050
Mouse GRARACCAAGCAAAGGATGTACAGRAAGAGTATGAARAGACACAGACTGTECTCTCAGAACTGARGTTGA 1050

Rabbit AGTTTGAAATGACTGAGCAGGAAAAGCRATCAATCACAGATGAGCTCAAACAATGTAAAGACAACCTGAA 997
Human AGTTTGAAATGACTGAGCAGGAARAGCAGTCAATCACAGATCGAGCTCAAACAGTGTAARAACAACCTGAA 1120
Mouse AGTTTGAAATGACTGAGCAGGAARAGCAATCAATCACAGATGAGCTCAAACAGTGTAAAGACAACCTGAR 1120

Rabbit GCTGCTCCARGAGAAAGGARATAATAAT -~ vvmmrmmcweraemeoo e e e e o cmeen e 1025
Human GCTGCTCCgAGAGAAAGGAAATAAT---ccticcatattacaacecgtecoageegtattcateggecta 1187
Mouse GCTGCTgCgAGAGAAAGGAAATAAT-~-cectccatattacaacctgtcccagecgtittecateggecta 1187

e o B R e AAACCCTGGCCCTGBATGCCCA 1047
Human tisctggetbttoctgttttggtgttteggtorattyiggtagagaaagAAACCCTEECCCTGEATGCCCA 1257
Mouse ttoctggetttectgttttggtgttteggtecattgtggtagagaaaghAACCCTGGCCCTGEATGCCCA 1257

Rabbit TETTCGCTGCCCTGETTGCCEGTGACAGCCATCATGCTETATCTECCAGETCTGGCCAGAGCTTCTCCETG 1117
Human TGTTGGCTGCCCTGGTTGCaGTaACAGCCATCETGCTETATGTGCCAGGTCTGGCCAGAGCTTCTCCaTG 1327
Mouge TGTTGGCEGCCCTGGTTGCGCTEACAGCEATYGTOCTGTATGTaCCAGGTCTGECCAGAGCTTCTCCATE 1327

Rabbit AGATGT 1123
Human AGAGeS 1333
Mouse ACAGTG 1333

Fic. 3. Cloning of SLAP orthologues reveals differential splicing. Human heart and mouse spleen AZAP cDNA libraries were hybridized
with SLAP probes to isclate positive clones. The DNA was isolated, restriction mapped, and subjected to automated sequencing. 55 positive clones
from human heart and 43 from mouse spleen were analyzed; the nucleotide sequence alignment of SLAP1 sequences with the previously published
rabbit SLAP1L ¢DNA sequence is presented. The mouse and human SLAP1 ¢DNAs contain sequence insertions of 142 and 90 nt that are highly
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tion fragment of rabbit SLAP3 ¢cDNA encompassing the entire coding
region of SLAP3 (U21157, nt 1-3017). Among the various positive
clones obtained, mouse spleen clone 15.1 and human cardiac clone 12.3
were in vivo excised, and the nucleotide sequences were determined
using AmpliTag sequencing methodology (ABI) and analyzed with Se-
gAidII (University of Kansas), PROSITE, PSORT, and BLAST.

Eeverse Transcriptase-Polymerase Chain Reaction—Total RNA was
prepared from dissected tissues using the TriPure methodology (Roche
Molecular Biochemicals). For developmental expression, RNA was pre-
pared from rat heart, brain, and muscle at fetal (day 18 of gestation),
neonatal (day 4), and adult stages. First-strand cDNA gynthesis reac-
tion contained 1.0 pg of RNA, 200 units of SuperScript reverse tran-
scriptase (Life Technologies Inc.), and random hexamers. 10 pl of the
fivst-strand product was used as a template in PCR reactions (50 ul
total) with a final concentration of 10 mm Tris-HCI, pH 8.3, 50 mm KCi,
0.01% gelatin, 3 mm MgCl,, 400 pM dNTPs, and 0.3 uM primers P1
(5'-ATGGATGAGCAAGACCTG; U21157, nt 1709-1726); P2, (3'-GCT-
GCTTGATGAAGGAGC; U21157, nt 1942-1956); P3 (5'-TCAATCACA-
GATGAGC TC; U21157, nt 2516-2533); and P4 (3'-CCTCTTTACAGA-
CAGATAC; U21157, nt 2834-2852). A single round of amplification
was initiated by denaturation at 94 °C for 3 min, followed by 94 °C for
455,52 °C for 45 s, and 72 °C for 45 s (30 cycles). The last extension was
carried out for 5 min at 72 °C. The amplicons were resolved on a 1%
agarose gel and gel-purified, and the DNA was recovered by gel extrac-
tion (Qiagen). Following restriction digestion of amplicons with EcoRI
and XAol restriction enzymes, PCR products were subcloned (pBlue-
Seript KS) and sequenced.

