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ABSTRACT

The process of Excitation-Contraction (E-C) coupling in cardiac muscle is dependent
on calcium. Many proteins that regulate calcium homoeostasis in the cardiocyte are also
calcium binding proteins. Two cDNAs were previously isolated by screening a rabbit heart
cDNA expression library with an antiserum that recognized two calcium binding
polypeptides of the sarcolemma.

These cDNAs and other related cDNAs, which were isolated from cardiac cDNA
libraries, were shown to encode a novel family of sarcolemmal associated proteins (SLAPSs).
The SLAP cDNAs had divergent 5' termini and could potentially encode polypeptides of 37.
46, and 74 kDa molecular designated SLAP1, SLAP2 and SLAP3 respectively. Three SLAP
transcripts of 5.9. 4.6 and 3.5 kb were found in heart. The 5.9 kb transcript was ubiquitously
expressed while the 3.5 kb and 4.6 kb transcripts were predominantly expressed in cardiac,
soleus and smooth muscle. SLAP was encoded by a single gene that mapped to chromosome
3p14.3-21.2 and thus the various transcripts were likely generated by alternative splicing or
alternative promoter usage. The primary structure of SLAP predicted that it would have
large regions of coiled-coil structure, which included an eleven heptad acidic amphipathic
a-helical segment containing two leucine zippers, and a carboxy! terminal transmembrane
domain. Three SLAPs of 81, 45 and 35 kDa were shown to be associated with the cardiac
sarcolemmal membranes. SLAPs could only be solubilized from cardiac membrane with
detergents suggesting that they were integral membrane proteins. Immunohistochemical
localization of SLAP in cardiac muscle revealed that SLAP associated with the sarcolemma

and displayed a reticular pattern of staining that resembled the transverse-tubules and/or the



sarcoplasmic reticulum. Expression studies showed that MYC-epitope tagged SLAP
localized to regions of juxtaposition between neighbouring cell membranes although an
intracellular pool of the protein was also present in cells undergoing apparent cleavage.
SLAPs appeared to be the mammalian orthologues of TOP,;, a topographically
graded protein expressed in the developing chick retina and tectum (Savitt et al.. 1995).
Immunofluorescence studies with specific antibodies raised against SLAP fusion proteins
showed that SLAP expression was developmentally regulated in the rat retina where it is
enriched in Mueller glial cells. However, no evidence of a topographical gradient of SLAP
distribution was found in either the mammalian retina, superior colliculus or the lateral
geniculate nucleus. In the neonatal rat brain SLAP was selectively expressed in neurons of
the hippocampus as well as in the support cells of the nerve fiber layer of the olfactory bulb.
SLAP also shared 44% homology with USOI, a yeast protein involved in the fusion of
vesicles between the endoplasmic reticulum and the Golgi (Sapperstein et al., 1996). SLAP
expression was found to inhibit the fusion of myoblast fusion without effecting their
differentiation. In view of the role of tail-anchored-membrane proteins in membrane fusion
and the similarity of SLAPs to USOI, we propose that SLAPs may define a novel family of

proteins involved in mediating membrane-membrane interactions.
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INTRODUCTION

The Heart: Structure and Function

The pivotal role of the heart in supporting life was summarized more than 350 years
ago by the English scientist William Harvey who said “The heart, with the veins and blood
they contain, is to be regarded as the beginning and the author, the fountain and original of
all things in the body, the primary cause of life”(Opie. 1991). The heart is composed of cells
of various types such as: the pacemaker cells of the sinoatrial and the atrioventricular nodes,
the conducting cells of the Purkinje system, endothelial and smooth muscle cells of the
coronary blood vessels and the cardiocytes. the contractile cells of the heart. It is the co-
ordinated contraction of the cardiocytes that generates the force required to pump the blood
through the circulatory system. This co-ordinated contraction is possible since the
cardiocytes are electrically connected via gap junctions, which allow for the entire
myocardium to depolarize rapidly. The gap junctions are localized in the intercalated discs
that are the specialized cell membrane regions formed at the junction of two adjoining
cardiocytes. The contractile proteins account for approximately 50% of the volume of the
cardiocyte and are ordered in such a way to give the cell a striated appearance (Page and
McCallister, 1973). The dark or A bands seen underalight microscope are composed largely
of myosin whereas the light or I bands seen under the microscope are composed of the thin
filaments (actin, tropomyosin and the troponins (TroponinC, Troponinl and TroponinT)).
The dark band in the middle of the I band is called the Z-disc and is composed largely of «-
actinin. The cardiocytes are triggered to contract in a process called excitation-contraction

(E-C) coupling in which the depolarization of the cardiac cell membrane, also called the



sarcolemma. leads to muscle contraction. The sarcolemmal depolarization increases
intracellular calcium levels, which in cardiac muscle is required to induce further calcium
release from the sarcoplasmic reticulum (SR). The rise of the intracellular calcium level is
sensed by the calcium binding protein Troponin C that allows the myofibrillar proteins to
contract. The cytoplasmic calcium levels must be lowered quickly so the cardiocytes can
relax before the next contraction. The cardiocyte has adapted to the demands imposed by the
contraction-relaxation cycle by developing an exquisite ability to regulate intracellular
calcium levels. The proteins of these cardiac membranes have evolved to regulate calcium
influx and efflux as well as mediating signal transduction that fine tunes intracellular calcium
levels in response to physiological demands.
Cardiac Membrane Systems and Excitation-Contraction Coupling

The sarcolemma consists of the lipid bilayer and the glycocalyx, which is a 40 nm
thick coat of glycophospholipids and glycoproteins (Opie, 1991). The glycoalyx can become
detached from the cardiocyte in calcium free solution and this disruption of the glycocalyx
has been implicated in the deleterious effects observed when cardiocytes are reperfused with
medium containing calcium (Frank et al.. 1982). The cardiac cell membrane (sarcolemma)
has several important and diverse roles in cell function that are largely mediated by
membrane associated proteins. The lipid bilayer prevents the entry of many compounds
(macromolecules, ions) into the cell but membrane proteins such as ion channels,
transporters and pumps allow for the controlled flow of diverse molecules across the cell
membrane. This selective permeability barrier allows for the formation of an

electrochemical gradient necessary for electrically excitable cells and to insulate cells from



sudden changes in their environment. Plasma membrane proteins, such as those of the
dystrophin complex, are believed to mediate interaction of the sub-sarcolemmal cytoskeleton
network with extracellular matrix proteins such as laminin (Gee et al., 1994). These
interactions are believed to maintain the integrity of the cardiac cell membrane during
contraction since mutations in dystrophin have been implicated in human cardiomyopathies
(Ortiz-Lopez et al., 1997; Melacini et al., 1996). The connexins are cell membrane proteins
that form the gap junctions and thus serve to couple the myocardium electrically (Gros and
Jongsma, 1996). Membrane proteins, such as receptors, enzymes and anchoring proteins,
are involved in transducing signals across the plasma membrane. which allows the cardiocyte
to respond to changes in demand or its environment. The lipid bilayer of the cell membrane
contains many proteins which are associated with it in an integral or peripheral manner.
Integral membrane proteins can not be solubilized from cel] membranes except by detergent
extractions. These integral membrane proteins have either a transmembrane segment that
traverses the lipid bilayer or they have had lipid moieties attached post-translationally.
Peripheral proteins are localized to the plasma membrane by associating with plasma
membrane proteins. This protein-protein association can be disrupted by various pHs and
the peripherally associated proteins can therefore be extracted from membrane fractions
without the use of detergents.

The cardiac sarcolemma plays a key role in transmitting the depolarization signal
throughout the individual cardiocytes and the myocardium as well as regulating the trans-
sarcolemmal flow of calcium. There is 10,000 fold more calcium in extracellular fluid than

in the cytoplasm of a resting cardiocyte. This large calcium gradient is maintained by
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sarcolemmal membrane proteins such as the sodium calcium exchanger and the calcium
adenosinetriphosphatase (ATPase). The depolarization of the membrane activates the
dihydropyridine sensitive L-Type calcium channel (DHPR) and permits calcium to flow into
the cardiocyte down its large electrochemical gradient. The sarcolemma invaginates
periodically to form structures called the Transverse-tubules (T-tubules) which allows the
sarcolemma to be in close contact over a large area with the internal storage site for calcium -
the sarcoplasmic reticulum.

In cardiocytes, the sarcoplasmic reticulum (SR) structure of is an elaborate internal
membrane compartment that comprises up to 2% of the total cell volume (Opie, 1991). The
main functions of the SR are the storage, release and uptake of calcium. The SR can be
divided into longitudinal, junctional and corbular compartments (Jorgensen et al., 1988b).
The longitudinal SR surrounds the myofibrils forming a lattice network throughout the
cardiocyte and is enriched in the SR calcium ATPase and its regulatory protein
phospholamban (Jorgensen et al., 1982; Jorgensen and Jones. 1987). The junctional SR is
a specialized compartment that is in very close contact with either the T-tubules or the
sarcolemma and is enriched in proteins such as calcium binding protein calsequestrin.
Junctin, triadin and the ryanodine receptor/ SR calcium release channel (RyR) (Flucher and
Franzini-Armstrong, 1996). The corbular SR is enriched in the RyR and calsequestrin but
unlike the junctional SR it is not apposed to either the sarcolemma or the T-tubules
(Jorgensen et al., 1988b).

The T-tubules greatly increase the surface area of the plasma membrane of the

myocyte and allow for the electrical depolarization to be transmitted deep into the myocyte.




The T-tubular system is more developed in the ventricular cardiocyte than in the atrial
cardiocyte. In cardiocytes, each T-tubule is apposed to only one junctional SR in a structure
called the diad. T-tubules are enriched in DHPR and the junctional SR is enriched in RyR
when compared with the sarcolemma and the longitudinal SR respectively (Flucher and
Franzini-Armstrong, 1996). Excitation of the sarcolemma is tightly linked to the contraction
of the muscle by a process called excitation-contraction coupling (E-C coupling).
Depolarization of the sarcolemma travels into the T-tubules and leads to the activation of
DHPR calcium channel, which allows for an influx of external calcium (Fig. 1A) (Fleischer
and Inui, 1989). The influx of external calcium through the DHPR triggers the RyR, located
in the adjoining junctional SR, to release calcium from the SR stores and it is this release of
calcium that induces muscle contraction. The mechanism of E-C coupling in skeletal and
cardiac muscle are similar but have some important differences. In cardiac muscle the influx
of external calcium is required for the activation of the RyR but in skeletal muscle the
voltage induced conformational change of the DHPR alone seems sufficient to mediate E-C
coupling (Fabiato, 1985; Armstrong et al.. 1972). In contrast to cardiac muscle, most of the
DHPR molecules in skeletal muscle function as voltage sensors, rather than as calcium
channels (Schwartz et al., 1985). In fast twitch skeletal muscle, each T-tubule is apposed to
two junctional SR membranes in a complex called a triad instead of being apposed by a
single junctional SR as happens in cardiac muscle. After contraction. the intracellular

calcium levels of the cardiocyte must be reset quickly



Figure 1. Excitation-Contraction Coupling in Cardiac Muscle.

A) Calcium influx and muscle contraction.

The wave of depolarization (AP) travels down the sarcolemma (SL) and into the
invaginations of the Transverse tubules (1) where the voltage gated calcium channels are
opened and calcium can flow into the cell (2). The calcium entry induces further calcium
release from the sarcoplasmic reticulum (SR) by activating the ryanondine receptor calcium
channel (3) and it is the release of the internal calcium that induces the cardiocyte to contract.
B) Calcium efflux and muscle relaxation.

After the muscle contracts the elevated calcium is pumped out of the cytoplasm by the

plasma membrane sodium/calcium exchanger (1) or by the calcium ATPase of the SR ).
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so that the muscle can relax before the next contraction cycle starts (Fig. 1B). The elevated
intracellular calcium levels result from calcium influx from across either the SR or the
sarcolemma. The external influx of calcium can be extruded from the myocytes by either the
sodium calcium exchanger or the sarcolemmal Ca?* ATPase (Barry and Bridge, 1993). The
large amount of calcium depleted from the SR during muscle contraction is replenished by
the calcium ATPase of the SR, which is distributed in the longitudinal SR but not the
junctional SR (Jorgensen et al., 1982).
Molecular Components of Cardiac Membranes Involved in E-C coupling

External calcium entry is mediated by the L-type calcium channels of the
sarcolemma. Cardiac DHPR exists as a multimeric complex of four different subunits
designated o, &,, B, and  in a ratio of 1:1:1:1 (Catterall, 1991). The ¢, and the & subunits
are disulphide linked and are derived by proteolytic processing of a common precursor
protein (De Jongh et al., 1990). Unlike the &, and the & subunits, the other two calcium
channel subunits are encoded by distinct genes. The functional calcium pore of the DHPR
is encoded by the &, subunit and the other subunits act to modify channel properties
(Catterall, 1991). Secondary structure analysis of the o, subunit predicted it to have four
hydrophobic domains each containing six transmembrane segments. In each hydrophobic
domain, the fourth transmembrane segment contains positively charged amino acids and is
the putative voltage sensor of the calcium channel. Upon depolarization of the sarcolemma
the S4 segment undergoes a conformation change and there is an outward movement of a
positive gating charge (Catterall, 1993). The o, subunit of cardiac muscle (designated «,()

has an overall 66% homology with the &, subunit of skeletal muscle (designated ag)



(Mikami et al., 1989). The transmembrane domains are extremely well conserved between
the two isoforms, but the intracellular loops are much less conserved. Differences in the
properties of the two calcium channel isoforms can be largely attributed to these divergent
intracellular loops. For instance, in skeletal muscle the depolarization induced
conformational change of the &, subunit is sufficient to activate E-C coupling but in cardiac
muscle E-C coupling requires extracellular calcium to enter the cell as well (Armstrong et
al., 1972; Tanabe et al., 1990a). In dysgenic myotubes. skeletal E-C coupling can be restored
by expressing the a5 (Tanabe et al., 1988). Expression of the ,c subunit in dysgenic
myotubes can convert the mode of E-C coupling to a cardiac, calcium dependent mechanism
(Tanabe et al., 1990b). Expression of skeletal/cardiac e, subunit chimeras in these cells
demonstrated that it was the intracellular loop between domains II and III of the calcium
channels which was responsible for dictating the mode of E-C coupling (Tanabe et al.,
1990a). The segment between transmembrane segments S5 and S6 lines the pore of the
calcium channel (Striessnig et al., 1990). Mutation of glutamate residues in these segments
of domain III and IV can change the selectivity filter of the channel and make it more
permeable to sodium compared with calcium (Sather et al.. 1993).

The «, subunit binds the  subunit through a motif located in the intracellular loop
between domain I and II (Pragnell et al., 1994). In vitro experiments showed expression of
the cardiac 3, subunit directed the cardiac e, subunit to the plasma membrane and increased
the number of dihydropyridine binding sites (Chien et al., 1995). Studies of myotubes
derived from mice null for the skeletal specific B, subunit showed that skeletal o, subunit

was not localized to the sarcolemma and that L-type calcium current was dramatically



decreased in the absence of the B, subunit (Gregg et al.. 1996). In myotubes derived from
dysgenic mice (lacking the skeletal e, subunit) the B, subunit still localizes to the plasma
membrane. The a,/d subunits are common to both cardiac and skeletal muscle. They are
transmembrane proteins and their co-expression with «, subunit has been show to increase
calcium channel current and to accelerate the activation of the channel (Mikami et al.. 1 989).

The calcium that enters the cardiocyte through the DHPR is thought to trigger
calcium release from the RyR via a calcium induced calcium release mechanism (Fabiato.
1985). The external calcium that enters the cardiocyte is transported out by the sodium
calcium exchanger and the sarcolemmal ATPase (Barry and Bridge. 1993). The sodium
calcium exchanger transports three sodium ions into the cell for each calcium ion it extrudes
(Reeves and Hale. 1984). The exchanger uses the large gradient of sodium ions (lower
intracellularly) to drive calcium ions out of the cell against its concentration gradient and
does not directly utilize ATP. However. the sodium gradient is maintained by the sodium
potassium ATPase. which does use ATP. The activity of the exchanger is believed to be
aciivated by the calcium binding protein calmodulin, which removes a source of
autoinhibition (Li et al.. 1991). The sodium calcium exchanger has been shown to be
concentrated in the T-tubules through its association with the cytoskeletal protein ankyrin
(Frank et al.. 1992: Li et al.. 1993). In cardiocytes the majority of calcium transport is
performed by the sodium calcium exchanger and the sarcolemmal ATPase probably has a
modulatory role only (Cannell. 1991). The RyR is alarge 500 kDa protein that
assembles into a homotetramer to form the high conductance calcium release channel of the

SR (Franzini-Armstrong and Protasi. 1997). This homotetramer appears as a cloverleaf



structure seen in electron-microscopy images of the junctional SR. Three isoforms of the
RyR have been cloned: RyR1 (found in skeletal muscle). RyR2 (found in cardiac muscle and
brain) and RyR3 (found in smooth and skeletal muscle) (McPherson and Campbell, 1993).
The RyR protein can be divided into a large cytoplasmic foot domain and a carboxyl-
terminal calcium channel domain. The carboxyl terminus of the RyR contains four
transmembrane domains that form the calcium pore and the binding site for the plant alkaloid
ryanodine (Franzini-Armstrong and Protasi, 1997). The RyR interacts with the sarcoplasmic
reticulum proteins junctin. calsequestrin. and triadin (Zhang et al., 1997). The skeletal and
the cardiac RyRs have been shown to bind the FK506 binding protein tightly (FKBP12)
(Timermanetal.. 1996). FKBP12 apparently inhibits the calcium current of the skeletal RyR
but does not appear to affect the current of the cardiac RyR ( Barg et al., 1997). The amino
terminal portion of the RyR protein is cytoplasmic and contains sites for calcium binding,
calmodulin binding. phosphorylation and other modulatory sites (McPherson and Campbell.
1993). The cytoplasmic portion of the RyR is very large and forms the foot structure seen
in electron microscopy analysis of junctional SR membranes.

The calcium released from the SR serves to trigger the contraction of the cardiocytes.
In steady state conditions the amount of calcium released from the SR during contraction
equals the amount of calcium pumped into the SR during relaxation. The SR Ca>” ATPase
replenishes the SR Ca’"stores thereby helping to lower the intracellular calcium levels and
allowing the cardiocyte to relax. The activity of the SR Ca>* ATPase is inhibited by the
unphosphorylated form of the protein phospholamban (Sasaki et al.. 1992). Phosphorvlation

of phospholamban by cAMP dependent protein kinase or Ca>*/Calmodulin protein kinase
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removes the inhibition by phospholamban (Fujii et al., 1989) and thereby activates the Ca®"
ATPase.

Modulating the activity of the proteins involved in E-C coupling can greatly affect
myocardial contractility. For example, adrenergic agonist stimulate myocardial contractility
by increasing calcium influx through the DHPR and by enhancing calcium uptake by the SR
Ca® ATPase. Binding of agonists to the B, adrenoreceptor leads to an increase in
intracellular cAMP and the increased activity of the cAMP dependent protein kinase (PKA).
The activated kinase phosphorylates the DHPR which increases calcium entry and it also
phosphorylates phospholamban which leads to increased activity of the SR Ca’" ATPase
(McDonald et al., 1994; Sasaki et al., 1992). The L-type calcium current was not affected
by addition of PKA activators in cells transfected with a mutant cAMP kinase anchoring
protein (AKAP-79) which did not bind PKA (Gao et al., 1997). Therefore, the regulation
of the DHPR by PKA phosphorylation apparently requires that PKA be targeted to the
membrane by the AKAP-79 scaffold protein. The adrenergic agonists increase myocardial
contractility since more calcium enters the cell to trigger release from the SR and there is
more calcium in the SR to be released. As well, the relaxation of the cardiocyte is enhanced
because the rate of uptake of the SR Ca’> ATPase is increased. The cardiac glycoside
digoxin alters myocardial contractility by altering the activity of the sodium calcium
exchanger. Digoxin inhibits the sodium potassium ATPase of the sarcolemma (Smith,
1988) and inhibition of this pump reduces the sodium gradient that drives the sodium
calcium exchanger thus more calcium accumulates inside the cell (Sheu and Fozzard, 1 982).

