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Abstract

Diacylglycerol kinase-zeta (DGK-¢{) attenuates diacylglycerol (DAG) signaling by
converting it into phosphatidic acid (PA). DGK-¢ binds via its C-terminus, which
contains a PSD-95/Discs-Large/Z0-1 (PDZ)-binding motif, to a family of PDZ domain-
containing scaffold proteins called syntrophins. Previous studies showed that some PDZ-
mediated interactions are regulated by phosphorylation of the C-terminal PDZ-binding
motif, however, to my knowledge, there are no published reports which demonstrate that
a phosphorylation outside of this motif regulates PDZ interactions. Here, I provide
evidence that protein kinase C-mediated phosphorylation of the MARCKS domain of
DGK-{ increases its association with syntrophins by a PDZ-dependent mechanism.
Compared to wild-type (wt) DGK-{, a mutant mimicking phosphorylation of the
MARCKS domain (DGK-£M') bound more to recombinant syntrophin PDZ domains in
in vitro binding assays. Moreover, more endogenous syntrophin co-immunoprecipitated
from lysates of COS cells infected with HA-tagged DGK-M! than with wt HA-DGK-C.
Protein kinase C (PKC) activation by phorbol myristate acetate enhanced the interaction
of wt DGK- and syntrophin PDZ domains, an effect that was blocked by a specific PKC
inhibitor. Consistent with the idea that the MARCKS domain regulates binding, deletion
of this domain decreased binding to syntrophin PDZ domains. Surprisingly,
phosphorylation-mimicking mutants of extracellular signal-regulated kinase
phosphorylation sites closer to the C-terminus had no detectable effect on syntrophin
binding. Collectively, my findings suggest PKC-mediated phosphorylation of the
MARCKS domain regulates the PDZ-dependent interaction between DGK-C and

syntrophins.
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Introduction

A cell is capable of generating biological responses necessary for growth and
survival in response to specific stimuli in its environment, such as hormones,
neurotransmitters, and growth factors (Barrera et al., 2005). The conversion of the
extracellular signals into intracellular responses is mediated through signal transduction
pathways that involve the functional coordination of receptors, second messengers,
enzymes, and effector molecules (Pawson and Scott, 1997). These signaling components
are organized into specific signaling pathways to ensure an adequate control of the
enzymatic activity underlying signal transduction (Smith and Scott, 2002). This is
achieved through regulatory mechanisms involving the confinement of broad specificity
enzymes to distinct sub-cellular sites by the action of scaffold and adaptor proteins

(Pawson and Scott, 1997).

1. Scaffold Proteins in Signal Transduction

Scaffold proteins are organizing molecules bringing various binding partners in
proximity to construct intricate signaling complexes (Jordan et al., 2000). They contain
multiple protein interaction domains, such as Src homology (SH), pleckstrin homology
(PH), and PSD-95/Discs-Large/Z0O-1 (PDZ) domains, responsible for clustering several
types of molecules at specific subcellular compartments within the context of a signaling
pathway (Fanning and Anderson, 1999a). The presence of different protein-protein
interaction modules on a single molecule allows scaffold proteins to assemble

macromolecular and large multi-protein complexes (Smith and Scott, 2002). It also



allows scaffold proteins to simultaneously recognize a group of signaling components
through a distinct set of interaction modules, and a specific location within the cell
through a different set (Jordan et al., 2000). This provides a mechanism for targeting and
segregating the signaling proteins into discrete subcellular structures. Once localized to
distinct sites, enzymes for example, gain a measure of selectivity in their action due to
their controlled and limited access to a specific subset of substrates. As such, scaffold
proteins provide a spatial dimension to signaling, thus contributing to the specificity of

signal transduction (Burack and Shaw, 2000; Smith and Scott, 2002).