Developmental amplification of the 3’ end of the SLAP was carried
out with primers P5 (CAGTGCTCTCAGAACTGAAG; TOP,, U17000,
nt 923-942) and P6 (CTTCTAAAGGGAGGAC GGTG; TOP,p, nt 1261~
1242) based on the conserved sequences among chicken, rabbit, mouse
and human forms. In a series of experiments, the DNA fragments
separated on agarose gels were stained with VistraGreen (Molecular
Dynamics) and digitalized with the STORM system (Molecular Dynam-
ics) to determine the net intensities of the different size amplicons.

Generation of SLAP Expression Construcis—A Myc-tagged SLAP
expression construct in peDNAS3 vectors (Invitrogen) was generated as
described previously (12). SLAP lacking both of the putative TM do-
mains (encoded by exons X and XI, respectively), was generated by PCR
amplification of Myc-tagged SLAP with the following primers: Myc6
(5'-GAATTCAATGGATGAGCAAG ACCT G-3') and TM (5'-CCGTCTA-
GATCATTGGAGCAGCTTCAGGTTGTC-3"). Subsequently, the PCR
amplicon was restriction digested with EcoRI and Xbal and subcloned
into the pBlueScript KS vector. The 6-Myc-tagged SLAP cDNA lacking
both TM domains was then excised with Kpnl/Xbel, ligated to the
pcDNAS expression vector, and specified as TM~. A SLAP construct
containing an alternative TM domain encoded by exon X (TM1) was
constructed by digestion of the exon X+ construct with the Sszl restric-
tion enzyme and ligated into the Sszl predigested 6-Myc-tagged (TM~)
peDNA3 construct lacking both TM domains and specified as TM1. A
construct containing a constitutively expressed putative TM domain
encoded by exon XI was prepared by restriction digestion of SLAP with
EcoRI and Xbal and ligated in frame to the 6-Myc-tagged pBlueScript
KS vector. Following excision of the 8-Myc-SLAP with Kpnl and Xbal,
the insert was ligated to pcDNAS3 and specified as TM2.

Immunohistochemistry, Cell Fractionation, and Western Blot Analy-
sis—C2C12 cells were transfected with SLAP plasmids (TM1, TM2, and
TM—) using the calcium phosphate method to isolate stable transfec-
tants in G418 antibiotic and processed for immunchistochemistry with
anti-Myc antibodies as described previously (12). Subcellular fraction-
ation of C2C12 cells was performed to isolate homogenate, membrane,
and cytosoilc fractions (14), and the proteins were analyzed by SDS-
polyacrylamide gel electrophoresis followed by Western blotting with
anti-Myc as described previously (12).

RESULTS

Genomic Organization of the 3" Region of the SLAP Gene—
Previous studies have identified three SLAP isoforms, SLAP1,
SLAP2, and SLAP3, encoded by a single gene mapped to hu-
man chromosome 3p14.3-21.2. SLAP isoforms contain common
core C-terminal sequences that are highly conserved, with vari-
able N-terminal sequences giving rise to different isoforms.
Furthermore, human ESTs (gb N27488) exhibit 100% identity
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Fig. 4. RT-PCR of cardiac RNA. RNA from rabbit heart was re-
verse-transcribed and subjected to PCR amplification with primers
spanning the 5’ and 3' regions of divergence (primer P1, U21157, nt
1709~1726; primer P2, U21157, nt 1942-1956; primer P3, U21157, nt
2516-2533; primer P4, U21157, nt 2834-2852). The resulting products
were resolved by 1% agarose gel-electrophoresis and visualized by
ethidium bromide staining. Two distinct fragment are amplified by
each set of primers based in the 5’ region (nt 389 and 247) and in the 3’
region (nt 426 and 336) from heart RNA (lane H) when compared with
amplification from SLAP1 cDNA (lane +).