This elevated intracellular calcium level results in increased contractility of the myocardium.
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Molecular Organization of E-C Coupling Units

The concentration of DHPR in the T-tubules and the RyR in the junctional SR are
necessary for effective E-C coupling so that the depolarization sensed by the DHPR can be
efficiently transmitted to the RyR. Electron microscopy analysis revealed the presence of
large particles in the junctional SR that were called feet structures. These have been shown
to be composed of RyR tetramers since purified cardiac and skeletal RyR receptors form the
foot structure and the foot structures are absent from the SR in dyspedic mice which are null
for the skeletal muscle RyR (Inui et al., 1987b; Inui et al., 1987a; Takekura et al., 1995a).
The DHPR is not required for the localization of RyR since feet structures were found to be
localized correctly to the junctional SR in dysgenic myoblasts, which are null for o,s(Powell
etal., 1996). The DHPR is concentrated in the T-tubular compartment of the sarcolemma
in both heart and skeletal muscle (Sun et al., 1995; Protasi et al., 1997). The cardiac DHPR
has been shown by confocal microscopy to be situated in patches directly across from
concentrations of RyR in the SR (Carl et al., 1995). Cardiac E-C coupling is initiated via a
calcium induced release model so the two calcium channels do not have to be as closely
linked physically as in skeletal muscle (Fabiato, 1985). However, the close proximity of the
DHPR to the RyR allows for the opening of a single DHPR to be sufficient to trigger calcium
release from a cluster of adjacent RyRs (Cheng et al., 1996). In skeletal muscle the DHPR
form tetrameric structures called tetrads. Analysis of freeze fracture images of triads from
the swimbladder (fast muscle) of the toadfish revealed a stochiometric ratio of 2 RyR foot
structures to each DHPR tetrad (Block et al., 1988). Furthermore, the RyR are arrayed in

such a manner that half of the foot structures are apparently directly coupled to tetrads and

12

<



the other half would be uncoupled. This finding led to the proposal that the tetrads coupled
to foot structures are probably physically linked which would allow for E-C coupling to
occur without external calcium influx. The uncoupled RyR could be stimulated by a calcium
induced caicium release mechanism similar to that in cardiac muscle. Indeed a component
of the E-C coupling in skeletal muscle has been shown experimentally by the microinjection
of calcium chelators to be calcium dependent (Jacquemond et al., 1991). The relevance of
this hypothesis of E-C coupling outside of the toadfish is still unclear since binding studies
have determined the ratio of tetrads to foot structure in rabbit skeletal muscle to be 4:1 foot
structures:tetrads possibly indicating a significant physiological role for external calcium in
skeletal muscle E-C coupling (Anderson et al., 1994). As well, the ratio of DHPR charge
movement to RyR varies between muscle types with it being twice as large in fast twitch
skeletal muscle as compared to slow twitch skeletal muscle (Cullen et al., 1984; Appelt et
al., 1989). Perhaps the fast twitch skeletal muscle E-C coupling is more dependent on
physically linked channels than slow-twitch E-C coupling. Studies on dyspedic mice have
shown that the formation of the DHPR into tetrads is dependent on the expression of the RyR
while their localization to the T-tubules is independent of the RyR (Nakai et al., 1996). Both
calcium channels are concentrated at the triad/diad structures in skeletal and cardiac muscle
but the proteins that direct and anchor them to their appropriate sites are unknown.
Ontogeny of E-C Coupling Units

The triad membrane structure and the localization of the DHPR and RyR in the
junctional membranes is essential for efficient E-C coupling. The T-tubular membrane and

the SR membrane associate tightly with each other during subcellular fractionation and
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purified T-tubular membranes and SR membranes will even re-associate in vitro (Flucher
and Franzini-Armstrong, 1996). The precise arrangement of these two distinct membrane
systems has been proposed to be mediated through direct interactions between the DHPR and
the RyR. The physical association between DHPR and RyR is supported by the finding that
bacterially expressed fusion proteins containing the II-III intracellular loop of the DHPR
from either skeletal or cardiac muscle can activate the skeletal RyR invitro (Luetal., 1994).
As well, the assembly of DHPR into tetrads in skeletal muscle and the calcium current
through the DHPR is dependent on the expression of the RyR (Nakai et al., 1996). There are
now several lines of evidence that suggest that the association between T-Tubules and the
Junctional SR is not mediated by a direct interaction between the two calcium channels. For
instance, recent work with transgenic mice has shown that DHPR and RyR are not required
for the formation of the triad structure. In both dysgenic mice and dsypedic mice triads still
form appropriately (Flucheretal., 1992; Powell et al.. 1996). Expression of the RyR appears
to dictate the precise width of the cleft between the T-Tubular membrane and the SR rather
than the formation of the triad structure itself since the triads form in dyspedic mice but the
gap between the T-Tubules and the SR is narrower and irregular (Takekura et al., 1995a).
As well, studies of in vitro muscle development have shown that the coupling between T-
tubules and SR occur before the appearance of either the DHPR or RyR (Protasi et al.. 1997).
Neither triads nor peripheral couplings form in Chinese hamster ovary cells expressing the
skeletal RyR and the skeletal DHPR suggesting another a role for other proteins in the
coupling of the cell membrane to the sarcoplasmic reticulum (Takekura et al., 1995b).

Finally, in the myocardium there is no evidence for direct coupling of the DHPR and the RyR
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yet the diad structure still forms between SR and T-tubules. The formation of cardiac diads
suggests that the association of the junctional SR and the T-tubules is not mediated by a
direct interaction between the two calcium channel proteins but via other diad proteins.

A protein called triadin that localizes to the junctional SR was proposed as a putative
linker molecule between the T-tubules and the SR (Caswell et al., 1991). However,
topological and proteolytic analysis predicted that the majority of the triadin protein would
reside in the SR lumen not the cytoplasm which led to the proposal that triadin functions to
anchor the SR calcium binding protein calsequestrin to the junctional SR (Knudson et al.,
1993). Fusion protein fragments of triadin bind both calsequestrin and RyR but not the
DHPR indicating that triadin may act to link the RyR to calsequestrin rather than to the
DHPR (Guo and Campbell, 1995). Probably there are proteins in the sarcolemma and the
SR which mediate the association between these two muscle membrane systems that have
yet to be characterized.
Calcium Binding Proteins and Excitation-Contraction Coupling

Many of the important regulators of E-C coupling are calcium binding proteins. The
contraction of the myofibrils is a calcium dependent process and the key calcium sensor
protein in this process is Troponin-C (Tn-C). In situations of low intracellular calcium,
myosin can not bind to actin because its site is blocked by the tropomyosin/Troponin
complex. When calcium levels rise following excitation of the cardiocyte, Troponin-C binds
calcium and the tropomyosin/troponin complex undergoes a conformational change such that
myosin can bind actin and the myofibrils can contract. The two major calcium channels

involved in E-C coupling are themselves calcium binding proteins. The DHPR binds
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calcium through an EF hand motif which is believed to modulate the calcium dependent
inactivation of the channel (de Leon et al., 1995). The Ryanodine receptor contains a
calcium binding site and binding of calcium to this site increases the open probability of the
channel (Chen et al., 1992). The calcium efflux proteins (Ca2"ATPase and sodium calcium
exchanger) are also calcium binding proteins as although they do not contain a discernible
EF hand. A Ca*/ calmodulin dependent protein kinase has been shown to associate with
heart membrane fractions (Tuana et al., 1987a). Phosphorylation of SR vesicles by the
endogenous Ca*’/ calmodulin dependent protein kinase has been implicated in the closing
ofthe RyR calcium channel (Wang and Best, 1992; Hain etal., 1995). This inhibition likely
occurs indirectly since the endogenous Ca*’/ calmodulin dependent protein kinase does not
phosphorylate the RyR itself but it does phosphorylate the junctional SR protein triadin
which is a potential modulator of the RyR (Damiani et al., 1995). Studies have shown that
the amount of calcium bound to the cardiac sarcolemma is directly proportional to
myocardial contractility (Langer, 1987). The sarcolemmal calcium is bound mostly to the
phospholipids but some is bound to membrane proteins. The role of sarcolemmal bound
calcium in modulating E-C coupling has not yet been fully elucidated.

Calcium binding proteins clearly play critical roles in modulating E-C coupling.
However, the molecular and functional properties of the calcium binding proteins of the
sarcolemma have not yet been fully characterized. Previous studies utilizing **Ca binding
assays identified two calcium binding polypeptides of 125 and 97 kDa in cardiac sarcolemma
(Tuana et al., 1991). These polypeptides were shown to be glycoproteins that co-purified

with the DHPR. Antiserum raised to purified canine cardiac sarcolemma recognized two
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major antigenic polypeptides of a 125 and 97 kDa in sarcolemmal membrane fractions from
a variety of species. These antigenic polypeptides were glycosylated and identified as the
putative calcium binding polypeptides of the sarcolemma. Although the calcium binding
proteins co-purified with the DHPR of the myocardium, the relationship between the calcium
binding proteins and the subunits of the receptor remain unclear.

Statement of the Problem

In view of the importance of calcium and calcium binding proteins in myocardial
function, a molecular approach was used to further characterize the calcium binding
polypeptides of the sarcolemma. The anti-sarcolemmal antiserum that apparently recognized
the calcium binding polypeptides was used to screen a rabbit cardiac cDNA expression
library to isolate cDNAs that would encode the potential calcium binding polypeptides. Two
novel cDNAs, designated LD1 and LD2, were isolated from screening the rabbit heart library
(Demchyshyn, 1990).

The purpose of this study was to further characterize these ¢cDNAs and the
polypeptides they encoded. The molecular characterization of these clones has now led to
the definition of a novel family of sarcolemmal associated proteins referred to as the SLAPs.
SLAPs are expressed in a tissue specific manner and may represent a new family of proteins

involved in membrane function.
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MATERIALS AND METHODS

mRNA Isolation

Rabbits were sacrificed by cervical dislocation and their hearts were excised and snap
frozenin liquid nitrogen. Total heart RNA was isolated by the guanidine thiocyanate method
(Chirgwin et al., 1979). Messenger RNA (mRNA) was selected from total RNA by two
purifications on oligo-dT cellulose by a protocol modified from Aviv and Leder (Aviv and
Leder, 1972). Total RNA was diluted to a concentration of 2 mg/mL in
diethylpyrocarbontate (DEPC) treated water and boiled for two minutes and then chilled on
ice for ten minutes with an equal volume of 2X loading buffer (40 mM Tris-HCL pH7.6,IM
NaCl, 0.2mM EDTA). SDS was added at 0.5% final concentration and the RNA mixture was
added to oligo dT cellulose (Boheringer-Manheim) that had been pre-equilibrated with 1X
loading buffer. This slurry was mixed for 4 hours at 37°C and then poured into a column.
The column was washed with 10 bed volumes of 1X loading buffer and the mRNA was
eluted with one bed volume of sterile water. Eluted mRNA was concentrated by ethanol
precipitation and redissolved in sterile water.
Agt-11 cDNA library Construction

For both the oligo dt primed library and the random primed libraries the cDNA was
constructed using rabbit mRNA as the template for synthesis. Using the Superscript cDNA
system (Gibco-BRL), cDNA synthesis for the first library was primed with oligo dT primers.
Using the Superscript Choice Synthesis system (Gibco-BRL), random primed cDNA for the
second library was synthesized. The cDNA for both libraries was size selected for inserts

greater than 0.5 kb and the size selected cDNA was cloned into Agt-11 (Amersham).
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Screening of oligo-dT primed ¢DNA library

800 000 plaques of the oligo-dT primed rabbit heart expression library were screened
witha 1.1 kb radiolabelled EcoRI/Xbal fragment from the LD1 clone. The cDNA probe was
radiolabelled with a-**P-dCTP by using the Rediprime kit (Amersham). A single positive
clone was identified on a tertiary screen and was purified and subcloned into pBluescript [I
KS+ by standard methods (Sambrook et al., 1989).
Screening of Random primed cDNA library

250 000 plaques of the random primed rabbit heart cDNA expression library were
screened with a radiolabelled Aval/EcoRI cDNA fragment from the LD1 clone which was
radiolabelled as described above. Twenty positive clones were identified in a tertiary screen
and three clones with inserts >2 kb were identified. These phage were purified and their
inserts were subcloned into pBluescript II KS+ by standard methods (Sambrook et al., 1989).
Template Generation for DNA Sequencing

Nested deletions were made of the various plasmids using the Erase-A-Base kit
(Promega). Briefly, plasmids were digested unidirectionally with ExonucleasellI for varying
times and then blunted with S1 Nuclease. The blunted, linearized plasmids were re-ligated
and then transformed into bacteria. Plasmid DNA was isolated from the clones and the
deleted plasmid DNA was linearized by restriction enzyme digestion and size fractionated
on an agarose gel. Plasmids with inserts of varying sizes were identified and prepared for
either single stranded or double stranded DNA sequencing. Sequence from the various
templates were overlapped and areas of sequence that were ambiguous or not adequately

covered by overlapping deletions were resolved by either sequencing with oligonucleotide
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primers ( University of Ottawa Biotechnology Institute) or by excising inserts from the
plasmids with restriction enzymes and then sequencing. DNA sequence was analyzed by
using the following programs: Seqaid IT (University of Kansas), Genetics Computer Group,
WWW BLAST Server(Altschul etal., 1990), COILS(Lupasetal., 1991), PSORT (Nakaiand
Kanehisa, 1992) SignalP WWW server (Nielsen et al., 1997).
Plasmid Isolation

Plasmids were routinely purified from overnight cultures by the alkaline lysis
miniprep (Birnboim and Doly, 1979). For manual sequencing, plasmid DNA was purified
by using the Spin Miniprep Kit (Qiagen) following manufactures protocol. Plasmid DNA for
transfection assays was purified from 1 L of overnight culture by using the Maxi column
(Qiagen) following manufacturers directions.
[solation of ssDNA templates for Sequencing

Colonies were picked with sterile toothpicks and grown in LB/AMP ( Luria Broth
with 100 pg/mL of ampicillin (Sigma)) until an OD of 0.5 at 660 nm. Then 50 pL of
MI13K07 phage (Promega) was added and the cultures were incubated for a further 1 hour.
100 pl of this culture was added to LB/KAN (LB supplemented with 70 ug/mL ofkanamycin
sulphate (Boheringer Manheim)) and cultures were grown overnight at 37°C. Cultures were
centrifuged for 5 minutes at 5000 g. The supernatant was transferred to a clean eppendorf
containing 1/5 volume of 20% PEG-8000/2.5M NaCl . The tubes were vortexed and
incubated at room temperature for 30 minutes. The eppendorfs were centrifuged at 12000g
for 15 minutes and the supernatant was discarded. The phage particles were resuspended in

180 pl TE (10 mM Tris-HCI pH 8.0, | mM EDTA) and 20 pul 3M Sodium Acetate (pH S5.2).
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The resuspended phage particles were extracted twice with an equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1, v:v:). DNA was ethanol precipitated.
resuspended in TE and used for dideoxy chain termination DNA sequencing (Sanger et al.,
1977) using Sequenase DNA polymerase (Amersham).

Preparation of Purified Plasmid DNA for DNA sequencing

Qiagen Purified plasmid DNA (5 ug) was denatured with 0.1 volume of 0.2 M NaOH
for 10 minutes at room temperature. The denatured plasmid DNA was neutralized with 0.1
volumes of 3M Sodium Acetate (pH 5.2) and ethanol precipitated. The DNA pellet was
washed twice with 70% cold ethanol and resuspend in TE. This DNA was then used for
dideoxy chain terminator sequencing (Sangeretal.. 1977) using Sequenase DNA polymerase
(Amersham).

5' Rapid Amplification of cDNA Ends (5' RACE)

5" RACE was performed using the 5 RACE system (Gibco-BRL) following the
manufacturers protocol. cDNA was synthesized from 1 pg of total heart RNA using a primer
specific to SLAP RTPRIMER (*gecttgtggetteetett®). The cDNA was tailed with polydCTP
residues at the 3' end by terminal deoxynucleotide transferase. PCR was performed on the
tailed cDNA using the SLAP specific primer PCRPRIM (*ctgacaccgaagetggaaact®) and the
Gibco-BRL anchor primer (5'ctactactactaggccacgcgtcgactagtacgggiigggiigggiigs'). Cycling
conditions were 94°C for4 minutes, then 35 cycles of 94°C for | minute. 57°C for 30 seconds.
72°C for 2 minutes and a final incubation at 72°C for 10 minutes. The PCR products were
resolved by agarose gel electrophoresis . excised and purified using the Geneclean II resin

(Biocan). The purified PCR products were subcloned using the TA cloning kit (Invitrogen)
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into the pCR vector. Eight independent clones were sequenced and 2 clones were sequenced
completely on both strands.
Genbank Accession Numbers of SLAP Sequences

The sequences for the various SLAP cDNAs were submitted to the Genbank
database. The Genbank accession numbers for SLAP, SLAP2 and SLAP3 are U21155 .
U21156 and U21157 respectively.
Northern Blot Analysis of SLAP Expression in Rabbit and Rat Tissues

Rabbits were sacrificed by cervical dislocation. Rat pups and adult rats were
sacrificed by decapitation. Various tissues were excised and snap frozen in liquid nitrogen
until use. Total RNA from the tissues was isolated by using Trizol Reagent (Gibco/BRL)
following the manufacturer's protocol. Aliquots of total RNA (20 pg/lane) were
electrophoresed through 1% agarose gel containing 2.2% formaldehyde (Formaldehyde
electrophoresis buffer: 0.75% formaldehyde, 40 mM morpholinepropanesulfonic acid
(MOPS), 10 mM Sodium Acetate, ImM EDTA)and then were transferred onto Magnanylon
membranes (MSI) using 10X SSC (1.5 M NaCl, 0.15 sodium citrate, pH 7.0) (Sambrook et
al., 1989). The blots were rinsed with DEPC treated water and then the RNA was cross-
linked to the blot by UV radiation. The filters were pre-hybridized for 1 hour at 42°C in
hybridization solution (50% deionized formamide, 0.1% SDS, 200 pg/mL sheared
salmon/herring sperm DNA, 6X SSC (0.9 M NaCl, 0.09 M Sodium citrate pH 7.0), 5X
Denhardt’s Solution (1% Ficoll, 1% polyvinylpyrrolidine, 1% bovine serum albumin). A fter
pre-hybridization, the various SLAP restriction fragments were radiolabelled with a-3P-

dCTP by the random primer method and incubated overnight at 42°C with the blots in fresh
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hybridization solution. The blots were then washed twice at low stringency (0.1 % SDS, 1X
SSC (0.15 M NaCl, 0.015 M Sodium Citrate. pH 7.0), 25°C) followed by two washes at high
stringency (0.1% SDS, 0.1X SSC (0.015 M NaCl. 1.5 mM Sodium Citrate pH 7.0), 65°C).
The blots were then exposed to Kodak Biomax MR films for 1-3 days at -70°C with
intensifying screen. Afterwards, the blots were stripped with 0.1 % SDS in boiling DEPC
treated water to remove the hybridized probes. The stripped blots were then re-hybridized
with either a radiolabelled cDNA probe for glyceraldehyde-3-phosphate dehydrogenase or
a-tubulin to control for RNA loading.
Southern Blot Hybridization

Rabbit genomic DNA was purified from blood as described previously (Sambrook
et al.. 1989). 20 pg of purified genomic DNA was digested with the indicated restriction
enzymes and size fractionated on a 0.75% agarose gel. After size fractionation the DNA was
denatured with alkali. neutralized, transferred to Magna nylon membranes (MSI) and UV
irradiated. The blots were pre-hybridized as described above for northern blots. A 366 bp
EcoRI/Aval fragment from LD1 was radiolabelled with a-**P dCTP by the random primer
method and incubated overnight at 42°C with the blots in hybridization solution. After
overnight hybridization, the blots were washed twice at low stringency (0.1 % SDS, 1X SSC,
25°C) and twice at high stringency (0.1% SDS, 0.1X SSC. 65°C). The blots were then
exposed to Kodak Biomax MR films for 1-3 days at -70°C with intensifying screen.
Fluorescence In Situ Hybridization (FISH)

Human lymphocytes were cultured in «-minimal essential medium (MEM)

supplemented with 10% fetal calf serum and phytoheamagglutnin (PHA) at 37°C for 68-72
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hours. The cultures were treated with 5-Bromo-2'-Deoxyuridine (BrdU) (0.18 mg/mL Sigma)
to synchronize the cell population. The synchronized cells were washed three times with
serum free medium to release the block and re-cultured at 37°C for 6 hours in a-MEM
supplemented with thymidine (2.5 ug/ml). Cells were harvested and fixed on slides for FISH
analysis. FISH detection was as described previously (Heng et al.. 1992). Essentially, slides
were baked at 55°C for | hour. After RNAse treatment, the slides were denatured in 70%
formamide and 2X SSC for 2 minutes at 70°C followed by ethanol dehydration. Human
SLAP probe was biotinylated with dATP using the BRL BioNick labeling kit and denatured
at 75°C for 5 minutes in a hybridization mix consisting of 50% formamide and 10% dextran
sulphate. The slides were incubated with the probes overnight. washed and analyzed. FISH
signals and 4'6'-diamino-2-phenylindole (DAPI) banding pattern was recorded separately by
photography and assignment of the FISH mapping data with chromosomal bands was
achieved by superimposing the FISH signals with the DAPI banded chromosomes as
described previously (Heng and Tsui. 1993).
Antiserum Production to SLAP fusion protein

A SLAP fusion protein was created by ligating a 1.1 kb blunted EcoRI/Xbal insert
from LD1 to a blunted BamHI/Xbal pMAL-cRI vector (New England Biolabs). This ligation
ensured that the SLAP sequence was fused in frame to the maltose binding protein domain
of the vector. The SLAP fusion protein contained the carboxyl 370 amino acids of SLAP3.
DH5a bacteria containing the recombinant protein were lysed by sonication and then the
protein was affinity purified on an amylose affinity column as specified by the manufacturer

(New England Biolabs). Animals were bled prior to injections to obtain pre-immune serum.
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The purified fusion protein. emulsified with complete Freund’s adjuvant, was injected
intramuscularly into a guinea pig and a rabbit. Subsequently, after two and 4 weeks the
purified fusion protein was emulsified with incomplete Freund’s adjuvant and injected
intramuscularly. After the two additional injections, the two animals were bled and the blood
was incubated at 37°C for 1 hour and then incubated at 4°C overnight. The clots were
removed and the serum was centrifuged at 2000 g for 5 minutes. The cleared sera was
assayed for specific immunoreactivity in western blots of rabbit cardiac subcellular fractions.
Affinity Purification of Antiserum

Total soluble protein (50 mg) from a cell lysate of DH5« transformed with the
PMAL-cRI vector alone was attached to an Affigel-15 matrix (Biorad) following
manufacturers protocol. Similarly, purified SLAP fusion protein (5 mg) was attached to
another Affigel-15 column. Crude guinea pig anti-SLAP antiserum (1 mL) was diluted 1:10
with 10 mM MOPS buffer (pH 7.4) and passed three times over the control cell lysate
column to remove any maltose binding protein specific antibodies. The cleared antiserum
was then passed three times over the SLAP fusion column. The column was then washed
extensively with 10 mM MOPS (pH 7.4) and with Tris-Buffered-Saline (10 mM Tris-HCI
pH 7.4, 150 mM NaCl) containing 0.05% Tween (TBS-T). The specifically bound
antibodies were eluted with 0.1 M glycine (pH 2.5) and immediately neutralized with 1/10
volume of I M MOPS (pH 8.0). Antiserum fractions were collected after each stage of the
affinity purification procedure and assayed for specific immunoreactivity in western blots of
rabbit sarcolemmal proteins.

Subcellular Fractionation of Myocardial Proteins
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Mpyofibrillar fractions were prepared from rabbit heart as described previously (Meng
etal., 1996). Rabbit sarcolemma was purified as described previously (Tuana et al., 1987b).
Membrane proteins were subjected to electrophoresis in a highly porous SDS-PAGE system
which permits rapid and efficient transfer of proteins to nitrocellulose while maintaining a
broad degree of resolution (Doucet et al.. 1990). The proteins, resolved on gels, were
electrophoretically transferred to nitrocellulose membranes (Towbinetal., 1979). The blots
were blocked with 5% Carnation skim milk powder dissolved in TBS-T. The affinity
purified anti-SLAP antibodies were used diluted to a final concentration of 1:5000 in a
mixture of 1% skim milk powder dissolved in TBS-T. The blots were rinsed and then
incubated with alkaline-phosphatase-conjugated anti-guinea pig IgG (1:5000. Jackson
[ImmunoResearch Laboratories) diluted in TBS-T. The immunoreactive bands were
visualized by the addition of nitro blue tetrazaolium (0.33 mg/mL) and 5-bromo-4-chloro-3-
indolyl phosphate (0.16 mg/mL)dissolved in alkaline phosphatase buffer (100 mM Tris-HCl
pH 9.5, 10 mM NaCl, 5 mM MgCl,).