with the C-terminal sequence in rabbit SLAP, suggesting
strong conservation and perhaps functional significance of this
region of the molecule. To elucidate the genomic organization of
the SLAP gene encompassing the common core region, rabbit
and mouse genomic A DashIl DNA libraries were screened with
SLAP cDNA restriction fragments used as hybridization probes
(U21157, nt 1607-1931 and 1-3017) A total of five positive
genomic clones from rabbit (R-2, R-13, R-14) and mouse (M-2
and M-3) were isolated, and the coding regions and intron-exon
junctions of both the rabbit and mouse SLAP genes were
mapped by restriction endonuclease, Southern blotting, and
hybridization analysis. The various fragments were subcloned
and partially sequenced to determine exon-exon boundaries.
Characterization of genomic A DASHII DNA clones revealed
that they encompass the C-terminal common region of the
SLAP isoforms (U21157, nt 1560--2675) and the entire encod-
ing region of the SLAP1 transcript (Fig. 1). The results indicate
that the SLAP1 isoform is composed of 11 exons spanning over
35 kilobase pairs of genomic DNA. The identified exons range
in gize from 60 to 321 bp, where exons I (60 nt) and IT (81 nt)
were untranslated in SLAPI, whereas they are coding exons in
SLAP2 and SLAP3 isoforms. The initiating methionine of the
SLAP1 isoform residing in exon III (60 nt) conforms to the
Kozak consensus sequence. Utilization of this methionine pre-
dicts generation of a 322-amino acid polypeptide of 35.4 kDa as
previously shown to be expressed in cardiac muscle. Exons ViI
(118 nt) and VIII (172 nt) both contain the predicted specialized
coiled-coil leucine zippers, whereas exon VIII contains, in ad-
dition, a glutamate stretch composed of six glutamate heptad
repeats. Exon XI encodes a stretch of hydrophobic residues that
potentially represent a transmembrane anchor of SLAPs. Ex-
ons IV (142 nt) and X (90 nt) were found to be alternatively
spliced (discussed below).

All of the exon-intron boundaries encompassing the common
region of SLAP isoforms conform to the consensus splice donor
and acceptor sites (Fig. 24) (15). In addition, the exon-exon

conserved between the two species; the sites of the novel sequence inclusions are identical in both ¢DNAs, i.e. after nucleotides 1700 and 2582 of

rabbit SLAP cDNA, respectively.
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Tic. 5. Alternative splicing is conserved among mammalian and avian species. RT-PCR of RNA from retina was performed as indicated
in the legend to Fig. 4 to amplify the 5’ and 8’ regions of divergence in SLAPI; the PCR fragments were isolated and the DNA sequenced. The
deduced amino acid sequence alignments of the 5' and 3’ regions of SLAP from rabbit heart, rat retina, mouse spleen, human heart and chicken
tetina indicates that the alternative sequences are in frame with the SLAP1 sequence and highly conserved among species (panels A and B).
Furthermore, the sites of insertion are also conserved among the various species. Panel A demonstrates a 43-aminoe acid sequence that is highly
conserved among species. Panel B reveals a 30-amino acid peptide that includes a premature in-frame termination that also was conserved among
all species analyzed to date. Moreover, sequence alignment reveals that the rabbit sequence contains an additional Asp (asparagine) residue that

is absent in other species.

boundaries in mouse and rabbit were also determined to be
conserved (Fig. 2B).

The size of the SLAP introns range from 0.2 to 5.5 kilobase
pairs. All of the identified introns begin with a “gt” and end
with an “ag.” Introns 1, 2, 3, 4, 5, 6, and 7 represent class 1
introns, where each intron interrupts the coding sequence be-
tween the first and second bases of the codon. Intron 8 belongs
to class 2 (it interrupts the second and the third bases of the
codon), and introns 9, 10, and 11 are class 0 (the intron occurs
between codons). As introns 1-7 and 9-11 represent introns of
the same class, the open reading frames are good candidates for
exon shuffling. Moreover, as the alternative exons IV and X are
flanked on either side by class 1 or class 0 introns, respectively,
the alternative splicing results in a conservation of the open
reading frame of SLAP. '

Alternative Splicing of SLAP—To further investigate the
molecular nature of SLAP, human cardiac and mouse spleen
MZAP ¢cDNA libraries were screened using a rabbit SLAP Sall-
EcoRI ¢DNA fragment (U21157, nt 1-3017) as a probe. A total
of 55 and 43 positive clones were isolated from the human and
mouse libraries, respectively. Following a detailed sequence
analysis, the common SLAP regions were found to be highly
conserved, although two areas of sequence divergence were
identified when compared with the previously published rabbit
SLAP1 sequence (Fig. 3). The nucleotide sequence alignment
revealed that mouse and human SLAP1 cDNAs contain se-
quence insertions of 142 and 90 nt that are highly conserved
between the two species. Moreover, the sites of the novel se-
quence inclusions are identical in both human and mouse
¢DNAs, ie. after nuclectides 1700 and 2582 of rabbit SLAP
cDNA, respectively. The open reading frame analysis revealed
(see Fig. 5) that both of the novel inserts are in frame with the
open reading frame of SLAP cDNA.

To determine whether the identified novel sequences are also
present in rabbit SLAP, RT-PCR analysis of RNA from rabbit

Fic. 6. Tissue-specific expression of alternative exons IV and
X. RNA was isolated from brain (B), heart (H), soleus muscle (S),
fast-twitch muscle (FT), lungs (Lu), kidneys (K), pancreas (P), spleen
(Sp), liver (Li), and ovaries (O) and subjected to RT-PCR with primers
as described in legend to Fig. 4 to amplify exon X (panel A) or IV (panel
B). The PCR. products were separated in 1% agarose gels and visualized
by ethidium bromide staining. In penel A, the amplification of frag-
ments of 389 and 247 nt present SLAP with and without exon IV,
respectively. Ponel B depicts the amplification of fragments of 426 and
336 nt, which represent SLAP products with and without exon X,
respectively.
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Fi6. 7. Developmental expression
of alternative exons IV and X. RNA
from cardiac (Hear?), brain, and fast-
twitch mmuscle (FT) at three distinct
stages of rat development, fetal (F), neo-
natal (NV), and adult (4), was subjected to
RT-PCR analysis with primers P1 and P2
for the 5’ region of SLAP and P5 and P6§
(from avian TOP,, U17000, nt 923-942
and 1261-1242). The amplified PCR prod-
ucts were separated in 1% agarose gels 8
and visualized by ethidium bromide
staining. Panel A depicts amplification of
389 and 247 nt products with and without
exon IV, respectively. Panel B depicts am-
plification of 478 and 358 nt products
with and without exon X, respectively.
The gels were scanned to determine the
relative levels of expression of each vari-
ant indicated as bar graphs in arbitrary
units.

heart was performed with primers (P1 and P2 as well as P8 and
P4) designed to amplify SLAP containing the regions of diver-
gence. Rabbit cardiac tissue was selected, as previous studies
have shown that the heart is a good expressor of the different
SLAP isoforms {(12). The results, shown in Fig. 4, indicate that
two distinct fragments were amplified by each set of primers
based in the 5’ region (P1 and P2) or the 3’ region (P3 and P4)
of SLAP from heart RNA (lane H). An additional fragment of
389 bp was amplified from heart RNA compared with the
247-bp fragment expected from SLAP1 cDNA (lgne +) in the 5’
region. A fragment of 426 bp was amplified from heart RNA in
addition to the expected 336-bp fragment from SLAP1 ¢cDNA
{Iane +) in the 3’ region. Following subcloning of these frag-
ments, a detailed sequence analysis revealed that the 389-bp
fragment contained the 142-nt sequence in the 5’ region of
SLAP, and the 426-bp fragment contained the 30-nt sequence
at the 3' region of SLAP. The two rabbit cardiac variants were
also generated by the inclusion of 142- and 900-nt sequences
after nucleotides 1700 and 2522, respectively, as noted in the
human and mouse SLAP variants. It, therefore, appears that
inclusion of the 142- and 90-nt sequences could be generated by
alternative sphicing and are highly conserved regions among
various species.