Extraction of Sarcolemmal Membranes

Cardiac sarcolemmal membranes (5 mg) resuspended in one of the following buffers:
Phosphate Buffered Saline (PBS), PBS with | mM EGTA, PBS with | M KCI, PBS with 4
M urea, 150 mM NaCl with 50 mM glycine (pH 3.0), 150 mM NaCl with 50 mM glycine
(pH 10) or PBS with 1% Triton X-100. The resuspended pellets were incubated at 4°C for
I hour with constant mixing and then centrifuged at 180 000 g for 1 hour. Equal volumes
of samples of the pellets (resuspended in 4 mL of PBS) and the supernatants were resolved

on 10% SDS-PAGE gels, transferred to nitrocellulose and analyzed by immunoblotting with

26




the purified anti-SL AP antibodies as described above.
In Vitro Transcription/Translation

The SLAP coding sequence including the first ATG was PCR amplified with
INVITRO (*ggctcgagGTCTAACGCTTGTGAAGGCAGY) and TM3'
(*ggaattcCTCTTTACAGACAGATAC?) using SLAP3 construct as template. The PCR
product was digested with Xhol/EcoRI and cloned into Xhol/EcoRI digested pBluescript II
KS+ to make the ATG! plasmid. The ATG2 plasmid (which only contained the second
ATG) was constructed by subcloning the Kpnl/EcoRI restriction fragment of SLAP3 into
Kpnl/EcoRI digested pBluescript II KS+. The two SLAP plasmids were linearized by
digestion with EcoRI restriction endonuclease and then were transcribed using T3 RNA
polymerase. One pg of transcribed RNA was used to program a rabbit reticulocyte lysate
(Promega) in the presence of **S-methionine. DEPC-treated water and a luciferase transcript
were used as negative and positive controls respectively. Equal aliquots of each reaction
were analyzed by SDS-PAGE followed by autoradiography.
Primary Antibodies Used in Immunohistochemical Staining

Guinea pig anti-SL AP and Rabbit anti-SLAP antiserum were produced as described
above. The monoclonal antibody IID8 which is specific to the Type 2A SR calcium ATPase
was purchased from Affinity Bioreagents (Jorgensen et al., 1988a). The affinity purified
antibodies to the carboxyl terminus of dystrophin were prepared as described previously
(Meng et al., 1996) and were a generous gift from Dr. Paul Holland. The anti-MYC 9E10
monoclonal antibody was a generous gift from Dr. John Bell (Evan et al., 1985). The TuJl

monoclonal antibody to the neuronal specific B-tubulinlIl was a generous gift of Dr. Dave
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Brown (Caccamo et al., 1989). The A60 monoclonal antibody to the neuronal specific
nuclear antigen NeuN was a generous gift of Dr. William Staines (Mullen et al., 1992). The
BA-78 monoclonal antibody to Type [ myosin and the SC-71 monoclonal antibody to type
[IA myosin were both generous gifts from Dr. David Parry.
Cell Culture and Expression of 6MYC Tagged Recombinant SLAP Protein

P19 embryonal carcinoma cells were cultured in a-minimal essential medium (MEM)
supplemented with 7.5% donor bovine serum and 2.5% fetal bovine serum (Cansera). A
MYC tagged SLAP protein was constructed by subcloning BglIl/Xbal digested SLAP3
restriction fragment (encoded all of SLAPI, SLAP2 and from amino acid 184 of SLAP3)
into the six repeat human MYC epitope of Bluescript KS+ MTG vector (Roth et al.. 1991).
The cDNA encoding the fusion protein was excised with the appropriate restriction enzymes
( Kpnl/ Xbal) and subcloned into pcDNA3(Invitrogen). P19 cells were transfected with the
plasmid DNA and stable transtectants selected in G418 as described previously (Pratt et al..
1990; Chen and Okayama, 1987). P19 cells were cultured on gelatin coated glass coverslips
until cells were approximately 80% confluent. The medium was removed and the cells were
rinsed three times in PBS. The cells were then fixed for five minutes using a fixative
consisting of 4% (w/v) paraformaldehyde and 12 % (v/v) saturated picric acid in 160 mM
sodium phosphate buffer pH 6.9 (Lana’s Solution). Fixed coverslips were rinsed extensively
and the anti-human MYC monoclonal antibody 9E10 was diluted 1:50 in 10 mM PBS
containing 0.3% Triton-X 100 (PBS-T) and added to the coverslips (Evan et al., 1985). After
incubating for 3 hours at room temperature, the slides were rinsed three times in PBS and

Cy3-conjugated sheep anti-mouse IgG (Sigma) diluted 1:100 in PBS-T was added to the
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slides and incubated for a further 45 minutes at 37°C. Slides were washed, coverslipped
using a mounting medium of PBS containing phenylaminediamine (0.1 mM) in 90% glycerol
and examined using a Zeiss Axioplan microscope. Some slides were examined further by
using an upright Leica confocal scanning laser microscope equipped with a 55 mW
krypton/argon air cooled laser and a 63X Plan Apo oil immersion lens. The negative control
for immunofluorescence studies was either mock transfected P19 cells or P19 cells
transfected with empty pcDNA3 vector. For DNA staining, cells were subsequently
incubated in Hoechst 33258 (1 pug/mL) for 5 minutes at room temperature after rinsing off
the secondary antibodies.
Immunohistochemistry of Live P19 Cells

P19 cells transfected with the 6MCY tagged version of SLAP were cultured on glass
coverslips as described above for immunohistochemistry. Live P19 cells were rinsed once
in pre-warmed PBS and then incubated for 45 minutes at 37°C in one of the following
solutions: MEM, anti-MCY monoclonal antibody in MEM (1:50) or rabbit anti-SL AP diluted
in MEM (1:400). The cells were then rinsed three times in PBS and fixed for 5 minutes in
Lana’s solution. The cells that were incubated with primary antibodies were rinsed and
further incubated for a45 minutes at 37°C in either Fluorescein [sothiocyanate(FITC -labeled
donkey anti-rabbit IgG (1:25, Amersham) or Cy3-labeled sheep anti-mouse IgG (1:100,
Sigma) diluted in PBS-T. The cells that were incubated with MEM were rinsed and then
incubated for 45 minutes at 37°C in either rabbit anti-SLAP (1:400) or anti-MYC (1:50)
diluted in PBS-T. Afterwards the cells were incubated with the appropriate secondary

antibodies as described previously. After incubation with secondary antibodies the cells were
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washed, coverslipped as described above, and examined using a Zeiss Axioplan microscope.
Differentiation of P19 cells

P19 cells were induced to differentiate with dimethy! sulfoxide (DMSO) or retinoic
acid (RA) as described previously (Rudnicki and McBurney, 1987). Briefly, P19 cells were
dispersed with trypsin and 10° transferred to a bacterial grade Petri dish containing 10 mL
of «-MEM supplemented with 5% donor bovine serum(Cansera), 5% fetal bovine serum
(Cansera) and either 0.3 uM retinoic acid (RA) or 1% DMSO. The P19 cells were cultured
for 48 hours, after which time the aggregates were transferred to new bacterial grade Petri
dishes containing the appropriate differentiation medium. Following another 48 hours, the
aggregates were collected and transferred to tissue culture grade Petri dishes containing o.-
MEM supplemented with 5% donor bovine serum and 5% fetal bovine serum. Medium was
changed every 48 hours thereafter until cells had been cultured for 10 days.
[Immunohistochemical Staining of Differentiated P19 cells

P19 aggregates differentiated for 4 days as described above were plated onto gelatin
coated glass coverslips and cultured in a-MEM supplemented with 5% donor bovine serum
and 5% fetal bovine serum. P19 cells were prepared for SLAP and MYC
immunohistochemical staining as described above. Control pcDNA3 transfected P19 cells
differentiated with DMSO for 10 days were simulataneously stained for SLAP and the
neuronal specific marked [ tubulinlIl (Caccamo et al., 1989). The cells were incubated
overnight at 4°C with a mixture of rabbit anti-SLAP antiserum (1 :400) and the TuJl
monoclonal antibody specific to f tubulinlII (1:25) diluted in PBS-T. The cells were rinsed

three times and then incubated in a mixture of FITC labeled donkey anti-rabbit [gG (1:25,
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Amersham) and biotin-conjugated donkey anti-mouse IgG (1:50, Amersham) that were
prepared 24 hours prior to use. After incubation for 45 minutes at 37°C, the cells were rinsed
three times and incubated in streptavidin-Texas Red (1:100, Amersham) for a further 30
minutes. Slides were washed three times in PBS, coverslipped as described previously and
examined using a conventional Zeiss Axioplan microscope
Expression of SLAP1 in P19 cells

The 1.4 kb EcoRI DNA insert from LD1 which contained the entire coding sequence
of SLAP1 was subcloned into the pPOP expression vector. P19 cells were transfected by the
calcium phosphate method with three different plasmids: pPPOP-SLAP1 expression. the pgk-
NeoR plasmid which encoded the bacterial neomycin resistance gene and the B17 plasmid
which contained an intragenic region of the phosphoglycerate kinase-1 (pgk-1) gene which
has been shown to enhance expression of transfected genes in P19 cells (Pratt et al., 1990:
McBurney et al., 1994). The SLAP1 and neomycin resistance gene were inserted between
the pgk-1 promoter and the pgk-1 3' UTR which contained a consensus polyadenylation
signal as well. Transfected cells were treated with G418 and 24 stable clones were isolated
and assayed by northern blot analysis for the expression of the exogenously expressed
SLAPI transcript. For western blot analysis, the P19 cells were cultured in a 60 mm tissue
culture dish. The cells were rinsed twice with PBS and scraped with a rubber policeman in
ice cold TE buffer ( 10 mM Tris-HCL pH 8.0, I mM EDTA, | uM Pepstatin A, 0.2 mM
phenylmethysulfonyl fluoride, | mM benzamidine, | mM iodacetamide) and transferred to
a microcentrifuge tube. On ice, the mixture was first passed 10 times through a 23 gauge

needle to rupture the cells and then centrifuged at 12 0000 g for 10 minutes at 4°C. The
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pelleted proteins were resuspsended in RIPA buffer (1 % NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, PBS) and were resolved by 10% SDS-PAGE and then transferred
to a nitrocellulose membrane. The blots were blocked with 5% Carnation skim milk powder
dissolved in TBS-T. The rabbit anti-SL AP antiserum was diluted to a final concentration of
1:5000 in a mixture of 1% skim milk disssolved in TBS-T. Horseradish peroxidase
conjugated sheep anti-rabbit IgG diluted in TBS-T (1:2500,Sigma) was used as the secondary
antibody and the reaction was developed using the Enhanced Chemiluminescence Kit
(Amersham) and exposure to Kodak Biomax MR films.
Trypsin Digestion of SLAP1 Expressing P19 Cells

SLAPI expressing P19 cells were cultured in 60 mm diameter tissue culture dishes.
When the cells were approximately 80% confluent the medium was aspirated and the cells
were rinsed twice with PBS. The cells were then incubated at 37°C for 5 minutes in one of
the following solutions: 5 mg/mL Tyrpsin (Gibco-BRL) that was heat treated for 10 minutes,
5 mg/mL Trypsin for 5 or 10 minutes. 5 mg/mL Trypsin with 10 mg/mL soyabean trypsin
inhibitor (Sigma). After incubation, the cells were detached from the tissue culture plates
and transferred to a 15 mL centrifuge tube. The cells were centrifuge for 5 minutes at 2 000
g to pellet the cells. The cell pellet proteins were resuspended in RIPA buffer, and the
supernatant proteins were resolved by 10 % SDS-PAGE. The proteins were then transferred
to nitrocelluose and subjected to western blot analysis as described above for SLAP]I
transfected P19 cells.
Preparation of Myocardium for Inmunohistochemical Staining

After decapitation, adult rat hearts were removed and immediately frozen in
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powdered dry ice. Sections of heart were cut at a thickness of 2-5 pum on a cryostat and then
mounted onto a slide and fixed for five minutes using Lana’s solution. Pregnant rats at day
18-19 of gestation were sacrificed with phenobarbital overdose and the fetuses were removed
and immediately frozen in powdered dry ice. 20 pum sections of the embryos were cut on a
cryostat and mounted onto slides. Embryonic sections were fixed as described for the heart
cryosections.
Single Inmunohistochemical Staining of Myocardium

After rinsing, the sections were incubated for 3 hours at room temperature in one of
the following: a 1:400 dilution of guinea pig anti-SLAP antiserum, 1:400 dilution of rabbit
anti-SLAP antiserum, 1:100 dilution of affinity purified rabbit anti-dystrophin antiserum
raised to the carboxyl terminus of dystrophin (Meng et al., 1996) or a 1:500 dilution of
monoclonal antibody to the slow twitch muscle/cardiac form of the SR calcium ATPase.
Primary antibodies were applied to the slide mounted sections in PBS-T. Sections were
rinsed three times in PBS and then incubated with one of the following: FITC-labeled
donkey anti rabbit IgG (1:25 dilution. Amersham), biotin-labeled goat anti-guinea pig [gG
(1:50 dilution, Vector Biosystems) or FITC-labeled sheep anti-mouse [gG (1:25 dilution,
Amersham). After a 45 minute incubation at 37°C, sections were rinsed three times in PBS
and then sections stained with the guinea pig serum were incubated with streptavidin-Texas
Red (1:100 Amersham) in PBS for a further 45 minutes. Slides were washed, coverslipped
as previously described and examined using a Zeiss Axioplan microscope.
Double Immunohistochemical Staining of Myocardium

Rinsed fixed slides were incubated in a mixture of guinea pig anti-SLAP (1:400
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dilution) and either anti-dystrophin (1:100 dilution) or anti-calcium ATPase (1:500 dilution)
overnight at 4°C. The primary antibody mixtures were applied in PBS-T. After incubation,
the slides were rinsed three times in PBS and then incubated in a mixture of biotin-labeled
anti-guinea pig IgG (Vector,1:50) and either FITC-labeled donkey anti-rabbit IgG
(Amersham, 1:25) or FITC-labeled sheep anti-mouse IgG (Amersham, | :25) diluted in PBS-T
that were prepared 24 hours prior to use. After a 45 minute incubation. the slides were rinsed
three times and the section were incubated in streptavidin labeled with Cy3 (1:100, Sigma)
for a further 30 minutes. The slides were washed and coverslipped as previously described.
Adsorption of Antiserum

Maltose binding protein (MBP) or MBP-SLAP fusion protein was produced in
bacteria. These bacteria were then harvested and sonicated in PBS-T buffer which contained
1 uM Pepstatin A, 0.2 mM phenylmethysulfonyl fluoride, | mM benzamidine and 1 mM
iodacetamide. The sonicated mixture was cleared of insoluble proteins by centrifugation at
5000g for 10 minutes at 4°C after which the supernatant was retained. 2.5 pL of rabbit anti-
SLAP antiserum was diluted 1:400 in PBS-T that contained 20 mg of total soluble protein
from lysates of either MBP or MBP-SLAP producing bacteria. After incubating at 4°C for
4 hours with constant agitation, these mixtures were centrifuged at 12 000g for 5 minutes.
The antibodies were then applied to slide mounted fixed cryosections of myocardium and
incubated overnight at 4°C. The slides were then rinsed three times in PBS and incubated
in FITC-labeled donkey anti-rabbit IgG (1:25, Amersham) for 45 minutes at 37°C. Slides
were rinsed three times in PBS, coverslipped as previously described and examined using

a Zeiss Axioplan microscope.
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Skeletal Muscle Inmunohistochemical Staining

Tibialis Anterior (TA) muscles were dissected from rats sacrificed by decapitation
and immediately frozen in a dry-ice/isopentane solution (Generous gift of Dr. Bernard
Jasmin). Sections of TA were cut at a thickness of 18 pm on a cryostat and fixed for five
minutes using Lana’s solution. Primary antibodies were applied as described for
immunohistochemical staining of the myocardium.
Double Immunohistochemical Staining for SLAP and Fiber Specific Markers

Rinsed,fixed sections were incubated in a mixture of rabbit anti-SLAP antiserum
(1:400 dilution) and one of the following: BA-78(Type I Myosin) monoclonal antibody
(1:10dilution), SC-71(Type IIA myosin) monoclonal antibody (1:2 dilution), or monoclonal
antibody to slow twitch/cardiac calcium ATPase (1:500 dilution) overnight at 4°C. The
slides were rinsed three times and then incubated for 45 minutes at 37°C in a mixture of
FITC labeled donkey anti-rabbit [gG (1:25, Amersham) and biotin-conjugated sheep anti-
mouse [gG (1:50, Amersham) that were prepared 24 hours prior to use. The slides were
rinsed three times in PBS and incubated in streptavidin-Texas Red (1:100, Amersham) for
a further 30 minutes. Slides were washed three times in PBS and coverslipped as described
previously. The myosin/SLAP labeled sections were examined using a conventional Zeiss
Axioplan microscope while the ATPase/SLAP labeled sections were examined using an
upright Leica confocal scanning laser microscope equipped with a 55 mW krypton/argon air
cooled laser and a 63X Plan Apo oil immersion lens.

Immunohistochemical Staining of Retina and Brains

Rats were anaesthetized with phenobarbital and perfused with 10 mM PBS to clear
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the circulatory system of blood. Brains and retinae were harvested and immediately frozen
in powdered dry ice. 12 pm sections of adult brain and 18 pm sections of neonatal brain
were cut on a cryostat and mounted onto slides. 18 um sections of developing and adult
retina were cut on a cryostat and mounted onto slides. Immunohistochemical staining for
SLAP was performed as previously described for the myocardium.
Double Immunohistochemical Staining of Brain Cryosections for SLAP and a Neuronal
Marker

Rinsed fixed slides were incubated overnight at 4°C in a mixture of rabbit anti-SL AP
(1:400) and A60 monoclonal antibody (neuronal specific marker NeuN)(1:50) diluted in
PBS-T. After incubation, the slides were rinsed three times and incubated for 45 minutes at
37°C in a mixture of FITC labeled donkey anti-rabbit IgG (1:25) and biotin-labeled donkey
anti-mouse IgG(1:50) diluted in PBS-T that was prepared 24 hours prior to use. Sections
were rinsed three times in PBS and incubated for a further 30 minutes in streptavidin-Texas
Red (1:100, Amersham) and then rinsed three times in PBS. The slides were coverslipped
and examined as described for the immunohistochemical staining of the myocardium.
C2C12 Transfections

C2CI12 myoblast cells (Titus et al., 1982) were cultured in «-minimal essential
medium (MEM) supplemented with 10% fetal bovine serum (Cansera). The cells were
transfected with the 6MYC-SLAP expression plasmid or the empty pcDNA3 plasmid by the
modified calcium phosphate protocol (Chen and Okayama, 1987) and stable clones were
selected with G418. Clones were assayed for expression of the exogenous SLAP transcript

by Northern blot analysis. For fusion assays, the C2C12 cells were grown on Matrigel
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treated tissue culture plates until the cultures were 80% confluent then the cells were cultured
in ¢-MEM supplemented with 10% horse serum (Gibco-BRL). The culture medium was
changed every 24 hours for the first two days of differentiation and every 48 hours thereafter.
The cells were cultured in differentiation medium for 6 days.
Immunohistochemical Staining of C2C12 cells

C2C12 cells were grown on matrigel coated coverslips in a-MEM supplemented with
10% FBS and then treated for 5 minutes with Lana’s fixative. The coverslips were rinsed
and incubated for 45 minutes at 37°C in either rabbit anti-SLAP (1 :400) or anti-MYC (1:50)
diluted in 10 mM PBS-T. The slides were then rinsed three times in PBS and then incubated
in FITC-labeled donkey anti-rabbit IgG (1:25, Amersham) or Cy3-labeled sheep anti-mouse
IgG (1:100, Sigma) for 45 minutes at 37°C. After incubation with secondary antibodies, the
cells were: rinsed three times in PBS, coverslipped as described previously and examined
using either an upright Leica confocal scanning laser microscope equipped with a 55 mW
krypton/argon air cooled laser and a 63X Plan Apo oil immersion lens or a Zeiss Axioplan
microscope.
Determination of Fusion Index

The fusion index was determined for pcDNA3 transfected C2C12 pooled clones and
four independent clones transfected with the cDNA encoding the 6MYC-SLAP fusion
protein. After being cultured in differentiation medium for 6 days, the cells were fixed in 4%
paraformaldehyde for 10 minutes. The cells were rinsed in PBS extensively and then were
stained with haemotoxylin and eosin. Briefly, cells were stained for 7 minutes with Harris

Haemotoxylin/0.2% acetic acid and rinsed in warm tap water. The cells were then briefly
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rinsed with 70% ethanol and then again washed with tap water. The cells were stained for
1 minute in Eosin solution and rinsed in a series of: 70% ethanol, 50% ethanol and PBS. At
least 12 random fields containing at least 300 nuclei were photographed from each clone.
The total nuclei were counted in each field as well as the number of nuclei in myotubles
(cells with three or more nuclei). The fusion index was defined as: (number of nuclei in
myotubes/total nuclei in the field)*100 . The fusion index for each clone was taken as
average- standard error from the mean for all fusion indices calculated for each clone. The
fusion potential of the clones was examined three separate times and the results shown are

from one representative experiment. The significance of the results was examined using

ANOVA.
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Northern Blot Analysis of C2C12 Cultures

C2C12 cells were cultured on Matrigel (Collaborative Biomedical Products) coated
culture dishes either in growth medium (¢-MEM supplemented with 10% fetal bovine
serum) or differentiation medium (¢-MEM supplemented with 10% horse serum) as
described above. Total RNA from the cultures was isolated after 6 days of differentiation
by using Trizol Reagent ( Gibco/BRL) following the manufacturer's protocol. Aliquots of
total RNA (20 pg/lane) were electrophoresed through formaldehyde in 1% agarose gels,
blotted onto Magna nylon membranes (MSI), cross-linked with UV radiation and pre-
hybridized for 1 hour at 42°C in hybridization solution (Sambrook et al., 1989). The rat
myogenin cDNA or the 1.4 kb EcoRI inset from LD1 were radiolabelled with ¢->P-dCTP
by the random primer method and incubated with the blots overnight at 42°C in hybridization
solution. After washing twice at low stringency (0.1 % SDS, 1X SSC, 25°C) the blots were
washed twice at high stringency (0.1% SDS, 0.1X SSC. 65°C). The blots were then exposed
to Kodak Biomax MR films either 4 hours (myogenin) or 24 hours (SLAP) at -70°C with
intensifying screen. Afterwards the blots were treated with boiling 0.1% SDS/DEPC-treated
water for 5 minutes to strip the hybridized radiolabelled probes. The cleaned blots were re-

probed with a radiolabelled glyceraldehyde-3-phosphate dehydrogenase cDNA probe.
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RESULTS
Molecular Cloning and Sequence Analysis of Sarcolemmal Associated Protein

Two cDNA clones designated LD1 and LD2 were isolated from a rabbit heart cDNA
expression library by screening with antiserum raised to highly purified canine sarcolemma.
Two EcoRI cDNA inserts from LD1 of 1.4 and 0.9 kb had been subcloned into the PTZ19R
sequencing vector (Demchyshyn, 1990). In order to establish the identity of these cDNA
clones, the nucleotide sequence of the two clones needed to be determined and analyzed.
The plasmids containing the two LD1 EcoRI cDNA inserts were digested unidirectionally
with exonuclease to create a series of nested deletions. These deleted plasmids were
screened by restriction endonuclease digestion for insert size and templates of varying length
(0.1 to 1.4 kb) were manually sequenced. The nucleotide sequences of both strands of the
LDI clone were obtained by overlapping the sequence data from the various templates.
Analysis of the sequence indicated there was a large open reading frame (ORF) at the 5' end
and a smaller ORF at the start of the 0.9 kb insert (Fig. 2A). The LDI clone was
polyadenylated and contained a consensus site for polyadenylation 26 bp from the site of
polyadenylation. The LD2 phage clone was digested with EcoRI and a 1.4 kb insert was
subcloned into pBluescript IT KS+ (pBSK) and subsequently sequenced on both strands.
The LD2 sequence was identical to the 900 bp EcoRI cDNA insert of LD1 but was extended
by 500 bp at the 3' end (Fig. 2A). This cDNA was polyadenylated as well and had a
consensus site for polyadenylation 21 bp upstream from the site of polyadenylation. The

1.45 kb insert of LD2 had only the small ORF and not
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Figure 2. cDNA Cloning of Sarcolemmal Associated Protein (SLAP).