A BLAST search of the SLAP1 sequence indicated that it
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exhibits 76% identity with avian TOP,p (GenBank™ accession
number U17000), a protein expressed in a topographic gradient
in the developing chicken retina (13). Further analysis indi-
cated that avian TOP,, also contains the 142- and 90-nt se-
quences identified in the new SLAP1 splice variants described
above. To determine whether the mammalian retina also ex-
presses these SLAPI splice variants, an RT-PCR of RNA from
rat retina was performed with the 5’ and 3’ primers described
above, and two fragments were identified that contained the
142- and the 90-nt sequence inserts. The results of the deduced
amino acid sequence alignment of rabbit, mouse, rat, and chick
SLAP1 variants are summarized in Fig. 5. Fig. 54 demon-
strates that the 142-nt novel sequence encodes a 43-amino acid
peptide sequence that is highly conserved among species. Fig.
5B reveals that the 90-nt sequence enceding the C-terminal
30-amino acid peptide includes a premature in-frame termina-
tion codon (TGA) that is also comserved among all species
analyzed The 3' alternative sequence would therefore encode
an alternative hydrophobic C terminus in SLAP polypeptides.
Moreover, sequence alignment reveals that the rabbit sequence
contains an additional Asp residue, which is absent in other
species. The significance of the extra asparagine remains un-
clear at present time. Thus, it is clear that the 142- and 90-nt
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novel sequences that were identified represent the alterna-
tively spliced exons IV and X of the SLAP gene.

Tissue-specific Expression of Alternative Exons IV and X—n
view of the strong conservation of sequence and alternative
splicing of exons IV and X in mammalian and avian species,
studies were carried out to determine the tissue-specific ex-
pression of these SLAY variants. RT-PCR analysis was em-
ployed to characterize SLAFP expression in various rabbit tis-
sues with primers P1 and P2 to amplify the 5’ alternative
regions and P3 and P4 for the 3’ alternative variants of SLAP.

The results of RT-PCR analysis of tissue-specific expression
of the 5’ region of SLAP reveal that all of the tissues examined
express the two variants: a higher molecular size fragment of
(389 ni), which encode a variant with the alternative exon IV,
and a lower fragment of (247 bp) without the alternative exon
(Fig. 6). In heart (H), soleus (Sol), fast-twitch muscle (FT), and
lungs (L), the lower molecular size isoform (without the alter-
native exon IV) appears to be more predominant. On the other
hand, the kidneys (K), pancreas {P), spleen (Sp), liver (L), and
ovaries (O) express preferentially the higher molecular size
isoform encoding the alternative exon IV. In brain (B), the
expression of both isoforms appear to be similar.

Analysis of the tissue-specific expression pattern of the 3’
alternative exon also utilized the RT-PCR approach using
primers P3 and P4, which would amplify two preducts of 426
and 336 nt. The results of the analysis (Fig. 6B) indicate that
all of the tissues examined express the two variants, with and
without the alternative exon X. However, these variants are
expressed at different levels. Heart (H), the left and right
ventricles (LV and RV), septum (Sep), atria (A), and pancreas
(P) demonstrate a higher expression of the lower molecular size
isoform (without the alternative exon X), whereas kidney (K),
lung (Lu), spleen (Sp), liver (L), and ovaries (O) preferentially
express the higher molecular size isoform (with the alternative
exon X). None of the tissues examined appears to express
exclusively any of the two alternatively spliced transcripts.

Developmental Expression of Alternative Exons IV and X—Al-
ternative splicing represents a fundamental process that gener-
ates tissue-specific and developmentally regulated pattern of
gene expression. To determine whether the alternatively spliced
variants of SLAPs were expressed in a developmentally regu-
lated manner, mRNA from three distinct stages of rat develop-
ment (fetal (day 18 of gestation), neonatal, and adult tissue) was
examined by RT-PCR analysis with primers that would amplify
the appropriate regions in SLAP and its variants.

Fig. TA depicts RT-PCR amplification of the 5’ alternative
region of SLAP from various developmental stages with the
primers P1 and P2, which resulted in amplification of two
products of 389 and 247 nt, with and without exon IV, respec-
tively. Quantification of the results by densitometry of the
relative level of each variant at each stage of development is
indicated (Fig. 7A, bar graph). In the heart, the expression of
the variant lacking alternative exon IV (IV-) is about 20-fold
higher at all stages of development relative to the variant with
the alternative exon IV (IV+). In brain, on the other hand the
expression of the IV— variant is about 1.5-fold higher at the
fetal stage compared with the IV+; this pattern of expression is
seen to reverse in the neonatal and adult brain. The level of
expression of the IV~ variant in fast twitch skeletal muscle
was found to increase from 3-fold to about 9-fold during devel-
opment relative te the IV+ variant.