A) Map of cDNA clones from oligo-dT primed libraries.

The LD1 and LD2 cDNA clones were isolated from the primary immunoscreening of a
rabbit heart oligo-dT primed A gt-11 cDNA expression library with antibodies raised to
purified sarcolemmal proteins. The two clones were identical over a 2.3 kb overlap but
were polyadenylated at two different sites. The 1.4 cDNA clone was isolated by screening
a rabbit heart cDNA library with a radiolabelled cDNA probe encompassing the large open
reading frame (ORF) of LD1 and LD2. The potential ORFs are shown by open boxes and
the location of the internal EcoRlI site is denoted by E.

B) Map of SLAP cDNA.

The open bar denotes the open reading frame in SLAP. Restriction sites for Aval (A),
EcoRI (E), HindIII (H), SacI (S) and Xbal (X) are shown. Clones LD1 (bp 1560 - 3929) and
LD2 (bp 1603-4463) were isolated from the primary immunological screen of the rabbit
heart oligo-dT primed A gt-11 cDNA expression library. Clones R3a (bp 814-4116). R4b
(bp 1560- 4220) and R4t (bp 1-1981) were isolated from a secondary screen of a random
primed rabbit heart A gt-11 cDNA expression library with a radiolabelled cDNA probe from

the 5' end of the LD1 clone.
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the large ORF found in LD1. Either the smaller ORF encoded a protein recognized by the
anti-sarcolemmal antiserum or another identically sized EcoRI insert of LD2 was not
identified in the original subcloning experiment. In order to resolve how the LD2 cDNA
was isolated by the initial immunoscreening, the EcoRI digested DNA fragment from the
LD2 phage clone was again subcloned into pBSK. In this second screening of the LD2
subclones, a unique insert of 1.42 kb was discovered as well as the previously characterized
1.45 kb insert. This second insert was sequenced completely and shown to be identical to
LDI1 from nt 43 to nt 1462 (Fig. 2A). The isolated cDNA clones were related and both
contained a large ORF at their 5' termini.

The two isolated clones did not appear to be full length cDNAs since they were
much smaller than SLAP transcripts seen in northern blots of RNA from a variety of tissues.
As well, the ORF in LD1 did not contain an inframe stop codon at the 5' end so it could
potentially be extended. To isolate a full length cDNA, an oligo-dT primed rabbit heart
cDNA expression library was constructed in Agt-11. Approximately 800 000 plaques of this
library were screened with a cDNA probe constructed using a 1.1 kb EcoRI/ Xbal insert
from LD1 as template. A tertiary screen identified a single positive clone designated 1.4
which was subcloned into pBSK and sequenced. Analysis of the sequence showed that the
1.4 clone was identical to the LD1 clone from nt 400 to nt 1460 of LD1 (Fig. 2A).

In order to obtain a full length cDNA, a different approach to constructing a cDNA
library needed to be applied. Using random hexamers cDNA synthesis can be primed at
random locations in the mRNA molecule whereas with oligo-dT primers, cDNA synthesis

can only be primed at the 3' end of the mRNA. Therefore, the proportion of cDNAs
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containing 5' sequence, especially for larger mRNAs would be higher in a random hexamer
primed library compared to an oligo-dT primed library. To better represent the 5' ends of
rabbit heart cDNAs, the cDNA synthesis for the second Agt-11 expression library was
primed with random hexamers instead of oligo-dT primers. Over 250 000 plaques of this
library were screened with a cDNA probe constructed from the 350 bp HindIIl/Aval
restriction fragment from the 5' end of LDI (Fig. 2B). Twenty positive clones were
identified in a tertiary screen and their inserts excised by restriction digests. The cDNA
inserts of the positive clones were size fractionated by agarose gel electrophoresis and three
clones were identified that contained inserts greater than 2 kb in length. These inserts were
subcloned into pBSK and sequenced. The resulting sequence from the overlapping clones
LDI1,LD2,R3a, R4band R4t was designated Sarcolemmal Associated Protein (SLAP) (Fig.
2B). The R4b clone was extended only 10 bp past the 5' end of the original LD1 clone but
the other two clones were extended significantly further in the 5' direction.
SLAP Encodes an Acidic Amphipathic a-helical Tail Anchored Membrane Protein
With the full length cDNA sequence determined, the nature of the mRNA and the
putative protein could be predicted. The SLAP mRNA had a 1.75 kb region of 3'
untranslated (UTR) sequence (Fig. 3). The 3'UTR of homologous genes are usually not well
conserved between species, however, the 3' region of SLAP appeared to be well conserved
since human Expressed Sequence Tags (ESTs) have been cloned recently that are 98%

identical with SLAP in this region (Fig. 4). Two distinct consensus
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Figure 3. Nucleotide and Deduced Amino Acid Sequence of SLAP.

The putative initiating methionine of SLAP is shown in bold. The two predicted leucine
zippers are underlined and the predicted carboxyl hydrophobic anchor is double-underlined.
The polyadenylation signals of LD1 (nt 3904-3909) and LD2 (nt 4447-4452) are shown in
bold and underlined. Potential PKC phosphorylation sites are double underlined, the
potential PKA phosphorylation site is in italics and potential N glycosylation sites are in

bold and underlined. The potential PEST site is denoted by the shaded box.
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Figure 4. Conservation of the SLAP 3' Untranslated Region (UTR).

A BLAST alignment of the 3' UTR of SLAP with a human Expressed Sequence Tag (EST)
(Genbank accession number AA551570) cloned from a Schwannoma tumor library. The
3'UTR of SLAP is well conserved with the human sequence. Identities are indicated by

dashes and nucleotide positions in SLAP and the EST are indicated at the right.
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Identities
SLAP: 4466
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SLAP: 4406
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polyadenylation sites were found in the SLAP cDNAs within 30 bp of poly-A tails (Fig. 3).
The SLAP cDNA had a 209 bp of 5' UTR and a large ORF which extended from nt 209 -
2675. The first inframe methionine codon was found at nt 362 but it was in poor agreement
with the Kozak consensus translation start site (Fig. SA) (Kozak. 1991). If this methionine
was used to initiate translation the encoded protein would have a predicted molecular weight
of 89 kDa. A second potential methionine codon at nt 758 was in good agreement with the
Kozak consensus site and if it was considered to be the SLAP translation start site the
encoded protein would be 639 amino acids in length with a predicted molecular weight of
74 kDa (Fig. 5A). In order to discern whether these two sites could be used effectively to
initiate translation, an in vitro transcription/translation reaction was performed using two
different expression constructs. The ATGI insert which contained both potential start sites
and an inframe stop was PCR amplified from the SLAP plasmid and subcloned into pBSK
to generate the ATG1 plasmid. The ATG2 plasmid was constructed by subcloning a
Kpnl/EcoRI SLAP restriction fragment which contained only the second consensus start site
and the inframe stop codon into pBSK. Figure 5B shows an autoradiogram of in vitro
translated **S -methionine labelled proteins from the various SLAP constructs and the
luciferase control after size fractionation by SDS-PAGE. A protein of apparent molecular
weight of 85 kDa in SDS-PAGE was produced effectively from the ATG2 construct which
contained only the Kozak consensus start site (Fig. 5B, lane ATG2). Using the ATG1
construct as a template a protein of a predicted molecular weight of 94 kDa was produced
but much less effectively than when the ATG?2 construct was used (Fig. 5B, Lane ATG?2).

Although both start sites can be
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Figure5. In Vitro Transcription/Translation of SLAP From Two Potential Translation
Start Sites.

A) Alignment of potential translational start sites with Kozak consensus start site.
The Kozak consensus start site for translation is shown and the residues that have been
demonstrated experimentally to be critical for translation are shown in bold. The second
potential SLAP ATG has both of these features while the first potential ATG has neither of
them.

B) In vitro transcription/translation of SLAP.

Constructs containing only the Kozak consensus start site (ATG?2) or a construct containing
both the Kozak and the non-Kozak consensus start site (ATG1) were in vitro transcribed and
translated and the polypeptides were electrophoretically separated by 10% SDS-PAGE.
Luc, Luciferase control plasmid: H,0, water control; ATG1, construct with both the start
sites; ATG2, construct with only the kozak consensus start site. Filled arrowhead indicates
polypeptide produced by ATG1, open arrowhead indicates polypeptide produced by ATG2.
arrow indicates luciferase protein and the lines denote the mobility of the Protein Standards

of molecular weights: 221, 133, 93, 67, 56, 42, 28 and 23 kDa.
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used, the preferred initiator is likely to be at nt 758 and was considered to be the initiating
methionine for the SLAP protein.

The putative SLAP protein was predicted to be acidic with a calculated pl of 4.9.
The negatively charge amino acids were not evenly dispersed throughout the protein but
were more concentrated in the carboxyl terminal 370 amino acids. The hydrophobic nature
of a protein can be predicted by the method of Kyte-Doolittle (Kyte and Doolittle, 1982).
A Kyte-Doolittle hydropathy plot of the predicted SLAP protein indicated that the protein
was very hydrophilic except for a carboxyl terminal segment (aa 612-637) that was very
hydrophobic (Fig. 6A). Several different algorithms that predict transmembrane domains
indicated that the carboxy! hydrophobic region of SLAP was a potential transmembrane
segment (Nakai and Kanehisa, 1992; Klein et al., 1985; Mohana Rao and Argos, 1986).
However, a consensus signal peptide for membrane insertion was not found when the SLAP
primary amino acid sequence was analyzed by the SignalP V1.1 WWW Prediction server
(Nielsen etal., 1997). If the predicted SLAP protein sequence was extended to include the
non-Kozak ATG, a signal peptide or an additional putative transmembrane domain would
not be predicted.

The coiled-coil protein structure formed by the interweaving of two or more -
helices was first found as a dimerization motif in muscle proteins such as tropomyosin and
myosin but has now been found in many other classes of proteins (Adamson et al., 1993;
Lupas, 1996; Kee et al., 1995). Proteins that form coiled-coils contain a heptad repeat
(abedefg) where amino acids at the a and d positions are hydrophobic which gives the

helices a hydrophobic face through which to dimerize (Kohn et al., 1997). Analysis of
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Figure 6. Secondary Structure Analysis of the SLAP protein.

A) Hydrophobic profile of SLAP.

Kyte-Doolittle hydrophobicity plot (window of 7 residues) of SLAP shows the overall
hydrophilic nature of the protein. The carboxy! terminal putative anchor domain (shown by
the bold bar) is the only significantly hydrophobic stretch in the entire protein. This
hydrophobic segment is predicted to be a transmembrane domain.

B) Tendency of SLAP to from the coiled-coil secondary structure.

The probability that SLAP could exist in a coiled-coil structure was predicted by the COILS
analysis program using a window of 28 amino acids. The SLAP protein was predicted to

have three large coiled-coil regions interspersed with short non-coiled-coil segments.
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SLAP by a coiled-coil predictor program revealed that large segments of SLAP could exist
in a coiled-coil conformation (Fig. 6B) (Lupas et al., 1991). Furthermore, two regions (aa
465-493 and aa 514 - 535) were predicted to be potential leucine zippers. a specialized form
of the coiled-coil motif where a leucine is found at every seventh amino acid (Fig. 3)
(O'Sheaetal., 1989; O'Sheaetal., 1991). These two potential leucine zippers are likely part
of an eleven heptad coiled-coil structure since the region between the two leucine zippers
could form a coiled-coil structure as well. In this linking region (heptads 6 and 7 ) there are
two leucine residues at the a position that compensate for the glutamine and serine residues
at the d position (Fig. 3). A helical wheel plot is a graphical representation of the o-helical
structure of a coiled-coil protein. Since it takes 3.5 amino acid residues to complete a turn
around the a-helix of the coiled-coil, every seventh amino acid is aligned at the same
position of the helix. Figure 7 shows the alignment of the hydrophobic residues at position
a and d of the a-helix which gives the tandem leucine zipper structure a hydrophobic face.
The residues at position e and g of the coiled-coil structure flank the hydrophobic side and
are believed to be responsible for the specificity of dimerization through the leucine zippers
(O'Shea et al., 1992; Vinson et al., 1993). Seven glutamate residues align at the g position
of the helix which gives it a negative strip. Five potential i+3 and i+4 intrahelical ionic
attractions which could stabilize the helix were found in the structure (Fig. 7). Many coiled-
coil proteins have a tendency to form homodimers and if SLAP homodimerized in a parallel
manner through its leucine zipper segment four repulsive and four attractive ionic

interactions would be predicted to be formed between the i and i’+5 positions (Fig. 7).
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Figure 7. Acidic Amphipathic Nature of the Leucine Zipper Region of SLAP.

A helical wheel plot shows the alignment of hydrophobic residues at the a and d position of
the alpha helix in a segment (aa 432-538) that spans the two leucine zippers. Seven
glutamates in a row line up at the g position giving the helix an acidic face as well as the
hydrophobic one given by positions a and d. Potential i+3 and i+4 intrahelical attractions
are shown by solid arrows. Equal number of interhelical attractions (solid arrows) and
interhelical repulsions ( dashed arrows) would be predicted if SLAP homodimerized in a

parallel manner.
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The function or localization of proteins can be altered by post-translational
modification such as phosphorylation and glycosylation. Potential modification sites in a
protein sequence can be identified by searching the primary amino acid sequence against the
PROSITE database of consensus sites (Bairoch et al., 1997). SLAP contained potential
phosphorylation sites for casein kinase II (20 sites ), protein kinase C (12 sites) and a single
putative cAMP dependent protein kinase site (Fig. 3). As well, two potential glycosylation
sites were predicted. Since sites for lipid modification were not found in biologically
relevant positions, the SLAP protein likely associates with the membrane through its
carboxyl terminal hydrophobic tail. SLAP was not predicted to have any of the known
calcium binding motifs, such as the EF hand. Regions of protein rich in proline. glutamate,
serine and threonine (PEST domain) have been found in rapidly degraded proteins
(Rechsteiner and Rogers, 1996). SLAP was predicted to contain such a PEST sequence
motif between amino acids 294-306.

To better determine the potential identity of SLAP, its relationship to other proteins
was analyzed by searching its sequence against previously cloned sequences deposited in
the Genbank database. During most of this thesis work, SLAP showed very little homology
with proteins in the Genbank database except for extended. low level homology ( less than
20% identity at the amino acid level) with myosins and other coiled-coil proteins in their rod
domains. As well, SLAP shared significant homology (44% similarity) with a coiled-coil
yeast protein designated USO1 which is involved in the transport of vesicles from the ER
to the golgi (Fig. 8) (Sapperstein et al., 1996). However, the advent of cloning and

sequencing of Expressed Sequence Tags (ESTs),
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Figure 8. Homology Between SLAP and USOI.

A BLAST alignment of SLAP with the yeast protein USO1 (Genbank accession number
g137175), which is involved in intracellular transport. SLAP and USOI are 44% similar
over an overlap of 597 amino acids. In the middle line of the alignment, identities are
indicated by the amino acid and conserved substitutions are indicated by plus signs. Gaps
in sequence alignment are indicated by dashes and position of amino acid residues in SLAP

and USO1 are indicated at the right.
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short cDNA sequences from human tissues, has generated several clones that share more
than 90% identity with SLAP. These cDNAs could potentially represent partial cDNAs of
the human orthologue of SLAP. Recently, a protein called TOP,, was cloned from
developing chick visual system that shared an overall 72.2% sequence identity with SLAP
over a 436 amino acid overlap (Savitt et al., 1995). The homology between SLAP and
TOP,; will be further analyzed in a later section of the thesis.
Tissue Specific Expression of SLAP Transcripts

The SLAP clones were isolated from rabbit heart cDNA libraries. In order to assay
what other types of tissues expressed SLAP, a blot containing RNA from various rabbit
tissues was probed with a radiolabelled cDNA SLAP probe. In rabbit heart three distinct
transcripts were expressed of 5.9, 4.6 and 3.5 kb in size (Fig. 9). The largest transcript ( 5.9
kb) had an apparent ubiquitous pattern of expression since it was expressed at differing
levels in all tissues examined. The two smaller transcripts ( 3.5 and 4.6 kb) were expressed
in cardiac. slow twitch skeletal muscle. aorta and testes. Interestingly, fast twitch skeletal
muscle only expressed the 5.9 kb SLAP transcript (Fig.9 , Fig. 10B). Many muscle proteins
undergo dynamic regulation of their expression during early post-natal life (Kyselovic et al..
1994). To examine SLAP expression during development, RNA was isolated from hearts
and brains of adult or 1 day old postnatal rats. A significant difference in either the SLAP
transcript size or expression level was not observed between immature and adult brain (Fig.
10A). A very large transcript of 12 kb in length was seen in the developing heart but not in
the adult heart (Fig. 10A). Since SLAP mRNA appeared to be highly expressed in heart and

smooth muscle, this pattern of expression was more
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Figure 9. Tissue Specific Expression of SLAP Transcripts.

Aliquots of total rabbit heart RNA (20 pg) were size fractionated by formaldehyde agarose
gel electrophoresis and transferred to a nylon membrane. An EcoRI/Xbal insert from LD1
was radiolabelled with a-**P-dCTP and used to probe the blot. Multiple transcripts of 5.9.
4.6 and 3.5 kb were seen in heart (H), slow twitch skeletal muscle (ST), aorta (A) and testes
(T) but only the 5.9 kb transcript was seen in fast twitch skeletal muscle (FT). The 5.9 kb
transcript was expressed to varying degrees in all rabbit tissues examined including the
brain. The lines on the left side represent the mobility of the RNA molecular size standards
with their sizes in kb. The arrows on the right indicate the location of the three SLAP
transcripts and their calculated size in kb. The blot was stripped of the SLAP probe and

probed with a-tubulin cDNA probe to control for the RNA loading (bottom panel).
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Figure 10. Expression of SLAP During Muscle Development.

Aliquots of total RNA from various tissues were size fractionated and transferred to a nylon
membrane. An EcoRI/Xbal insert from LD1 was radiolabelled with o-*>P-dCTP and used
to probe the blot. After autoradiography the blots were stripped of the SLAP probe and
reprobed with a radiolabelled GAPDH cDNA insert to control for RNA loading (bottom
panels).

A) SLAP transcripts in the developing rat heart and brain.

Multiple SLAP transcripts were seen in both the developing and adult heart whereas only
a single transcript was seen in both the developing and adult brain. A large transcript was
detected in the developing but the adult myocardium (denoted by the open arrowhead).
Filled arrowheads represent the mobility of the SLAP transcript found in adult and
developing myocardium.

B) SLAP transcripts in smooth muscle.

The smaller (3.5 and 4.6 kb) SLAP transcripts were detected in all rabbit smooth muscles
examined with the highest levels being in aorta and stomach. Higher levels of the 3.5 kb
SLAP transcript were detected in RNA from rabbit atria versus ventricle. Mobility of SLAP

transcripts are indicated by filled arrowheads.
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closely examined. The smaller “muscle specific” transcripts were expressed in all smooth
muscle types examined (Fig. 10B). The level of expression of the 3.5 kb transcript seemed
to be higher in the atria than in the ventricles (Fig. 10B).

Mapping the Termini of the Two Muscle Specific SLAP Transcripts

Since the deduced SLAP sequence was larger than two of the transcripts found in
cardiac muscle, it was likely that the cardiac transcript did not encode the entire SLAP
protein. The fact that three independently isolated clones from different cardiac cDNA
libraries had nearly identical 5' ends indicated that the start of the smaller cardiac transcript
was probably near the end of the LDI clone. In order to map approximately where the 5'
ends of the cardiac transcripts began cDNA inserts from different regions of SLAP were
radiolabelled and used to probe Northern blots of muscle RNA. Probes were used that were
from either the 5' (R3a probe) or 3' (LD1 probe) side of the 5’ end of the LD1 clone and a
third probe was from the SLAP 3'UTR (LD?2 probe) (Fig. 11A). The probes from the 3'
UTR and LD1 both recognized three transcripts in heart but only one transcript in fast twitch
skeletal muscle (Fig. 11B panels LD1 and LD2). However, the R3a probe recognized only
a single 5.9 kb transcript in both fast twitch muscle and heart (Fig. 11B panel R3a). The
R3a probe and the LD1 probe were 132 bp apart but only the LD1 probe hybridized to the
smaller cardiac transcripts.
The northern blot experiments describe above helped to define the approximate 5'
ends of the SLAP transcript in cardiac muscle but to obtain the actual sequence of the 5'
termini of the transcripts the method of 5' Rapid Amplification of cDNA Ends (5' RACE)

was used. 5' RACE uses a gene specific internal primer for cDNA synthesis and
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Figure 11. Mapping the 5' End of the Smaller Cardiac Transcripts.

A) Map of the SLAP cDNA probes.

Location of cDNA fragments from different regions of SLAP which were used to synthesize
radiolabelled probes for northern blot analysis. The size and location of the various SLAP
cDNA probes are shown relative to the entire SLAP sequence.

B) Tissue Specific Expression of SLAP transcripts.

Aliquots of total RNA from rabbit fast twitch skeletal muscle (SK) or heart (H) were size
fractionated by formaldehyde agarose gel electrophoresis and transferred to a nylon
membrane for Northern blot analysis with various SLAP ¢cDNA probes. When a 600 bp
Sacl/EcoRI probe from R3a was radiolabelled and used as probe only the 5.9 kb transcript
was seen in both fast twitch skeletal muscle and heart (Panel R3a). In contrast when a
slightly more 3' probe was used to probe the blot, three transcripts ( 3.5, 4.6 and 5.9 kb) were
seen in heart and only the 5.9 kb transcript in fast twitch muscle (panel LDI1). A similar
pattern of hybridization was observed when a probe from the SLAP 3' untranslated region
was used (panel LD2). The lines on the left side represent the mobility of the RNA molecular
size standards of 9.5, 7.5, 4.4,2.4and 1 .4 kb in length. The arrows on the right indicate the

location of the three SLAP transcripts and their calculated size in kb.
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a nested gene specific primer with a common anchor primer for the PCR reaction. The
reverse transcriptase reaction primer (RTPRIMER) was from nt 2150-2133 of SLAP and
the primer for the PCR reaction was from nt 2113-2093 of SLAP. Both SLAP specific
primers were situated within 600 bp of the 5' end of the LD1 clone. The substrate for cDNA
synthesis was total rabbit heart RNA. The resulting PCR product was subcloned into the
pCRII TA cloning vector. Restriction digests revealed that two different PCR products had
been amplified and subcloned. These two cDNAs were subsequently sequenced on both
strands. The first clone designated SLAPI had an unique 5' end of 30 bp but the remainder
of the clone was identical to SLAP from nt 1560 to 2113 (Fig. 12A). This clone had an
inframe stop codon at nt 18 and a potential initiating methionine at position 189. The
SLAPI protein would be 322 amino acids in length and have a predicted molecular weight
of 37 kDa. The larger clone, designated SLAP2, started at nt 1386 of SLAP but had a
putative exon (nt 1496-1559) deleted which maintained the reading frame (Fig. 12A). A
strong potential Kozak start site was found at nt 21 and the encoded protein would be 402
amino acids and have a predicted molecular weight of 46 kDa. The original SLAP sequence
would now encode a protein designated SLAP3. The three different SLAP proteins would
all contain the carboxyl terminal transmembrane domain as well as the leucine zipper
regions (Fig. 12B). However, SLAP1 would not have the putative PEST region found in
SLAP2 and SLAP3.
Chromosomal Assignment of the SLAP Gene

Since SLAP ¢cDNA probes recognized multiple transcripts by northern blot analysis,

the genomic organization of the SLAP gene was investigated by Southern blot
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Figure 12. SLAPs Have Divergent 5' Termini.

A) Alignment of §' ends of SLAP ¢cDNAs.

The technique of Rapid Amplification of cDNA ends (RACE) was used to amplify the two
alternative 5' ends of SLAP. The alignment of the 5' end of the SLAP1 transcript to SLAP2
and SLAP3 transcripts is shown. The nucleotide position in the transcripts is indicated at
the right. Dashes denote gaps in sequence alignment and the region in bold denotes the
unique 5' sequence of SLAPI.

B) SLAP family.

The predicted SLAPs would contain both the carboxyl terminal transmembrane domain, as

well as, the leucine zipper region. SLAPI does not contain the putative PEST domain,

which is found in both SLAP2 and SLAP3.
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analysis and Fluorescence /n Situ Hybridization (FISH). Rabbit genomic DNA was first
digested by various restriction enzymes, size fractionated by agarose gel electrophoresis and
transferred to a nylon membrane. The blot was then be hybridized with a SLAP cDNA probe
to reveal the genomic organization of SLAP. When southern blot analysis was performed
on rabbit genomic DNA with a SLAP cDNA probe a simple pattern was seen. Single bands
were seen for the Sall ( a rare cutter) and the PstI (a more frequently cutter) digested DNA
(Fig. 13). Two bands were seen for the DNA digested with the other restriction enzymes.
The technique of FISH allows for genes to be assigned to a chromosomal localization. To
localize the human SLAP gene the cDNA of the human orthologue was isolated by
screening at high stringency a human cardiac cDNA expression library with a rabbit heart
cDNA probe encompassing the coding region of SLAP1. A human cDNA of 2.4 kb was
isolated that was 90% identical with rabbit SLAP and was used in a FISH assay of human
metaphase spreads. SLAP was localized 91 out of 100 times to one pair of chromosomes
(Fig. 14). DAPI banding was used to identify the specific chromosomes and the SLAP
hybridization was localized to chromosome 3. No other locus of hybridization was detected
and through the compilation of ten photographs SLAP was assigned specifically to the
pl4.3-21.2 region of chromosome 3 (Fig. 14).
Biochemical Characterization of SLAP Protein

A specific antiserum to the SLAP proteins would greatly help in characterizing the
protein’s localization and the nature of its cellular association. Bacterially expressed
recombinant fusion proteins can be used as antigens for antiserum production. To detect all

of the putative SLAP proteins the common carboxyl terminus of the three isoforms was
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Figure 13. Genomic Organization of SLAP.

Rabbit genomic DNA was digested with the indicated restriction enzymes. size fractionated
by agarose gel electrophoresis and subjected to southern blot analysis. The SLAP cDNA
probe used was a radiolabelled HindIII/ Aval cDNA insert from SLAP. The SLAP probe
hybridized in a simple pattern to the blot of digested genomic DNA. The mobility of the

DNA molecular size standards are indicated on the left with their sizes in kb.
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Figure 14. Chromosomal Assignment of the SLAP Gene.

The colour panels on the left are an example of the in situ localization of the SLAP gene to
human chromosome 3. The pair of fluorescent signals on the chromosome ( Panel A) show
specific hybridization of the SLAP cDNA probe. The sarne mitotic figure was stained with
DAPI to identify the chromosome as being chromosome 3 (Panel B). The figure on the right
represents a map of chromosome 3 and each dot represents the results of a mapping

experiment performed as in the left panels.
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used to generate antiserum. A restriction fragment of LD1 was subcloned into the carboxyl
terminus of the maltose binding protein (MBP) of the pMALCRI vector (Fig. 15A). A
MBP-SLAP fusion protein of 82 kDa was produced in bacteria. Supernatants from
sonicated MBP-SLAP expressing bacteria were loaded onto an amylose column. The
column was washed extensively and the fusion protein eluted with maltose. Purified fusion
protein (1 mg) was emulsified with complete Freund’s adjuvant and injected into both a
rabbit and a guinea pig. After two additional boosts of the purified fusion protein emulsified
with incomplete Freund’s adjuvant, serum fractions were isolated from the rabbit and guinea
pig. The specificity of the two antisera was assessed by western blot analysis. Rabbit heart
homogenate samples were size fractionated by SDS-PAGE and transferred to nitrocellulose
membranes for probing by the various antisera. Both guinea pig anti-SLAP antiserum (Fig.
I5B, Gp, lane I) and rabbit anti-SLAP antiserum (Fig. 15B, Rb, lane I) recognized three
polypeptides of 81, 45 and 35 kDa in homogenate samples of rabbit heart. The rabbit
antiserum recognized a polypeptide of 60 kDa but this immunoreactivity was not specific
towards the SLAP fusion protein since the pre-immune antiserum recognized it as well ( Fig.
15B, Rb. lane PI). The guinea pig pre-immune antiserum did not recognize any
polypeptides in the rabbit heart samples (Fig. 15B, Gp, lane PI).

To ensure that the reactivity of the anti-serum was specific towards the SLAP
protein, guinea anti-SLAP antiserum was loaded onto a MBP column to adsorb any
antibodies specific to MBP. The flowthrough from this column was then loaded onto a
MBP-SLAP affinity column which adsorbed the antibodies specific to the SLAP portion of

the fusion
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Figure 15. Generation of Specific anti-SLAP Antiserum.

A) SLAP fusion protein.

The coding sequence for the carboxyl terminal 370 amino acids of SLAP3 were fused
inframe to the Maltose Binding Protein (MBP) coding sequence. This region of SLAP3 was
common to the three different SLAP isoforms and contained both the leucine zippers and
the transmembrane domain.

B) Characterization of rabbit anti-SLAP antiserum.

Both the guinea pig immune serum (Gp.lane I) and the rabbit immune serum (Rb,lane I)
detected an abundant 35 kDa protein and two less abundant proteins of 81 and 45 kD in
rabbit cardiac homogentates (indicated by filled arrowheads). Also, the rabbit immune
serum recognized a 60 kDa protein (indicated by open arrowhead) that was apparently
recognized by the rabbit pre-immune serum (Rb,lanePI). The guinea pig pre-immune
antiserum (Gp, lane PI) did not recognize any specific proteins in the rabbit homogenate.
The mobility and molecular weights in kDa of the protein molecular weight standards are

indicated on the left.
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protein. After washing the column extensively, the affinity purified SLAP-specific
antibodies were eluted from the column by an acidic glycine buffer. The starting crude
antiserum and the various adsorbed/purified antisera were then used to probe western blots
of rabbit heart homogenates. Antiserum adsorbed on a MBP column (Fig. 16, lanes 2)
recognized identical antigenic polypeptides when compared to the starting crude antiserum
of apparent molecular weights of 35. 45, 81 and 105 kDa (Fig. 16, lane 1). Conversely, after
adsorption on the MBP-SLAP column, the resulting antiserum did not recognize any
polypeptides at all (Fig. 16 lane 3). The affinity purified antibodies eluted from the MBP-
SLAP column recognized three rabbit heart polypeptides of 35. 45 and 81 kDa but did not
recognize a polypeptide of 105 kDa that was recognized by the crude antiserum (Fig. 16,
lane 4).
Membrane Association of SLAP

Originally, the cDNA encoding SLAPs were isolated by immunoscreening
expression libraries with antibodies raised against purified cardiac sarcolemmal membrane
proteins. To see if SLAP was associated with heart sarcolemma, rabbit heart homogenates
were fractionated into their subcellular compartments and then assayed by western blot
analysis for SLAP proteins using the affinity purified guinea pig antiserum as a probe.
SLAP was present in the initial cardiac homogenate fractions and the crude and purified
sarcolemmal fraction but not found in the cytosolic fraction (Fig. 17). The nature of SLAP’s
association with the membrane, either through peripheral binding or integral association,
needed to be addressed particularly since the protein lacked a traditional signal sequence for

membrane insertion. This question can be addressed
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Figure 16. Immunoreactivity of the Affinity Purified anti-SLAP Antiserum.

Rabbit heart homogenates were size fractionated and subjected to western blot analysis
using 1:5000 final dilutions of guinea pig anti-SL AP antisera that was treated as described
in materials and methods. The crude antiserum (lane 1), maltose binding protein (MBP)
flowthrough antiserum (lane 2) and the affinity purified antisera (lane 4) recognized three
polypeptides of 81, 45 and 35 kDa. The MBP-SL AP adsorbed antiserum did not recognize
any polypeptides (lane 3). The position of the three common immunoreactive polypeptides
are indicated by arrows on the right. The mobility of the protein standards of molecular

weights of 116, 97. 66. 45 and 31 kDa are indicated on the left.
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Figure 17. Membrane Specific Association of SLAPs.

The following subcellular fractions from rabbit heart: homogenate (lane 1), low speed
supernatant (lane 2), low speed pellet (lane 3), cytoplasmic (lane 4), Triton-X 100 soluble
extract of myofibers (lane 5), Triton-X 100 insoluble extract of myofibers (lane 6) . crude
sarcolemma (lane 7) and purified sarcolemma (lane 8) were fractionated by SDS-PAGE and
transferred to nitrocellulose. An immunoblot was performed using affinity purified anti-
SLAP antibodies as described in material and methods. The four immunoreactive proteins
found in the crude (lane 7) and purified (lane 8) sarcolemmal fractions are denoted by the
arrows on right with their sizes in kilodaltons. The mobility of the molecular weight

standards (in kilodaltons) are indicated on the left.
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biochemically by treating membrane fractions with extraction buffers such as high salt. low
pH, high pH or urea. Peripheral membrane proteins are extracted from the membranes by
these treatment conditions unlike integral proteins which can only be extracted by dissolving
the membrane pellets in detergents such as TritonX-100. When cardiac sarcolemmal
membranes were extracted with: high salt, no calcium, low pH, high pH, and urea. SLAP
remained in the pellet (Fig. 18, top panel lanes 1-6). However TritonX-100 treatment of
the membranes extracted SLAP from the pellet (Fig. 18 top panel, lane 7) into the soluble
fraction (Fig. 18, bottom panel lane 7).
Immunohistochemical Localization of SLAP in Muscle

Immunofluorescence was used to study the in situ distribution of SLAP in cardiac
muscle. Since SLAP transcripts were expressed in immature muscle, the subcellular
localization of SLAPs was investigated in embryonic as well as adult muscle. In order to
obtain clear data for in situ localization, a number of factors had to be examined including
the method and time of fixation of the sample tissues. The various anti-SLAP antisera did
not specifically recognize any epitopes in tissue sections that had been paraffin embedded
or had been treated with gluteraldehyde. However, the SLAP anti-sera stained cryosections
of rat heart that had been treated with Lana’s solution (Picric acid/paraformaldehyde) for 5
minutes. Immunohistochemical staining for SLAP in cryosections of both embryonic and
adult rat heart showed abundant staining (Figs. 19 A,B). Immunostaining in longitudinally
oriented sections of myocardium showed that the SLAP staining was found in longitudinal
and transverse bands (Fig. 19C) which was similar to the SLAP staining seen in cultured

cardiac myocytes (Fig. 19D). To further
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Figure 18. SLAPs are Integral Membrane Proteins.

Rabbit cardiac sarcolemmal proteins were incubated for one hour at 4°C with: PBS (lane 1 ).
PBS/1 mM EGTA (lane 2), PBS/1 M KCl (lane 3), PBS/ 4 M Urea (lane 4), 50 mM glycine
(pH 2.5)/150 mM NaCl (lane 5), 50 mM glycine (pH 10.0)/150 mM NaCl (lane 6) or
PBS/1% Triton (lane 7). After incubation, the proteins were separated into pellets (Panel
A) and supernatant fractions (Panel B) by centrifugation at 180 000 g. Equal volumes of
pellets and supernatants from the various treatments were separated by SDS-PAGE,
transferred to nitrocellulose and immunoblotted with affinity purified anti-SLAP antiserum.
SLAP was only extracted from the pellet by detergent extraction (lane 7). The arrows
indicate the position of the major antigenic SLAP polypeptides and their molecular weights

in kDa.
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Figure 19. SLAP Staining in the Developing and Adult Myocardium.

Rabbit anti-SLAP antiserum was used to stain fixed cryosections of adult (A, C) and
developing rat heart (B) as well as isolated Day 1 neonatal rat cardiomyocytes cultured for
5 days (D). SLAP staining was very strong in the adult myocardium but not the epicardium
or the endocardium (A). Strong SLAP staining was seen in cryosections of fetal rat heart
(B). Both longitudinal and transverse bands of SLAP staining were seen at higher
magnification images of an adult myocardium section (C) or cultured neonatal

cardiomyocyte (D). Scale bars equal 40 pum.
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characterize the distribution of SLAP, 2 um cardiac cryosections were independently stained
with either rabbit anti-SLAP antiserum, purified rabbit anti-dystrophin antiserum
(sarcolemmal marker) or a monoclonal antibody directed towards the slow from of the SR
calcium ATPase (sarcoplasmic reticulum marker). While SLAP exhibited both a reticular
and sarcolemma staining pattern, dystrophin staining was localized exclusively to the
sarcolemma (Fig. 20 A,B). The reticular pattern of staining seen for SLAP was similar to
the pattern seen for staining of the SR calcium ATPase (Fig. 20C). The relationship
between SLAP and these two markers was more closely examined by simultaneously
staining the same cryosection of adult rat heart for SLAP and either dystrophin or the SR
calcium ATPase. Some co-localization of the immunostaining for SLAP and dystrophin
was seen but the majority of SLAP staining was localized in the reticular pattern whereas
dystrophin staining was localized only to the sarcolemma (Fig. 21A and B). The calcium
ATPase and SLAP were both immunostained in reticular patterns that showed substantial
overlap (Fig. 21 C and D). The specificity of staining observed with the anti-SLAP antisera
needed to be established. If the staining observed with the antiserum was specific to the
SLAP part of the fusion protein, then it would be decreased with the pre-incubation of the
antiserum with the MBP-SLAP fusion protein but not by pre-incubation with the MBP
alone. Pre-adsorption of anti-SLAP antiserum with MBP-SLAP fusion protein but not with
MBP dramatically reduced the amount of staining seen in heart cryosections (Fig. 22). In
all subsequent immunofluorescence experiments the patterns of SLAP staining seen in
tissues with either rabbit anti-SLAP antiserum, guinea pig anti-SLAP antiserum or the

affinity purified guinea pig anti-SLAP antiserum was the same (data not shown).
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Figure 20. SLAP Staining Compared to the Staining Pattern of Other Membrane
Markers.

Very thin (2 pm ) cryosections of adult rat heart were individually stained for either SLAP
(A), dystrophin (B) or the calcium ATPase of the sarcoplasmic reticulum (C). SLAP
staining was localized to the surface of the cardiomyocyte and to an interior reticular
structure. Dystrophin staining was localized exclusively to the surface sarcolemma,
whereas, the staining for the calcium ATPase was localized largely to an interior reticular

pattern that resembled the pattern of staining for SLAP. Scale bar equals 10 pm.
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Figure 21. Myocardium Stained for SLAP and Membrane Markers.

Thin (5 um) cryosections of adult rat heart were simultaneously stained for SLAP (A.C) and
either dystrophin (B) or the SR calcium ATPase (D). Dystrophin and SLAP staining
overlapped at the sarcolemma but dystrophin staining was absent from the interior of the
cardiocyte (A,B). The staining for the ATPase and SLAP overlapped significantly but SLAP
staining was in regions of the cardiocyte that were negative for the ATPase (C,D).
Photographs were taken on a conventional Zeiss microscope and then the negatives were
scanned using a Panasonic slide scanner. The digital images were adjusted for contrast and

brightness in identical manners in Adobe Photoshop. The scale bar equals 10 pm.
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Figure 22. Specificity of Anti-SLAP Antiserum.

Rabbit anti-SLAP antiserum was adsorbed for four hours with either MBP (A) or with
MBP-SLAP fusion protein (B). The adsorbed antisera were applied to 2 um fixed
cryosections of adult rat heart as described in Material and Methods. The SLAP staining
was reduced significantly by adsorption with MBP-SLAP but not by adsorption with MBP

alone. The scale bar represents 10 pm.
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SLAP Staining Was Fibre Type Specific in Skeletal Muscle

Since SLAP transcripts were expressed in other muscle types as well, the in situ
localization of SLAP in skeletal muscle was studied by immunofluorescence staining of
cryosections of skeletal muscle from rat extraocular and tibialis anterior (TA) muscles. In
transverse cryosections of extraocular muscle a reticular pattern of staining was seen for
SLAP which was similar to the pattern seen previously in cardiac muscle (Figs. 23A and
23B). All of the extraocular muscle fibers were not equally stained for SLAP and this
apparent fiber specific staining and reticular pattern of staining was also seen in transverse
cryosections of the TA muscle which were stained for SLAP (Fig. 23C). Since SLAP
transcripts were found to be expressed in developing skeletal muscle, cryosections of fetal
skeletal muscle (intercostal muscle) were stained for SLAP. These embryonic muscle fibers
showed strong staining for SLAP but the reticular pattern of staining was not as pronounced
as in the adult muscles (Fig. 23D). As well, a perinuclear localization for SLAP staining
was observed in the immature muscle (Fig. 23D). In longitudinal cryosections of adult rat
TA muscle, SLAP staining was largely distributed in periodic transverse bands. (Fig. 23 E
and F).

Since not all of the skeletal muscle fibers were positive for SLAP staining, fiber
typing of the skeletal muscle was carried out in order to account for the staining patterns
seen in (Fig. 23). Skeletal muscle fibers can be classified as slow (Type I) or fast (TypellA
or [IB) and each of these three fiber types express a unique myosin isoform. These different
myosins can be discriminated by monoclonal antibodies which in turn allows for the

different fiber types in skeletal muscle to be identified. Sections of ocular
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Figure 23. SLAP Localization in the Developing and Adult Skeletal Muscles.

Cryosections of adult extraocular muscle ( A, B), tibialis anterior muscle (C,E,and F)and
fetal intercostal muscles (D) were immunohistochemically stained for SLAP. SLAP
staining presented as a reticular pattern in transverse cryosections (A, B, C) and as
transverse bands in longitudinal cryosections (E2, F). Fetal skeletal muscle stained for
SLAP did not demonstrate the extensive reticular staining found in the adult sections (Panel
D). Images were either obtained with a conventional fluorescence microscope (A, B, C, E)

or a confocal laser microscope (C, F). Scale bars equal 25 pm.
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muscle were simultaneously immunostained with SLAP and either a monoclonal antibody
to the slow myosin isoform (Type I) or the fast type isoform (Type IIA) to determine which
muscle fiber type expressed SLAP. All of the muscle fibers which stained for the slow
myosin isoform also stained for SLAP, however, there were fibers that stained for SLAP
alone (Figs. 24A and 24B). Staining with SLAP and the monoclonal antibody to the fast
myosin type [IA demonstrated a similar co-localization of immunostaining (Figs. 24C and
24D). To confirm the fiber specific manner of SLAP expression, an antibody to another
fiber specific skeletal muscle protein was needed. The Type IIA isoform of the SR calcium
ATPase is expressed in cardiac and slow twitch (type [) skeletal muscle fibers. Sections of
rat TA were double immunostained with the monoclonal antibody to the slow calcium
ATPase and the rabbit anti-SLAP antiserum. All of the fibers that stained for the slow form
of the calcium ATPase were also stained for SLAP but SLAP stained fibers that were not
stained for the calcium ATPase (Fig. 25).