RT-PCR of the 3’ alternative region of SLAP using primers
P5 and P6 and RNA from various developmental stages re-
sulted in amplification of 428- and 338-nt products, with and
without exon X, respectively (Fig. 7B). In the heart, the expres-
sion of the X— variant increases from 1.5-fold at the neonatal
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branes. Myc epitope-tagged SLAP expression constructs containing
either exon X encoding the putative alternative transmembrane domain
(TM1) or exon XI encoding the other putative transmembrane domain
(TM2) or lacking both putative membrane anchors (TM—) were trans-
fected in to C2C12 cells, and the localization of expressed SLAP was
determined with anti-Mye by immunohistochemistry and Western blot
analysis of the subcellular fractionations. H, homogenate; M, mem-
branes; C, cytosol.

stage to about 2.5-fold in the adult myocardium compared with
the X+ variant. In brain, on the other hand, the expression of
the X+ variant is about 1.5-fold higher at the fetal and neona-
tal stage compared with the X— variant. Interestingly, the
expression of the X— variant in the adult brain was about
2-fold higher then the X+ variant. The relative expression of
the X+ variant was about 1.5-fold higher in neonatal and fetal
skeletal muscle and increased by twice in adult tissue.

Exons X and XI Encode Mutually Exclusive Membrane An-
chors—Altheugh both SLAP and TOP . have been shown to be
integral membrane proteins that lack a signal sequence, it
remains to be defined whether the hydrophobic C termini di-
rect their membrane integration. Expression constructs of
SLAP either lacking the putative TM domains or containing
TM1 or TM2 tagged with Myc were transfected into C2C12
myoblasts and the localization studied by immunohistochem-
istry and subecellular fractionation (Fig. 8). Staining of the
C2C12 cells with anti-Myc shows a clear pattern of the perinu-
clear and reticular membrane networks in cells expressing
SLAP constructs containing the putative TM1 or TM2 se-
quences. Cells expressing SLAP constructs lacking these se-
quences exhibited a diffuse pattern of staining throughout the
eytosol. Subcellular fractionation of these C2C12 cells was per-
formed, and the various fractions were separated by SDS-
polyacrylamide gel electrophoresis and immunoblotted with
anti-Mye. TM1- and TM2-containing SLAP was found to be
enriched in the membrane fractions, whereas the TM— con-
gtruct (SLAP lacking TM1 and TM2) was enriched in the cyto-
solic fraction. It therefore appears that hydrophobic sequences
encoded in exons X and X1 serve to direct the SLAP polypeptide
into membrane systems.

DISCUSSION

We have elucidated the genomic organization of the 3’ region
of the SLAP gene encoding the common C-terminal region of
the various SLAP isoforms. The common region (nt 15602675
of SLAP3 cDNA U21157) spreads over more than 35 kilobase
pairs of continuous DNA and consists of 11 exons. All of the
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exon-intron junctions display the consensus splice donor and
acceptor sequences. Moreover, rabbit and mouse SLAP gene
exon-exon boundaries are identical in the common region, in-
dicative of conservation of genomic structure and splicing
mechanisms. In addition, the results demonstrates that SLAP
isoform heterogeneity, arising because of alternative usage of
the N terminus, is further diversified by alternative splicing of
a primary transcript in two areas (exons IV and X) of the 3’
region of the SLAP gene. The sequence of the alternatively
spliced SLAP variant was found to be similar (>90% identity)
to TOP,p, a coiled-coil membrane protein thought to be in-
volved in the development of the avian retinotectal map. Thus,
avian TOP,» and mammalian SLAP] are spliced variants, and
the observed evolutionary conservation of the alternative splic-
ing in human, rabbit, rat, mouse, and chicken strongly suggests
that alternative exons may have functional roles that have
been maintained by natural selection.

Alternative splicing of exon IV results in an in-frame inclu-
sion of a 142-nt sequence encoding a 43 amino acid peptide that
is predicted to adopt and extend by 11 turns the c-helical
secondary structure of SLAPI (12, 13). Alternative splicing of
exon IV also results in the introduction of a putative casein
kinase II phosphorylation site ([S/T]xx[D/E]). Casein kinase II
represents a ubiquitous kinase found in the nucleus and cyto-
plasm, which phosphorylates multiple substrates involved in
control of cell division and signal transduction (16). This puta-
tive phosphorylation site introduced by alternative splicing is
not, however, unique, as the SLAP3 isoform polypeptide con-
tains numerous putative phosphorylation sites for casein ki-
nase II (more than 20 sites). Although in vitro and in vive
phosphorylation studies of this site remain to be performed, its
conservation among species strongly suggests a functional role.
The alternative exon X, on the other hand, introduces a highly
hydrophobic segment containing a premature in-frame termi-
nation codon and represents the putative transmembrane do-
main found in TOP,;. Alternative splicing of exon X, therefore,
generates a polypeptide with a putative alternative membrane
anchor. Immunocytochemical localization and subcellular frac-
tionation studies of SLAP polypeptides containing either exon
X or XI demonstrated that these sequences are necessary for
SLAP integration into membranes, because the absence of
these exons resulted in exclusion of SLAP from membrane
structures. Therefore, mutually exclusive transmembrane do-
mains encoded by exons X and XI, respectively, are responsible
for targeting SLAP to membrane systems. Analysis of the al-
ternatively spliced variants of SLAP revealed developmental
changes in the expression of the alternative exons IV and X in
tissues such as the brain. In addition, expression of the alter-
native variants was found to be regulated in a tissue-specific
manner. The observed developmental and tissue-specific splic-
ing of the alternative exons is indicative of a functional differ-
entiation of the alternative variants. Interestingly, SLAP het-
erogeneity due to alternative N-terminal usage and diversity
due to alternative splicing could together generate up to 12
distinct SLAP variants.

Although the exact functional role of the SLAP variants re-
mains to be defined, it is apparent that several of the splice
variants have been localized to the cell membrane as well as to
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intracellular membranes, suggesting a role in membrane fune-
tion (12, 13). In this regard, avian TOP ,p, which our data reveals
to be a SLAP variant, hag been proposed to be localized at the cell
surface to serve a role in neuronal guidance in the developing
chick retina; it is conceivable that the mammalian orthologue
would serve a similar function. In this regard, mRNA transcripts
for both SLAP1 and the variant TOP,; were found to be ex-
pressed in mammalian retina. It is apparent from the results
presented that the SLAPs are targeted to the membrane by the
alternatively spliced C-terminal hydrophobic domains. In this
regard, the SLAPs belong to the emerging family of tail-anchored
coiled-coil membrane proteins, which lack a signal sequence and
contain a C-terminal transmembrane domain. Several members
of the tail-anchored family are involved in diverse and important
cellular processes including docking and fusion of synaptic vesi-
cles with plasma raembrane (syntaxin 1 and synaptoprevin) and
intracellular vesicle trafficking (syntaxins). It has been postu-
lated that the syntaxin family of proteins form intermolecular
interactions via their coiled-coil structures with other protein
components of the vesicular transport pathway machinery, thus
mediating vesicle targeting, membrane fusion, and endocytotic
membrane recycling. Syntaxin 1 is a neuronal cell membrane
protein that interacts with SNAP-25 (9), synaptobrevin (10), and
indirectly with synaptotagmin, a Ca®" sensor of vesicle endocy-
tosis. In addition, syntaxin also interacts with the N-type Ca®*
channel (11), thus localizing it to the site of vesicle release. The
direct binding between components of exocytotic machinery is
mediated by a-helical heptad domains that form intermolecular
coiled-coil structures. It is notable that syntaxin 2 is a tail-
anchored family member known to contain alternative trans-
membrane domains generated by splicing mechanisms similar to
that described herein for the SLAP isoforms (3). In view of the
fact that syntaxin contains different C termini generated by
alternative splicing, a specific function for the variants beyond
simply anchorage to the membrane is suggested. Thus, the SLAP
variants, by virtue of their structural features and cellular loca-
tions, are likely to play significant roles in cell function.
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