SLAP Expression in the Developing CNS

SLAP is related to a Topographically Graded Retinal Protein (TOP,,)

[nitially the SLAPs showed very little homology with any previously cloned proteins
in the databases. Recently, SLAPs were found to have homology with the TOP,, antigen,
a topographically graded protein cloned from the developing chick retina (Savitt et al.,
1995). Like SLAP, TOP,, was predicted to be a tail-anchored membrane protein which
lacked a traditional signal sequence. SLAP1 shared an overall 72% amino acid identity with
TOP,, with only a region at the amino terminus and another at the carboxyl terminus which

diverged significantly (Fig. 26A). Every leucine and glutamate residue
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Figure 24. Muscle Fiber Specific Nature of SLAP.

Cryosections of fixed extraocular muscle were simultaneously immunohistochemically
stained for SLAP (A, C) and slow (Type I) myosin or fast (Type [IA) myosin as described
in materials and methods. Fibers that stained positively for SLAP but were negatively
stained for the Typell A myosin isoform are indicated by arrowheads (D). Scale bar equals

25 pm.
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Figure 25. Co-localization of SLAP and the Slow Form of Ca** ATPase.

Cryosections of rat tibialis anterior muscle were fixed and simultaneously stained for SLAP
and the Type IIA isoform of the sarcoplasmic reticulum Ca** ATPase which is specific for
slow twitch muscle. Very few fibers were stained for the Ca>” ATPase (red fibers, A) but
all of the fibers that were positively stained for the Ca?* ATPase were positively stained for
SLAP as well (yellow fibers, B). However, there were SLAP positive fibers that were
negatively stained for the slow Ca*" ATPase (green fibers, B). [mages were obtained using

a confocal laser microscope. Scale bar equals 10 pm.
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Figure 26. Alternative SLAP Transmembrane Domains.

A) Homology between SLAP and TOP,,.

The GCG program BESTFIT was used to align the SLAP1 and TOP,, proteins. Identical
amino acids are shown by dashes and conserved residues are indicated by two dots. Gaps
in alignment of the sequences are indicated by periods. The leucine residues and glutamate
residues, in the area of the two leucine zippers, are conserved between the two proteins. By
contrast, the degree of conservation is very low for the transmembrane domains. The area
encompassing the two leucine zippers is designated by the shaded areas and the carboxyl
terminal transmembrane domains are double underlined.

B) Chicken TOP,, and mammalian SLAP are splice variants.

The alignment of the deduced TOP,, amino acid sequence past the first stop codon
(designated by an asterisk) with the SLAP1 amino acid sequence and the deduced amino
acid sequence from an human Expressed Sequence Tag from melanocytes (Genbank
accession number N27488). Note the homology between the three putative proteins in the
SLAP transmembrane domain. Amino acids conserved in all three sequences are indicated

in bold and gaps are indicated by periods.
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18 ........ ALLEEERKAYRNQVEESSKQIQVLQAQLQRLHMDIENLREEK 59  SLAP1

51 KQKCFELOALLARERRAVRVOVEE Sk b oAt ae b 200 Tos,

60 DNEITSTRDELLSARDEILLLHQAAEKAASERDTDIASLQEELKKVRAEL 109 SLAP1
101 msttsbbbatlibom el At s AL o LT s
110 ERWRKAASEYEKEVTSLQSSFQLRCQQCEDQQKE R EOCEEEKPRREN 159 SLAP1
""YLDAAD{%YL&IvéiéAs'é-éiéééééémLéé;&w.
160 NuH LQRQEKELHNSQK Si 209 SLAP1
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301 LYé&Aééééééi%EéiééééEéiLiﬁéééé&é ééIﬁQPVPAyﬁIQLIL 348 TOP,,

309 AIVLYVPGLAR 319 SLAP1

349 AﬁiﬁﬁéXQELﬁ 359 TOP,;

B

SLAP1 FEMTEQEKQS ITDELKQCKD NLKLLQEKGN N......... .......... 291
EST FEMTEQEKQS ITDELKQCKN NLRLLREKGN NPSILQPVPA VFIGLFLAFL 50
TOP,, YEMAEQEKQS ITEELKQCKE NLKLLQEKGN NPSILQPVPA VFIGLILAFL 366
SLAP1 .......... NKPWPWMPML AALVAVTAIV LYVPGLARASP 322
EST FWCFGPLW*R KKPWPWMPML AALVAVTAIV LYVPGLARASP 91
TOP,, YWCYGPLW*R KRQWPWMPVM AALVAVTAVV LY.PGLTRASP 406




of the acidic leucine zipper region were conserved between the two proteins but the putative
transmembrane domains were not conserved. This divergence of the transmembrane
domains was perplexing since transmembrane segments are usually well conserved between
homologous proteins even across species. However, analysis of the published sequence
indicated that translation of the TOP,, nucleotide sequence past the first inframe stop
revealed a non-translated transmembrane domain which was very well conserved with that
of SLAP (Fig. 26B). A human EST which was homologous to SLAP has been sequenced
recently and this EST like TOP,, contained two potential transmembrane domains. one
similar to TOP,, and one that was 100% identical with the SLAP transmembrane segment.
SLAP Expression is Developmentally Regulated in the Rat Retina

TOP,, had been shown to be expressed in a topographic manner in the developing
chick retina and tectum ( the brain region which retinal ganglion cells innervate). TOP,,
was reported to be expressed in a manner which was temporally and spatially consistent
with a putative role in axonal pathfinding of the retinal ganglion cells (Savitt et al., 1995).
In view of the similarity between TOP,, and SLAP, we wanted to determine if SLAP was
expressed in the developing mammalian visual system in a manner that would resemble the
expression pattern of TOP,; in the chick. Prerequisites for a retinal ganglion cell
pathfinding marker would be early expression in either the retinal ganglion cells or in their
terminal field, the optic tectum. SLAP protein expression in the developing rat visual
system was localized in situ by immunostaining cryosections of developing rat retinae and
optic tecta with anti-SLAP antiserum. The retinae from fetal (E18, E19), neonatal (days P1,

P2,P3, P10and P14) and adult rats were examined immunohistochemically with anti-SLAP
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antibodies. SLAP was not expressed in the rat retina at embryonic or early postnatal
timepoints of development (Fig. 27A). Retinal expression of SLAP was first seen
immunohistochemically at postnatal day 10 and essentially reached adult levels of
expression by postnatal day 14 (Fig. 27B, 27C and 27D). Although, in the avian retina,
TOP,, had been reported to be expressed in both glia and neurons (Savitt et al., 1995),
SLAP expression in the rodent retina appeared to be confined solely to the Mueller glia cells
(Figs. 27D and 27E). SLAP staining was uniformly distributed in Mueller cell processes
which extended from the outer limiting membrane to the inner limiting membrane of the
retina. The cell bodies of the retinal ganglion cells (RGCs) appeared to be negative for
SLAP staining. A gradient of SLAP staining in the developing rat retina was not observed
at any of the timepoints examined in this study. As well, it had been reported that TOP,,
was expressed in the optic tectum region of the avian brain in a topographically graded
fashion (Savitt et al., 1995). To determine if there was a gradient of SLAP expression in the
mammalian superior colliculus or the lateral geniculate nuclei (regions where RGCs project
axons to), brain sections from adult and neonatal rats were examined using
immunofluorescence techniques. Significant SLAP staining was not seen in the superior
colliculus nucleus, lateral geniculate nucleus or the optic nerve of rats at any age of
development examined.
SLAP is Expressed in a Population of Neonatal Migratory Neurons

Since a SLAP transcript was found in the developing and adult rat brains, we further

examined SLAP expression in the developing rat CNS by immunohistochemical
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Figure 27.  SLAP Expression in Developing Rat Retina.

SLAP staining was not detectible in retina from postnatal day 3 rat pups (A) or from retinae
from earlier developmental timepoints. By postnatal day 10 distinct SLAP staining was
clearly seen in the developing retina (B). SLAP staining was highly expressed in the adult
rat retina (C). SLAP staining was localized to Mueller cells particularly within their tufted
endings in the ganglion cell layer, in fibers that traversed the retina and in puncta seen at
the outer limiting membrane (shown by arrowhead) (D). The cell bodies of the retinal
ganglion cells (denoted by arrows) were negative for SLAP staining. Panel E shows a
Nomarski image of the fluorescence image in panel D, which clearly shows the
cytoarchitecture of the retina. ONL, outer nuclear layer; INL, inner nuclear layer; GCL.

ganglion cell layer. Scale bar equals 25 pm.
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techniques. During fetal and early neonatal development SLAP was found in a band of cells
along the ventral border of the developing hippocampus (Fig. 28A) running from the
subventricular zone of the hippocampus through the fornix and along the ventral boundary
of the dentate gyrus. Confocal imaging of SLAP in the hippocampal neuroepithelium shows
that it is present within cell soma and processes (Fig. 28B). Occasionally, individual SLAP
positive cells could be seen within the dentate granule cell layer (Figs. 28C and 28D). The
neuronal identity of SLAP positive cells was assayed by double immunolabelling with anti
-NeuN (a neuronal specific nuclear protein) monoclonal antibodies and anti-SLAP
antibodies (Mullen et al., 1992). The large majority of SLAP positive cells were negative
for NeuN immunoreactivity but some were seen that stained for both NeuN and SLAP (Figs.
28E and 28F). It should be noted that SLAP expression was not detected in the adult rat
hippocampus.

SLAP expressing cells were also seen in the olfactory bulbs (Fig. 29A). These cells
were shown to be in the aneural olfactory nerve layer by double immunostaining for SLAP
and the neuronal specific marker NeuN (Fig. 30). Cells were not found that stained both for
SLAP and NeuN in the olfactory bulb. These cells displayed intense anti-SLAP
immunoreactivity which was localized at the plasma membrane (Figs. 29B and 29C-F).
These cells were seen in neonates as well as adult brains, but were much more numerous
and more intensely immunoreactive at the earlier stages of development. The restriction of
SLAP staining to the plasma membrane was more evident in the olfactory bulb cells than
in the hippocampal neurons. SLAP positive cells were not seen in other layers of the

olfactory bulb. We also carefully examined more caudal levels back to the anterior pole
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Figure28.  SLAP Staining in the Developing Hippocampus.

SLAP immunofluorescence was carried out in brain sections on postnatal day 1 (A) and
postnatal day 2 (B-F) rat pups. Panel A shows a photomontage of SLAP expression in cells
in the hippocampal formation apparently migrating from the hippocampal neuroepithelium
(hi) at the left of the field, across the fimbria (fi) and continuing into the ventral blade of the
dentate gyrus (DG). Panel B is a confocal laser micrograph (1 xm optical slice) of SLAP
containing cells within the hippocampal neuroepithelium showing its distribution and
presence in processes. SLAP is found in a small number of cells within the granule cell
layer of the dentate gyrus (C), identified by NeuN immunoreactivity in the same section (D).
A few cells staining for SLAP (E) could be identified as neuronal based on double labelling
for NeuN immunoreactivity (F). Neurons are rare in this field because it is taken from the

white matter of the fimbria, across which this neuron appears to be migrating. Scale bar

equals 25 um.
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Figure29.  SLAP Expression in the Olfactory Bulb.

SLAP is expressed in cells in the olfactory nerve layer of the olfactory bulb (OB) but not in
the frontal cortex (Fctx) (A). A confocal laser micrograph (1 um optical slice) showing
SLAP localization at the plasma membrane in the olfactory cells in this layer (B). Panels
C-E, show a focus series illustrating the cell membrane localization of SLAP staining in the

olfactory bulb cells with a single neuron highlighted by the arrowhead. Scale bar equals 25

pm.
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Figure 30. Olfactory Bulb Cells Stained for SLAP and a Neural Marker.

Cryosections of postnatal day 3 olfactory bulb were simultaneously stained for SLAP (A)
and the neuronal specific nuclear marker NeuN (B) as described in material and methods.
The SLAP positive cells were found in a layer of the olfactory bulb that was devoid of

staining for NeuN. The scale bar represents 25 pm.
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of the lateral ventricle and no SLAP positive cells were seen in the subventricular zone or
any other site. SLAP positive cells were not seen in the developing cerebellum, another area
of postnatal neuronal migration. In the adult rat, SLAP staining was found to be restricted
to the choroid plexus. olfactory bulbs and the pineal gland (data not shown).
SLAP Targeting and Membrane fusion

In order to further study the localization and potential function of SLAP. the
properties of ectopically expressed SLAP in embryonic pluripotential stem cells were
investigated. The P19 embryonal carcinoma cells can be differentiated into neuroectoderm
with retinoic acid (RA) treatment or along the mesoderm pathway following exposure to
dimethyl sulphoxide (DMSO) (Rudnicki and McBumey, 1987). Furthermore. SLAP
appeared to be expressed in early embryonic tissue and P19 cells differentiate into
embryonic muscle, nerve and glia. An expression plasmid carrying the coding region of
SLAP1 was transfected into P19 cells and 24 stable transfectants were isolated. Western
blot analysis of the highly expressing clone clearly showed that a protein of 35 kDa reactive
to the affinity purified guinea pig anti-SLAP antiserum was produced in cells transfected
with the SLAP1 cDNA (Fig. 31). Although the biochemical association of SLAP with the
cardiac plasma membrane had been demonstrated, the topology of SLAP, extracellular
versus intracellular, had not been established. Live SLAPI expressing P19 cells were first
treated with trypsin protease to digest extracellular proteins and then the mixture was
fractionated into cell pellets and supernatant. Western blot analysis of these samples for

SLAP showed that there was no difference in SLAP1
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Figure 31. Ectopic Expression of SLAP1 Produces a 35 kDa protein.

Crude membranes of SLAP]1 sense expressing clone (+ve), SLAP1 antisense expressing
clone (AS) and a non-expressing (as determined by northern blot analysis) clone (-ve) were
subjected to western blot analysis using rabbit anti-SL AP antiserum as described in material
and methods. A polypeptide reactive to the anti-SLAP antiserum of predicted molecular
weight of 35 kDa (indicated by the arrow) was seen in the sense clone but was not seen in
either the anti-sense or negative control clones. The mobility of the pre-stained protein

molecular weight standards are indicated on the left with their molecular weights in kDa.
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content between cells or supernatant treated with either inactivated trypsin trypsin inhibitor.
heat inactivated) or active trypsin (Fig. 32).

To further investigate the localization and membrane targeting of SLAP, P19
embryonal carcinoma cells were transfected with a SLAP expression construct in which the
SLAPS3 protein was tagged at amino acid 184 with the 6MYC epitope. Stable clones were
isolated and their SLAP expression was assayed by western blots. The subcellular
distribution of ectopically expressed SLAP in these cells was examined
immunohistochemically with the monoclonal antibody to the human MYC epitope. The
majority of P19 cells were flat and in these cells a clear immunofluorescent signal was seen
at the membrane with the anti-MYC monoclonal antibody (Fig. 33B) indicative of SLAP
being targeted to the plasma membrane of the transfected P19 cells. Interestingly. the
expression of SLAP was much reduced or absent in the regions of the cell membrane that
was devoid of contact with neighbouring cells. An immunohistochemical signal was not
detected with anti-MYC monoclonal antibody in either the parental P19 cells or empty
vector transfected P19 cells (Fig. 33D). To determine whether the SLAP staining between
adjacent cells reflects the density of SLAP protein or an increased height of the cell at the
point of cell-cell contact, confocal microscopy was used which takes an optical section of
a fixed depth (Fig. 34A). Confocal microscopy confirmed that SLAP was concentrated at
the point of cell-cell contact. Further analysis using confocal imaging revealed that two
different populations of transfected P19 cells could be discriminated on the basis of their
SLAP localization. In one population of cells that appeared flat, SLAP was concentrated

exclusively at the plasma membranes that were juxtaposed, while in a
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Figure 32. Trypsin Digestion of SLAP1 Expressing Cells.

SLAP1 expressing P19 cells were treated for 5 minutes at 37°C with heat killed trypsin (lane
1), active trypsin (lane 2), active trypsin + trypsin inhibitor (lane 4) or 10 minutes at 37°C
with active trypsin (lane 3). The cell pellets (A) and the supernatant (B) fractions were
isolated. The samples were resolved by 10% SDS-PAGE and subjected to western blot
analysis using rabbit anti-SLAP antiserum as described in material and methods. The
amount of SLAP1 protein in the cell pellets did not vary with any of the trypsin treatments.
The mobility of the SLAP1 protein is indicated by an arrow and that of the protein molecular

weight standards are indicated on the left with their molecular weights in kDa.
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Figure 33. Subcellular Localization of Recombinant Epitope Tagged SLAP.

P19 cells were isolated that expressed the 6MYC epitope tagged SLAP (A, B) or the empty
pcDNA3 expression vector (C, D). The cells were grown on glass coverslips, fixed and
immunostained with the anti-MYC monoclonal antibody as described in material and
methods. Panels A and C are Nomarski images of the fluorescence images in panels B and
D respectively. Note the concentration of MYC staining in areas were cell membranes were
Jjuxtaposed, in contrast to the reduced staining in areas where the cell membranes were not
abutted to another cell (B). No specific MYC staining was seen in the empty vector control

(D). Scale bar equals 25 pm.
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Figure 34. Subcellular Localization of SLAP Examined by Confocal Laser Microscopy.

Undifferentiated 6MYC-SLAP expressing P19 cells were cultured on coverslips and
immunostained for MYC. When the immunostaining was examined using confocal laser
microscopy, two populations of MYC positive cells were identified. Monolayers of P19
cells were observed where MYC staining was found to be concentrated at the interface
between two adjacent plasma membranes (A). However, in P19 cells that were rounded and
bipolar, SLAP appeared to be distributed uniformly in the plasma membrane and a
subadjacent intracellular compartment. These images represent | um optical sections from

a confocal laser microscope. The scale bar equals 25 pm.
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second smaller population of cells which had a rounded bipolar cell shape. SLAP was
uniformly distributed in the membrane as well as an intracellular compartment (Fig. 34B).
The rounded bipolar cell shape is characteristic of cells undergoing cleavage during mitosis.
The chromosomes of cells undergoing mitosis are more condensed then those of cells at
other stages of the cell cycle. In order to determine at what stage of the cell cvcle the bipolar
cells were at. transfected P19 cells were simultaneously stained for the MYC epitope and for
DNA. Inbipolar cells that were stained for SLAP. the chromosomes were condensed as well
(Fig. 35). To further establish the topology of SLAP. immunofluorescence studies on live
O6MYC-SLAP transfected P19 cells with either the rabbit anti-SL AP antiserum or the anti-
MYC monoclonal antibody were performed in the presence or absence of detergent to
permeablize the cell membrane. If SLAP was a cell surface protein it could be stained in the
absence of detergent. however, if it was oriented towards the cytoplasmic phase then it would
only be stained when the cells were permeablized with detergent. A clear
immunofluorescence signal for both primary antibodies was seen only when the cells were
permeablized (Fig. 36).

The ability of the SLAP overexpressing P19 cells to differentiate along the
mesodermal pathway following DMSO exposure was assayed both functionally. by the
appearance of beating foci characteristic of muscle cells, and biochemically. by the induction
of the expression of a cardiac specific form of actin. SLAP expression did not affect the
appearance of beating foci of cells or the expression of the cardiac specific form of actin
induced by DMSO (Fig. 37). Since the smaller (3.5 and 4.6 kb ) SLAP transcripts were

expressed highly in various developing and adult muscles. RNA from
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Figure 35. DNA Condensation in Bipolar SLAP Positive Cells.

Undifferentiated 6MYC-SLAP expressing P19 cells were cultured on coverslips and
immunostained for MYC as described in material and methods. The cells were then stained
with Hoechst 33258 to label their DNA. The rounded P19 cells (indicated by arrowheads,
A) were SLAP positive and had a similar morphology as those observed under confocal
laser microscopy. Also, the chromosomes of the rounded, SLAP positive cells were
condensed, which indicated the cells were undergoing mitosis (B). A phase contrast

photograph of the cells clearly shows their morphology (C). Scale bar equals 25 um.
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Figure 36. Staining For SLAP in Permeabilized and Unpermeabilized Cells.

Undifferentiated 6MYC-SLAP expressing P19 cells were cultured on coverslips and
immunostained for SLAP (A) or MYC (B, C). Cells were either fixed, and primary
antibodies were added in 0.3% TritonX-100 to permeabilize the membrane (A, B) or the
primary antibodies were added directly to the culture medium after which the cells were
fixed and permeabilized (C). SLAP and MYC staining was observed to be localized to the
membrane in permeabilized cells (A, B). However, specific staining was not seen when the

cells were unpermeabilized during the incubation with primary antibodies (C).
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Figure 37. DMSO Induces Expression of Cardiac Actin in P19 cells.

Total RNA was isolated from SLAP expressing P19 cells that were undifferentiated (day 0)
or differentiated with DMSO for various times (day 8 and day 10). The isolated RNA was
subjected to northern blot analysis using a cDNA probe for cardiac actin. Two transcripts
were seen in the undifferentiated cells but upon induction with DMSO a third transcript
representing the cardiac specific form of actin was seen (denoted by open arrowhead). The

arrows represent the mobility of the 28s and 18s rRNAs.
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DMSO differentiated P19 cells was subjected to Northern blot analysis. Although the 5.9
kb transcript was found in both the undifferentiated and differentiated P19 cells. the 3.5 and
4.6 kb transcripts were not detected in either the undifferentiated or differentiated cells (Fig.
38). The possibility that small groups of DMSO differentiated P19 cells could express SLAP
was examined immunohistochemically. Control and 6-MYC SLAP transfected P19 cells
were differentiated with either RA or DMSO. In empty vector transfected P19 control cells
differentiated with DMSO, spindle shaped SLAP positive cells were seen (Fig. 39A). These
spindle-like SLAP cells resembled the morphology of neurons produced when P19 cells are
differentiated with RA (Fig. 39D). However. these SLAP positive cells did not express the
neuronal specific B-tublin [II marker (Fig. 40). SLAP positive cells were not seen in control
cells differentiated with RA or when the SLAP pre-immune serum was used to stain DMSO
differentiated cells (Figs. 39C and 39E). 6MCY-SLAP transfected P19 cells were examined
immunohistochemically for SLAP expression after differentiation with DMSO or RA by
staining with the anti-MYC monoclonal antibody. In both DMSO and RA cells. the
ectopically expressed SLAP did not appear to be localized solely at the membrane but was
distributed in an intracellular membrane compartment as well (Figs. 39B and 39D). Specific
immunohistochemical staining was not seen when DMSO differentiated control P19 cells
were stained with the anti-MYC monoclonal antibody (Fig. 38F).

Another good in vitro model system to siady muscle differentiation is the C2C12
myoblast cell line (Yaffe and Saxel. 1977). The C2C12 cells are monucleated myoblast cells

that will proliferate indefinitely when propagated at sub-confluent densities and in
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Figure 38. SLAP Transcript Expression in Differentiated P19 Cells.

Total RNA was isolated from undifferentiated P19 cells (day 0) or P19 cells differentiated
with DMSO for various times in two separate experiments using two different stocks of P19
cells (P19A and P19B). Total RNA was also isolated from rabbit cardiac (heart) and fast
twitch (fast) muscles as positive controls. The RNA was subjected to northern blot analysis
with a radiolabelled cDNA probe derived from the 1.1 kb EcoRI/Xbal fragment of the LD1
clone. The 3.5 kb SLAP transcript was not detected in the differentiated or undifferentiated
P19 cells. The mobility of the 5.9 kb SLAP transcript is indicated by the open arrowhead

and the mobility of the 3.5 kb cardiac transcript is indicated by the closed arrowhead.
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Figure 39. SLAP in Differentiated P19 Cell Cultures.

P19 cells were transfected with the empty pcDNA3 vector (A. C. E. F) or the vector
encoding the 6MYC epitope tagged version of SLAP (B. D ). These cells were either
differentiated with DMSO (A. B. E. and F) or retinoic acid (C. D) for ten days. SLAP
staining was seen in spindle-like cells in DMSO differentiated control cells (A). However.
no SLAP staining was evident in the retinoic acid treated control cells (C) or when DMSO
differentiated control cells were stained with the pre-immune serum (E). MYC staining was
not solely localized to the plasma membrane in cells that were differentiated with DMSO
(B)or RA (D). Specific staining was not seen when DMSO differentiated control cells were

stained for MYC (F). Scale bar equals 25 um.






Figure 40. Double Immunofluorescence Analysis of Differentiated P19 cells.

P19 cells transfected with pcDNA3 expression vector were differentiated with DMSO for
10 days and were double immunohistochemically stained for SLAP and the neuronal
specific marker f} tubulin I1I as described in material and methods. Many spindle like SLAP
positive cells were identified in the cultures (A) but these cells were not stained for B tubulin

[II (panel B). The scale bar equals 25 pm.
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medium containing 10-20% Fetal Bovine Serum (FBS). However. when the cells are
cultured as confluent monolayers or in a medium supplemented with 10% horse serum. the
myoblast cells will fuse to form multinucleated myotubes which express biochemical
markers consistent with a difterentiated skeletal muscle (Crescenzi et al.. 1994). These cells
were transfected with the 6MYC epitope tagged version of SLAP and four stable
transfectants were isolated. Immunohistochemical staining of these clones with the anti-
MYC monoclonal antibody or the rabbit anti-SLAP antiserum showed identical punctate
staining for SLAP (Figs. 41A and 41B). A specific immunohistochemical signal was not
seen when the parental C2C12 or empty vector transfected C2C12 were probed with the anti-
MYC monoclonal antibody (Fig. 41D). When confocal image analysis was used to more
closely examine the transfected cells. a clear reticular pattern of staining could be observed
when either of the two antisera was used (Figs. 42A and 42B). When control C2C12 cells
were induced to differentiate for 6 days the myoblasts were largely fused into large myotubes
(Fig. 43A). Conversely, when SLAP overexpressing cells were induced to differentiate they
did not form nearly as many myotubes (Figs. 43B). The fusion index is defined as the
fraction of nuclei present in myotubes (cells with 3 or more nuclei) divided by the total
number of nuclei in the field. Measurement of this fusion index allowed for the degree of
myotube fusion between different clones to be analyzed. The fusion index of clone A was
only 22% of the fusion index for the control cells (Fig. 44). The average fusion index for all
four SLAP transfected clones was decreased by 60% when compared to control cells (Fig.
44). The SLAP cell lines were not fusing upon change to differentiation medium but perhaps

they were still differentiating. A marker for
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Figure 41. SLAP Localization in Myoblasts.

C2C12 myoblasts were transfected with a vector encoding the 6MYC epitope tagged version
of SLAP (A, B) or the empty pcDNA3 vector (C, D). Cells were cultured on matrigel coated
coverslips and stained for SLAP (A) or MYC (B. D). A similar pattern of staining was
observed for both the SLAP and MYC staining for the 6MYC-SLAP transfected cells (A.
B). Specific staining was not observed when the control cells were stained for MYC (D).

Panel C is a phase contrast image of the cells in panel D. Scale bar equals 25 pum.
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Figure 42. Localization of SLAP in C2C12 Cells.

C2C12 myoblasts were transfected with a vector encoding the 6MYC epitope tagged
version of SLAP. These cells were cultured on matrigel coated coverslips and stained for
MYC epitope (A) or SLAP (B). Both the SLAP and MYC staining was concentrated
adjacent to the nucleus and in a clear reticular pattern near the periphery of the cell. These

images represent | um optical sections from a confocal laser microscope. The scale bar

equals 25 pm.
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Figure 43. Fusion of SLAP Transfected C2C12 Cells.

C2C12 cells transfected with a vector encoding the 6MYC epitope tagged version of SLAP
(A) or the empty pcDNA3 vector (B). The clones were differentiated for 6 days in
differentiation medium and then photographed. Many large multinucleated myotubes were
seen in the control cultures but far fewer myotubes were seen in the SLAP expressing

clones. Scale bar equals 50 um.
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Figure 44. Fusion Index of SLAP Expressing Myoblasts.

C2C12 cultures were differentiated for 6 days in «-MEM supplemented with 10% horse
serum. The cells were then fixed with 4% paraformaldehyde and stained with eosin and
counterstained with Haematoxylin. Photographs were taken from at least 12 random fields
in each culture. Total nuclei were counted and then nuclei in myotubes were counted for
the same photograph. Myotubes were considered to be cells which contained three or more
nuclei. The fusion index equals (the number of nuclei in myotubes/ total number of nuclei
in the field)*100. The control pcDNA3 cultures were fused to a significantly (* p<0.005,

ANOVA) higher degree then were the SLAP expressing cultures.
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muscle differentiation is the expression of the muscle transcription factor myogenin.
Myogenin is not expressed in dividing myoblasts but is induced when the myoblasts
differentiate into myocytes. Northern blot analysis showed that the induction of
myogenin was similar between control and SLAP overexpressing cell lines (Fig. 45).
Control C2C12 cells expressed low but detectible levels of the 5.9 kb SLAP
transcript either when exposed to growth medium or differentiation medium for 6
days (Fig. 46). Interestingly, the levels of exogenously expressed SLAP transcript
dramatically increased in C2C 12 cells that were in differentiation medium compared

to C2C12 cells in growth medium (Fig. 46).
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Figure 45. Myogenin Expression in Differentiated C2C12 Cells.

Total RNA was isolated from differentiated (+) or undifferentiated (-) C2C12 clones.
Clones D, K, and L were strong expressers, as assessed by western blot analysis. whereas
clone J, was a weak expresser. The RNA was subjected to northern blot analysis using a
cDNA probe specific to myogenin. After exposure to autoradiography the blot was stripped
and re-probed with a GAPDH c¢DNA probe to control for loading variability (lower panel).
The location of the myogenin transcript is indicated by the arrow on the left. The level of
induction of myogenin expression upon differentiation was approximately the same for the

various clones.




L K J D pcDNA3
A A A A A
+ -+ -+ -+ -+ -

I

sevavering



Figure 46. Expression of SLAP Transcripts in C2C12 Cells.

Total RNA was isolated from differentiated (+) or undifferentiated (-) C2C12 clones. The
RNA was subjected to northern blot analysis using a cDNA probe specific for SLAP!1

coding region. After exposure to autoradiography, the blot was stripped and re-probed with
a GAPDH cDNA probe to control for loading variability (lower panel). The location of the
exogenously expressed SLAP transcript is indicated by the arrow on the left. The level of
the exogenously expressed SLAP transcripts was much higher after the clones were exposed

to differentiation medium for 6 days.






DISCUSSION

Molecular components of the cardiac cell membrane play an instrumental
role in determining cardiac cell function on a beat to beat basis. In particular,
membrane proteins that regulate calcium levels in the cardiac cell appear to be
critical for the precise control of the E-C coupling mechanism. In a previous study,
two novel calcium binding polypeptides were identified in cardiac sarcolemma
(Tuanaetal., 1991) and two cDNAs that putatively encoded these polypeptides were
isolated by immunoscreening of a cDNA expression library constructed from cardiac
muscle (Demchyshyn, 1990). In this study, further analysis of these cDNAs resulted
in the discovery of a novel gene that encodes a family of Sarcolemmal Associated
Proteins designated SLAPs. Three full length cDNAs, SLAP1, SLAP2 and SLAP3.
were isolated from myocardium that encoded coiled-coil tail-anchored membrane
proteins. Biochemical and immunohistochemical studies indicated that the three
SLAP polypeptides were integral membrane proteins. The expression of SLAP was
tissue specific and developmentally regulated. Ectopic expression studies implied
a potential role for SLAP in membrane fusion.

Two cDNAs encoding sarcolemmal associated protein (SLAP) were isolated
by immunoscreening a rabbit heart cDNA expression library with antiserum raised
to purified cardiac sarcolemmal proteins (Demchyshyn, 1990). These two SLAP
cDNAs were polyadenylated at sites that were separated by 500 bp. Both
polyadenylation sites were within 30 bp of potential consensus sites for

polyadenylation. The results from the cDNA cloning experiments suggested that the
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SLAP transcripts were alternatively polyadenylated. Three different SLAP
transcripts (5.9 kb, 4.6 kb and 3.5 kb) were seen by Northern blot analysis in the
heart. Significant levels of these three transcripts were expressed in all muscle types
examined except for fast twitch muscle which expressed only the 5.9 kb transcript.
The testes were the only non-muscle tissue to express significant amounts of the 3.5
kb transcript. The most abundant transcript in heart, as well as other muscle types
such as smooth and soleus muscle, was the smallest 3.5 kb transcript. [n the
neonatal rat heart a large 12 kb transcript was also detected. Whether this larger
SLAP transcript is an incompletely processed nuclear transcript or a novel SLAP
transcript, has not yet been resolved. The larger 5.9 kb transcript was expressed, at
varying levels, in all tissues examined including the brain. The smaller (3.5 and 4.6
kb transcripts) were expressed in a tissue specific manner whereas, the 5.9 transcript
was expressed ubiquitously. Northern blot analysis with cDNA probes from
different locations in the SLAP3 sequence demonstrated that the 3.5 and the 4.6 kb
transcripts did not possess the 5' coding sequence of SLAP3. The molecular
mechanism that generated this diversity of SLAP transcripts observed in cardiac
RNA was investigated. Southern blot analysis of rabbit genomic DNA showed that
SLAP hybridized in a simple pattern to genomic DNA restriction fragments. This
finding was consistent with the idea of a single gene encoding the multiple
transcripts rather than individual genes encoding each transcript. FISH analysis of
the human SLAP orthologue also indicated the presence of a single gene for SLAP

that localized to the p14.3-21.2 region of chromosome 3. These results suggest that
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the different SLAP transcripts likely arise from either alternative promoter usage or
by alternative mRNA splicing of a common precursor.

Three different potential 5' termini of SLAP were identified in heart RNA.
The resulting cDNAs encoded putative polypeptides. which would have common
carboxyl termini but unique amino termini. These putative polypeptides would have
predicted molecular weights of 37 kDA (SLAP1), 46 kDa (SLAP2) and 74 kDa
(SLAP3). The predicted molecular weights for the SLAP proteins encoded by the
various cDNAs were similar to, but not identical with, the apparent molecular
weights of 81, 45 and 35 kDa for the SLAPs in heart sarcolemmal fractions. For
SLAP3 the identity of the translation start site was originally unclear since there
were two inframe methionine codons. Experimental analysis of initiating
methionine codons has revealed that the guanine nucleotide at the +4 position and
the purine (adenine or guanine) nucleotide at the -3 position is required for effective
translation of a cDNA sequence (Klein et al., 1985). The methionine codon at
position 362 lacked these features whereas the methionine codon at position 758 had
both required nucleotides. To determine which ATG could be utilized effectively,
in vitro transcription/translation assays were performed using constructs with either
both potential codons or only the second consensus codon. When the construct,
which contained only the second consensus start site, was used in this assay, a
polypeptide was efficiently produced that migrated with an apparent molecular
weight of 85 kDa in SDS-PAGE. This predicted molecular weight was in good

agreement with the predicted size of 81 kDa for the largest SLAP protein seen in
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cardiac fractions. When the construct containing the first non-kozak site was used
as a template in this assay a polypeptide of a deduced molecular weight of 95 kDa
in SDS-PAGE was produced but much less effectively. Therefore, the second
inframe methionine was considered to be the putative initiating methionine for
SLAP3 because it was in good agreement with the Kozak start site and could be
used efficiently as a translational start site in in vitro assays. Finally, the putative
methionines for the other two SLAP isoforms were in good agreement with the
Kozak consensus translation start sites.

The salient structural tendency predicted for SLAPs was an ability to form
coiled-coils over most of their length which would allow for many potential protein-
protein interactions. SLAPs have two predicted leucine zippers which together
probably form an extended 11 heptad (77 amino acid) coiled-coil structure since the
linker sequence between the two leucine zippers can assume a coiled-coil
conformation as well. These large coiled-coil structures have been observed in other
muscle proteins such as tropomyosin (Kohn et al., 1997). In the coiled-coil
conformation, positions a and d of the heptad are usually occupied by hydrophobic
residues which gives the alpha helix an amphipathic nature (Adamson et al., 1993).
This hydrophobic face is important for protein-protein interactions such as those
observed in transcription factor dimerization (Landschulz et al., 1988; Lehrer and
Stafford, 3d, 1991). Five potential i+3 and i+4 intrahelical attractions were
predicted that could stabilize the helical structure. The e and g positions of a coiled-

coil are crucial for specificity of protein-protein interactions through ionic
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interactions between dimerizing helices (O'Shea et al., 1992; Vinson et al.. 1993).
However, an equal number of interhelical repulsions and attractions would be
predicted to form if SLAPs homodimerized. SLAP homodimerization does not
appear to be electrostatically favoured through their leucine zippers but perhaps this
association could be mediated by the other coiled-coil motifsin SLAP. In the leucine
zipper region of the SLAPs. seven glutamate residues in a row align at the g position
giving the helix an acidic or a negatively charged strip. Acidic amphipathic alpha
helices have been shown to be important for the transactivation potential of various
transcription factors (Hollenberg and Evans, 1988; Horikoshi et al., 1988: Cress and
Triezenberg, 1991). By analogy, this negative strip in SLAP may function to
determine the specificity of protein-protein interactions of this family of proteins by
modulating the interactions between SLAPs and positively charged molecules.
Comparison of the putative SLAP3 protein sequence with a database
containing consensus sites for protein motifs (PROSITE) revealed that SLAP3
contained 12 potential phosphorylation sites for protein kinase C, a single potential
cAMP dependent protein kinase phosphorylation site and 20 potential casein kinase
IT phosphorylation sites. Phosphorylation could potentially alter SLAP function or
localization although, whether SLAPs are indeed phosphorylated needs to be
established. A PEST motif was found in the SLAP3 and SLAP2 protein sequence
but not in SLAP1. The PEST motifs have been associated with proteins that are
degraded rapidly and experimental evidence has recently supported the original

empirical findings (Rogers et al., 1986; Rechsteiner and Rogers, 1996). Perhaps the
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PEST motf allows the cell to finely regulate the level of SLAP through a post-
translational mechanism.

The SLAPs were predicted to be largely hydrophilic with the exception of
the carboxyl terminal 22 amino acids which was predicted to be hydrophobic.
Several transmembrane predictor programs identified this region as being a potential
transmembrane segment and this hydrophobic region would be long enough to
traverse the lipid bilayer. Most transmembrane proteins have an amino terminal
hydrophobic signal sequence that directs their insertion into the endoplasmic
reticulum via the signal recognition particle. However, the SLAPs did not contain
such a signal sequence. Thus in order to determine the nature of association of
SLAPs with the cardiac membranes, biochemical fractionation and solubility studies
were performed. Polyclonal antiserum raised to recombinant bacterially expressed
SLAP fusion protein recognized a major polypeptide of 35 kDa and three less
abundant polypeptides of 81, 63 and 45 kDa in cardiac sarcolemmal fractions. This
data was consistent with the finding that the plaque purified anti-sarcolemmal
antibodies used in the original cloning of SLAP recognized three polypeptides of 81,
63 and 35 kDa in cardiac sarcolemma from various species (Demchyshyn, 1990).
Subcellular fractionation studies revealed that SLAP proteins were not present in the
cytoplasmic subcellular fraction but were found in the sarcolemmal fraction. As
well, SLAPs were enriched in the sarcolemma membrane when compared to starting
homogenate. The findings that SLAP was enriched in the membrane fractions and

not found in the cytoplasmic fraction was consistent with the idea of SLAP being
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membrane associated but these results did not reveal the nature of this association
(i.e. peripheral or integral). Peripheral membrane proteins can be extracted by
various chaotropic buffers whereas integral membrane proteins can only be extracted
by dissolving the membranes in detergents. Results of extraction experiments were
consistent with SLAPs being integral membrane proteins of the sarcolemma since
SLAPs could only be solubulized by detergents.

In situ localization of SLAP in cryosections of immature and adult hearts
indicated a high level of immunostaining at each developmental stage examined.
This protein data was consistent with mRNA results which had indicated that SLAP
transcripts were abundantly expressed in the developing heart. SLAP staining was
muscle specific since it was localized to the cardiomyocytes and was notably absent
from non-muscle cells of the pericardium or endocardium. Staining of both heart
cryosections and cultured cardiomyocytes illustrated that SLAP was concentrated
in both longitudinal and transverse bands which suggested SLAP was likely
associated with both the T-tubules and the peripheral sarcolemma. Dystrophin and
SLAP staining co-localized at the peripheral sarcolemma but dystrophin was not
present in the lattice-like network in the interior of the cardiocyte in cryosections of
rat myocardium. The distribution of cardiac dystrophin in the T-tubules appears to
be species dependent. In rat and mouse, dystrophin appears to be exclusively
associated with the cardiac sarcolemma while in the rabbit and sheep it is found
associated with the T-tubules as well (Byers et al., 1991; Frank et al., 1994). The

dystrophin staining observed in the rat heart cryosections was consistent with
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dystrophin being localized to the sarcolemma. The lattice-like distribution of SLAP
also resembled the staining pattern observed for the SR Ca®>* ATPase. Double
immunohistochemical staining indicated that the staining for SLAP and the Ca?"
ATPase significantly overlapped although regions were stained by SLAP that were
notstained by the anti-ATPase antibody. Immunohistochemical studies showed that
SLAP was associated with the peripheral cardiac sarcolemma as well as the T-
tubules and the sarcoplasmic reticulum membrane systems. The question of which
internal membrane system SLAP localized to was addressed by electron microscopy
studies which can resolve the two closely apposed membrane systems. However,
SLAP antisera did not show specific staining in sections of myocardium that had
been prepared for electron microscopy perhaps reflecting the sensitivity of the
epitopes recognized by the SLAP antisera to fixation conditions. In this respect,
labile epitopes for other proteins have been characterized where the antibodies will
stain cryosections clearly for immunohistofluorescence but do not specifically stain
sections prepared for electron microscopy studies (Jorgensen et al., 1990).

Since SLAP was expressed in skeletal muscle, its localization was examined
immunohistochemically in this striated muscle. The ultrastructure of the membrane
systems in cardiac and skeletal muscle are very similar. In skeletal muscle T-tubules
are found in close apposition to two junctional SR membranes in a structure called
a triad. Whereas cardiac muscle T-tubules are found in apposition to only one
junctional SR membrane in a structure called a diad. SLAP staining was localized

to periodic transverse bands in longitudinal sections and in a lattice-like network in
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transverse sections of skeletal muscle. This staining pattern was very reminiscent
of SLAP staining in the cardiac sections as well as the staining reported for TS-28,
an antigen found in skeletal muscle T-tubules (Jorgensen et al., 1990). SLAP
stained tibialis anterior and extraocular muscle fibers in an apparent fiber specific
manner. Double immunohistochemical staining of cyrosections with SLAP
antiserum and either monoclonal antibodies to the slow form of myosin (extraocular
muscle) or the slow form of the Ca®* ATPase (tibialis anterior) showed that all of the
slow twitch muscle fibers stained positively for SLAP in these two muscle groups.
However SLAP stained not only slow fibers but also another population of fibers.
These fibers were shown to be the fast type IIA fibers by double immunostaining
cryosections of extraocular muscle with SLAP and an antibody specific to the Type
[IA myosin isoform. In fetal skeletal muscle, SLAP was largely localized in a
punctate pattern at the peripheral sarcolemmal and was not present in the lattice-like
network seen in adult muscle. As well, SLAP staining appeared to outline the
nucleus of the fetal muscle cells. The DHPR, a protein found in the T-tubules and
the sarcolemma, was localized to discrete foci at the periphery of the myocyte at
fetal developmental stages but displayed a much wider intracellular distribution by
early neo-natal developmental stages (Yuan etal., 1991). The localization of SLAP
and the DHPR to the peripheral sarcolemma of fetal muscle fibers probably reflects
the immature state of development of the T-tubular system (Yuan et al., 1990).
Another approach used to investigate the membrane association of SLAP

was to ectopically express epitope tagged SLAP in cells in culture and study its
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distribution. In clusters of transfected undifferentiated P19 cells, SLAP was seen to
be concentrated at the cell membrane between adjoining cells and enriched at
regions of apparent cell-cell contact. This observation is similar to that reported for
the localization of various classes of cell-cell contact molecules such as the neural
cell adhesion molecule (N-CAM) and the cadherins (Inuzukaetal., 1991 ; Pollerberg
et al., 1985). Therefore, the possibility that SLAP could interact directly with
neighbouring cells or the extracellular matrix was explored. SLAP
immunofluorescence staining could only be observed when the cells had been
permeabilized with detergent. As well, the ectopically expressed protein was
resistant to treatment of live cells with trypsin protease. These two studies indicated
that the SLAP epitopes were on the inner surface of the cell membrane.
Consequently, SLAP is probably not oriented towards the extracellular space and
likely does not directly interact with extracellular proteins. In this regard. the
adhesive properties of P19 cells expressing SLAP to gelatin coated tissue culture
dishes were not significantly different than control cells suggesting that SLAP
expression did not alter the interactions of the cell with extracellular matrix.
However, SLAP may still play a role in cell-cell contact but not via
homodimerization.

Confocal microscopy revealed a population of SLAP positive P19 cells
where SLAP was uniformly distributed in the membrane as well as having an
intracellular localization. This group of cells had a rounded, bipolar morphology

and condensed chromosomes. These characteristics are reminiscent of cells
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undergoing mitosis. It appears that SLAP localization can change depending on the
phase of the cell cycle. This observation is analogous to that reported for the tail-
anchored membrane protein syntaxin which apparently redistributes to the cleavage
furrow of cells undergoing mitosis (Burgess et al., 1997). Upon differentiation of
the transfected P19 cells with either DMSO or RA, SLAP was found distributed
intracellularly in a punctate pattern instead of the exclusive membrane localization
of undifferentiated P19 cells. The retention of SLAP in an intracellular
compartment in differentiated P19 cells may result from the expression of a receptor
for SLAP that was not expressed in the undifferentiated P19 cells.

Homology searches of the Genbank database revealed that SLAP shared
identity at the nucleotide and amino acid level with TOP ap- & topographically graded
antigen from the chick visual system (Savitt et al.. 1995). SLAPI had an overall
72% sequence identity with TOP,, with gaps in homology near the amino terminus
and the carboxy! hydrophobic tail. The acidic leucine zipper motif was conserved
between the two proteins whereas the predicted transmembrane region was not
conserved. Analysis of the TOP,, cDNA revealed that it contained a sequence that
was 85% conserved with the SLAP transmembrane region but this TOP Ap SEQquence
was not translated because of an inframe stop codon. The possibility that the
apparent differences between TOP,, and SLAP in the carboxyl terminal
hydrophobic segment arose from alternative splicing was examined by RT-PCR
analysis (Wiesolwieski, Wigle and Tuana, manuscript in preparation). Two

alternative cDNAs were amplified from rabbit heart that would encode for two
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SLAP proteins with one or the other of the transmembrane domains. Thus. the
SLAP family appears to be able to utilize different carboxyl terminal transmembrane
domains by the alternative mRNA splicing. Interestinglv, another membrane protein
that shows this alternative usage of carboxyl terminal transmembrane domains is the
coiled-coil tail-anchored membrane protein Syntaxin2 which can either have one of
two transmembrane segments or no transmembrane segment at all (Bennett et al..
1993).

Sequence homology analysis suggested that SLAP was the vertebrate
orthologue of the avian TOP,, protein which was reported to be topographically
graded in both the developing chick visual system and the optic tectum (Savitt et al.,
1995). If SLAP and TOP,, are indeed orthologues they should have similar
functions. Since TOP,, was postulated to play a role in the neuronal connections
between the retina and the optic tectum, the expression of SLAP in the developing
mammalian visual system was examined to determine if SLAP would demonstrate
a similar pattern of expression. In the adult vertebrate visual system. the retinal
ganglion cells (RGCs) are connected in a topographically precise manner to the optic
tectum (Garrity and Zipursky, 1995). This precise order of connectivity arises from
different developmental programs in lower vertebrates and mammalian species. The
axons of chick RGCs project to the optic tectum in a very exact manner and
gradients of molecules are proposed to determine this precision via chemotactic
mechanisms (Sperry, 1963). In the developing rat visual system, the RGCs project

axons to the superior colliculus (the mammalian equivalent of the optic tectum) in
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a manner that initially appears to have very little topographic order (Simon and
O'Leary. 1990). By the end of the second post-natal week. however. the axons of
the RGCs have arborized within the topographically appropriate area of the superior
colliculus and have retracted inappropriate branches (Simon and O'Leary, 1992).
Apparently. the time course of appearance of SLAP in the developing rat retina was
not consistent with an involvement in the pathfinding of axons of the retinal
ganglion cells to their correct zones in the superior colliculus. At postnatal day 7 in
the rat visual system, the connections between retina and the superior colliculus are
becoming very localized and are approaching their final adult pattern (Simon and
O'Leary. 1992) vet. SLAP staining was still very low in the developing retina. As
well. there was no visible gradient of SLAP expression in the rat retina at any time
point analyzed. Furthermore. SLAP expression appeared to be highly localized in
the Mueller glial cells and was not evident in the RGCs or the optic nerve. In
contrast. TOP, was reported to be expressed in a topographically graded manner
during early embryonic development in the chick visual system and to be expressed
in both glia and neurons (Savitt et al.. 1995). In addition. TOP,; was expressed in
the avian tectum. while SLAP expression was not observed at any time point in the
superior colliculus (the mammalian equivalent of the tectum). The original
immunohistochemical characterization of the TOP,, antigen was performed using
a monoclonal antibody which was also used to isolate the TOP,, cDNA from a
retinal library. However. only one cDNA was isolated from the immunoscreening

of the expression library and immunohistochemical results were not presented using
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antibodies raised to a specific TOP,, peptide or fusion protein. The monoclonal
antibody recognized an epitope in the TOP,, protein but perhaps TOP,, does not
truly represent the antigen recognized by the monoclonal antibody in sections of
chick retina.

Subsequent to the initiation of these studies, evidence has been accumulated
that the Eph tyrosine kinases and their ligands determine topographic order in the
developing visual system (Tessier-Lavigne, 1995). The ELF-1 Eph receptor ligand
is expressed in a gradient in the tectum and its receptor, Mek4, is expressed in a
matching gradient in the retina (Cheng et al., 1995). RAGS, an Eph receptor ligand.
has been shown to mediate repulsion of both nasal and temporal retinal ganglion cell
axons in in vitro assays. whereas, ELF-1 specifically mediates the repulsion of only
temporal axons (Monschau et al.. 1997). The homeobox gene engrailed is a very
early topographic marker in the developing tectum and its ectopic expression has
been shown to alter the expression of both RAGS and ELF-1 (Logan et al.. 1996).
Neither SLAP nor TOP,;, proteins were related to the Eph receptors or their ligands.
It is possible that there is a mammalian family member of SLAP/ TOP,, that
functions as a guidance molecule. However. in the rat visual system SLAP does not
appear to be: topographically graded. expressed in the retinal ganglion cells or
expressed early in development. Therefore. SLAP is not likely to function as a
positional marker for RGCs in the developing mammalian visual system.
Furthermore, the topology of SLAP also implied that it was not a cell surface

molecule and as such would not serve a direct role in extracellular matrix
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interactions.

While studying SLAP expression in the developing superior colliculus and
other brain regions, SLAP expressing cells were seen in the neonatal hippocampus.
The morphology and distribution of these cells in early neonatal animals was
consistent with that of the pathways of migrating hippocampal granule cell neurons
discovered by autoradiographic techniques (Schlessinger et al., 1975; Altman and
Bayer, 1990). The hippocampus is one of the few areas in the neonatal mammalian
brain that retains the capacity to undergo neurogenesis and migration (Altman and
Das, 1965). The neuronal nature of some of these apparently migrating cells was
shown by the double immunolabelling of a few of the cells with anti-NeuN (a
neuronal specific nuclear protein) (Mullen et al., 1992) and SLAP antibodies.
However, the majority of the migrating cells were negative for anti-NeuN
immunoreactivity which may reflect their immature stage of development or their
non-neuronal nature. The migrating neurons appear to be generated within the
subventricular zone of the hippocampus and traverse several cell layers to reach the
granule cell layer of the dentate gyrus. The expression of SLAP in the hippocampal
neurons was developmentally regulated as no SLAP positive cells were seen in the
mature hippocampus. These results imply that SLAP may serve a role in neuronal
migration through mediating cell-cell interactions in this region of the brain.
Another brain area that contains neonatal migratory neurons is the olfactory bulbs
(Bayer, 1983; Luskin, 1993). This area contained many SLAP positive cells,

however, they were not of the well characterized migratory population but were
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(Bayer, 1983; Luskin, 1993). This area contained many SLAP positive cells,
however, they were not of the well characterized migratory population but were
most likely a type of glial-like support cell found in the olfactory nerve layer.

The studies of SLAP expression in the central nervous system were
performed using antibodies raised against a recombinant fusion protein that was
common to all three SLAP isoforms. Thus the immunohistochemical staining for
SLAP represented the expression of all SLAP isoforms. Western blot analysis of
proteins from microdissected regions would have resolved the question about which
SLAP isoforms were being expressed. Another approach to this problem would
have been to raise specific antibodies to each of the SLAP isoforms.

The SLAPs were not predicted to have a signal sequence although the
biochemical properties of SLAPs were consistent with those of integral membrane
proteins. In this respect, the SLAPs are related to a growing family of coiled-coil
membrane proteins such as syntaxin, epimorphin and synaptobrevin which lack a
signal sequence and are anchored in the membrane by a carboxyl hydrophobic
segment(Spring et al., 1993; Kutay et al., 1993). Many of these tail anchored
membrane proteins have been postulated to be involved in membrane fusion and
docking in yeast (sec22p,sedSp) and mammals (syntaxin,synaptobrevein) (Sacher
etal., 1997; Calakos et al., 1994). As well, SLAPs share 44% similarity with USOI,
a yeast protein involved in transport of vesicles between the endoplasmic reticulum
and the Golgi apparatus (Sapperstein et al., 1996). The proteins necessary for

myoblast fusion are not yet well understood. Neutralizing antibody experiments
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have indicated a role for N-cadherin in myoblast fusion but genetically N-Cadherin
null myoblasts have been demonstrated to fuse with the same efficiency in vitro and
in vivo as wild type control myoblasts (Charlton et al., 1997). Drosophilia genetic
studies have implicated two genes blown fuse and rolling stone genes in myoblast
fusion (Doberstein et al., 1997; Paululat et al., 1997). The blown fuse gene product
is a cytoplasmic protein whereas the rolling stone gene product contained putative
transmembrane segments. The appearance of small vesicles immediately before
fusion of myoblast cell membrane suggests a role for vesicle fusion in this process
of myotube formation (Doberstein et al., 1997). The function of these vesicles in the
fusion process is still unclear. Given the role of tail-anchored membrane proteins
in membrane fusion in both yeast and mammals and the similarity of SLAP to a
protein involved in vesicle transport, the effect of SLAP ectopic expression on
membrane fusion during C2C12 myoblast differentiation was examined. Indeed, the
fusion index for SLAP expressing C2C12 clones was reduced an average of 62%
when compared to control myoblasts. SLAP overexpression appeared to inhibit the
fusion process of myoblasts into myotubes. The isolated SLAP transfected C2C12
clones appeared to have a mosaic pattern of SLAP expression so if more uniform
SLAP expressing clones were isolated by subcloning then the observed inhibition
of the fusion index would probably be more dramatic. Although the SLAP clones
did not fuse to the same degree as controls the induction of myogenin expression (a
marker of muscle differentiation) was not altered between control and SLAP

expressing clones. Intriguingly, SLAP expression apparently inhibited myoblast
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fusion but not their differentiation into myocytes. Similarly, ectopic expression of
either the oncogene or proto-oncogene form of myc prevented C2C12 fusion but did
not prevent their differentiation as measured by the expression of myogenin and
other myotube specific markers (Crescenzi et al., 1994). SLAP may inhibit fusion
possibly by the sequestration of a protein (cytosolic or membrane associated) that
are necessary for fusion of the myoblasts but this sequestration does not alter the
differentiation process.

The level of exogenously expressed SLAP mRNA , which lacked both 5' and
3'UTRs, was dramatically elevated upon myoblast differentiation. The upregulation
of ectopically expressed SLAP transcript levels upon differentiation of myoblasts
indicate that the SLAP transcript turnover may be tightly regulated. The increased
turnover of the myc transcript during differentiation of C2C12 cells has been
demonstrated to be mediated by sequences in the coding region for the myc protein
(Yeilding and Lee, 1997). The conservation of the SLAP 3'UTR between rabbits,
mice and man was remarkable and actually better conserved than some sections of
the coding region. This degree of conservation (98% over 340 nucleotides) suggests
that the SLAP 3'UTR may function to regulate the rate of turnover of the SLAP
transcript. Furthermore, the 3' UTR has been implicated in decreasing the stability
of mRNA transcripts which have short half lives (Tsuchidaetal., 1993; Gengetal.,
1994).

Although the precise physiological role of SLAP is unkown, its localization

in the sarcolemma, T-tubules and SR indicate a potential role in E-C coupling in
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adult cardiac and other muscle types. The close apposition of sarcolemma to
sarcoplasmic reticulum in muscle is generated through an undetermined mechanism
and is critically important for effective signal transmission. Originally it had been
proposed that direct physical interactions between the DHPR and the R YR mediated
the formation of triads (skeletal muscle) or diads (cardiac muscle). However,
analysis of dysgenic mice, which lack DHPRs, and dyspedic mice, which lack RyR,
have shown that the docking of SR to sarcolemma occurs in the absence of these two
major muscle proteins (Flucher et al., 1992; Takekura et al., 1995a). A SR protein
called triadin was proposed to mediate the interaction between SR and SL but
topological analysis has shown that it is not well suited to fulfill such a role since it
primarily resides in the lumen of the SR (Knudson et al., 1993). A likely
sarcolemmal protein to mediate the interaction has not yet been proposed but the
potential candidate protein would be localized in the sarcolemma, T-tubules or the
junctional SR. The E-C coupling in muscle cells is analogous to the well
characterized excitation-secretion (E-S) coupling in nerve terminals. In E-S
coupling, the excitation of the pre-synaptic membrane leads to calcium influx via the
N-Type calcium channels which triggers neurotransmitter release. As in E-C
coupling, efficient signal transmission in E-S coupling depends on the tight
association of the plasma membrane (pre-synaptic membrane) with an internal
membrane system (neurotransmitter containing vesicles). This arrangement of
membrane systems is mediated by tail-anchored membrane proteins on both the

synaptic vesicle and plasma membrane. Synaptic vesicles are docked at the pre-
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synaptic membrane through interactions between vesicle proteins (synaptotbrevin,
synaptogamin) and plasma membrane proteins (syntaxin, @ connotoxin sensitive N-
Type calcium channel, SNAP-25) (Calakos et al., 1994). This tight arrangement
allows for the efficient utilization of extracellular calcium during exocytosis in the
active zones by co-localizing the calcium influx machinery and the synaptic vesicles
(Llinas et al., 1992). Both the E-C and E-S processes are exquisitely dependent on
calcium and calcium binding proteins. In E-S coupling many of the protein-protein

interactions are calcium dependent as well (Sheng et al., 1996; Sheng et al., 1997).

The major proteins involved in E-C coupling such as DHPR, RyR and the
sodium calcium exchanger are calcium binding proteins. Originally, the SLAPs
were identified by screening for potential calcium binding proteins of cardiac cell
membrane. The sizes of the SLAPs do not correspond well with the sizes of the
original calcium binding proteins detected in sarcolemma and SLAPs were not
predicted to contain the EF hand calcium binding motif. However, proteins such as
the sodium calcium exchanger do not contain an EF hand but can still bind calcium
(Nicoll et al., 1990). By analogy, the SLAPs are acidic proteins and contain a
localized negative strip of seven glutamates, which may bind calcium. Many of the
protein-protein interaction involved in the synaptic vesicle docking complex are
mediated through coiled-coil motifs of tail anchored membrane proteins such as
those between syntaxin and the N-Type calcium channel (Sheng et al., 1994). The

pre-synaptic membrane protein syntaxin plays a key role in E-S coupling by acting
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as a scaffold to which both the synaptic vesicles and the N-type calcium channels
can bind (Fig. 47A). Similarly, in cardiac muscle the close apposition of the
junctional SR to the sarcolemma results in the influx of calcium through a single
DHPR being sufficient to trigger the opening of a neighbouring RyR (calcium spark)
(Opie, 1991;de Leon etal., 1995). As coiled-coil, tail-anchored membrane proteins
found in the sarcolemma, T-tubules and the SR, SLAPs may potentially play a role
in mediating interactions between the SR and the sarcolemma and thus regulate E-C
coupling as well (Figure 47B). There is no clear evidence for the direct coupling of
DHPRs and RyRs in cardiac and slow twitch muscle (Fabiato, 1985; Cullen et al.,
1984). In fact there is evidence to the contrary for example the cardiac RyR is
unable to interact with the skeletal or cardiac isoforms of the DHPR (Luetal., 1994;
Nakai et al., 1997). SLAPs could act as scaffold proteins to which the L-Type
calcium channels or the RyR could bind.

Cardiac, smooth and a portion of the skeletal muscle E-C coupling is
mediated via a calcium induced calcium release mechanism (Fabiato, 1985;
Anderson and Meissner, 1995). Since the two smaller SLAPs are expressed in
smooth and cardiac muscle, they may play a role in modulating E-C coupling that

is dependent on external calcium.
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Figure 47. Proposed Role of SLAPs in Modulating Excitation-Contraction Coupling.
A) The role of syntaxin in Excitation-Secretion (E-S) Coupling.

Syntaxin is a coiled-coil tail anchored pre-synaptic membrane protein that binds several
proteins involved in E-S coupling. Syntaxin binds plasma membrane proteins such as the
N-Type Calcium channel as well as binding synaptic vesicle proteins such as synaptobrevin.
Syntaxin fulfills a crucial role in excitation-secretion coupling by co-localizing the calcium
channels and the synaptic vesicle membranes, which allows for the efficient use of
extracellular calcium during secretion.

B) Putative role of SLAPs in Excitation-Contraction(E-C) Coupling.

SLAPs are coiled-coil tail anchored membrane proteins that are found in the sarcolemma
and the T-tubules of the myocardium. By analogy with syntaxin, SLAPs could bind the L-
type calcium channel and may also bind junctional SR proteins such as the ryanodine
receptor or an unidentified receptor, which could be SLAP itself. These binding properties
of SLAP would help to co-localize the calcium influx machinery and the calcium activated
RyRs of the SR. This co-localization of calcium channels is required for efficient signal
transduction during E-C coupling. As well, SLAP, by mediating interactions between the
T-tubules and the SR, could help direct the formation of the diad structures during
development. This mediation could occur through SLAP homodimerization since SLAPs

are localized in the SR and the T-tubules.
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The evidence of SLAP being expressed in the SR and the T-tubules raises the
possibility that homodimerization between SLAPs may serve to modulate E-C
coupling or the generation of E-C coupling units. The larger SLAP3 isoform was
expressed in all muscle types and many other diverse tissues and thus may serve to
modulate a broader range of membrane-membrane interactions. In addition to a
possible role for SLAP in E-C coupling of adult muscle, studies in myoblast cells
have elucidated a possible role for SLAP in membrane fusion during skeletal muscle
development. The overexpression of SLAP in C2C12 myoblast cells significantly
inhibited myotube formation but not the expression of a differentiated muscle
marker, myogenin. Similarly, syntaxin also has two distinct roles in adult and
developing tissues. In adult neurons, syntaxin play acrucial role in vesicle transport
and fusion. Recently, however, a role for syntaxin in cell division has been
proposed based on work in Drosopohila embryos where syntaxin is required for the
process of cellularization (Burgess et al., 1997). Cellularization is a specialized
form of cell division that occurs when the multinucleated blastoderm is divided into
individual cells. By analogy, the disruption of membrane fusion by SLAP
overexpression would be consistent with the role of SLAP in membrane cleavage.
Inthis regard, intracellular SL AP localization was noted in cells undergoing mitosis.

In conclusion, SLAP may fulfill distinct roles in different tissues or at
different developmental stages. In muscle, SLAPs may be crucial for E-C coupling
by either localizing the DHPRs and RyRs to microdomains of the diad or by

modulating the formation of the diad itself. In neurons and glia, SLAP may be
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involved in the trafficking of intracellular vesicles. The dynamic re-organization of
SLAP during mitosis implicates it in the process of membrane cleavage as well.
The role of SLAP in membrane turnover is further supported by the ectopic
expression studies which demonstrated a correlation between SLAP expression and
inhibition of myoblast fusion. SLAPs are a family of coiled-coil tail anchored
membrane proteins that are involved in the regulation of diverse membrane systems.

The functional importance of SLAPs having two alternative transmembrane
domains still needs to be addressed. The precise composition of the carboxyl
terminal anchor does not appear to determine membrane insertion for tail-anchored
membrane proteins since a chimeric synaptobrevin protein with an engineered tail
of a minimum of 11 leucines is appropriately inserted into the endoplasmic
reticulum (Whitley et al., 1996). However, the length of the transmembrane domain
has been shown to determine which membrane system (ER, golgi or plasma
membrane) a tail-anchored membrane protein would be localized (Yang et al.,
1997). A first step in resolving the significance of the two alternative transmembrane
domains would be to compare the subcellular localization of ectopically expressed
SLAP which contained one or the other of the transmembrane domains. The
expression and localization of SLAP with respect to T-tubular and SR markers could
be examined by double immunostaining with SLAP and the DHPR or the RyR. The
nature of the proteins that the SLAPs associate with in the diad/triad structure could
be addressed by immunoprecipitation experiments using the SLAP antiserum or

antibodies specific to T-tubular or junctional SR antigens. Another approach, to
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identifying what proteins bind SLAP, would be to couple purified SLAP protein
(purified from myocardium or bacterially expressed protein) to a matrix. Purified
sarcolemmal or SR vesicles could then be loaded onto the SLAP affinity column and
the SLAP binding proteins could be identified. The role of SLAP in the formation
and maintenance of the triad/diad structures would be definitively addressed by the
generation of SLAP null transgenic mice. If SLAP plays arole in the generation of
these structures, either the number or spatial organization of the triads/diads should
be greatly affected in the SLAP null mice. The transgenic mice may also allow for
the determination of the role of SLAP in early development, particularly in terms of

formation of the myotubes and myocardium.
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