1.1 PDZ Domain-Containing Scaffold Proteins

PDZ domain-containing proteins are a major class of scaffold proteins involved in
the aggregation of receptors and ion channels at the plasma membrane (Tsunoda et al.,
1997; Garner et al., 2000; Nourry et al., 2003; Sierralta and Mendoza, 2004). PDZ
domains were first described as a series of Glycine-Leucine-Glycine-Phenylalanine
(GLGF) amino acid residue repeats in the postsynaptic density protein (PSD-95) and the
cell junction-associated proteins discs-large (DLG) and Zona Occludens (ZO-1)
(Kennedy 1995). Most PDZ-containing proteins have multiple PDZ domains, which
facilitates the build-up of large macromolecular complexes (Sheng and Sala, 2001). A
single PDZ protein could bind several copies of a particular protein in a linear array,
thereby clustering them into a single complex (Fanning and Anderson, 1999b). In
addition, it can serve as a scaffold for a multitude of molecules, since the individual PDZ
domains within a PDZ protein often show distinct specificities (Fanning and Anderson,

1999b).



For example, inactivation-no-afterpotential-D (InaD), a Drosophila protein
containing five PDZ domains, serves as a scaffold to assemble different components of
the phototransduction pathway at the rabdomere (the site for phototransduction in
photoreceptor neurons) (Figure 1) (Tsunoda et al., 1997; Ranganathan and Ross, 1997,
Tsunoda and Zuker, 1999; Sheng and Sala, 2001). These components include the
principal light-activated ion channel (transient receptor potential - TRP), the effector
phospholipase C (PLC), and protein kinase C (PKC). In addition, the third and fourth
PDZ domains of InaD can form heteromeric and homomeric complexes, allowing InaD
to build a higher-order scaffold for the components of the phototransduction pathway at
the plasma membrane (Fanning and Anderson, 1999b). Hence, PDZ-containing proteins
can organize molecules in large complexes at the plasma membrane due to the presence

of several PDZ domains on a single scaffold protein.

2. Syntrophins

2.1 Family of PDZ Domain-Containing Scaffold Proteins

PDZ-containing proteins may also assemble signaling complexes around a single
PDZ domain, as with syntrophins for example. The syntrophin family is composed of
five isoforms (al, B1, B2, y1, & y2) that share a common domain structure (Adams et al.,
2001). Each has two PH domains, one PDZ domain dividing the first N-terminus PH into
two regions, and a C-terminal syntrophin unique (SU) domain (Figure 2) (Adams et al.,
1993 and 1995; Ahn et al., 1994 and 1996; Piluso et al., 2000). Syntrophins are members
of the dystrophin-associated protein complex (DAPC) that connects the actin

cytoskeleton to the extracellular matrix in skeletal muscle (Figure 3) (Campbell and Kahl,



Fig 1. Organization of the Phototransduction Complex by the Multi PDZ-
Containing Protein InaD in Drosophila Photoreceptors. A schematic of the
photoreceptor cells and the rhabdomeres is shown at bottom. InaD binds to its major
interacting proteins (TRP, PLC, PKC) beneath the plasma membrane, and multimerizes

via its PDZ3/PDZ4 domains. The PDZ domains (numbered) are represented by red ovals.
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Fig 2. Domain Structure of Syntrophins. Syntrophins share a common domain
structure characterized by the presence of an N-terminus lipid-binding PH domain, split
by a single PDZ domain, a second PH domain, and a C-terminus SU domain. The PDZ
domain associates with proteins containing a PDZ-binding motif with the consensus
sequence X-Serine/Threonine-X-Valine. The latter two domains bind dystrophin and also

contain actin-binding sites.



Figure 2

Syntrophin
PH1a PHib  PH2 su
< e

PDZ

PH1a-PDZ-PH1b : binds Phosphatidylinositol 4,5-biphosphate (PIP2)
PH2 - SU : bind dystrophin and dystrobrevin

PH2 - SU : has actin binding sites




Fig 3. Dystrophin-Associated Protein Complex. A schematic of the DAPC linking the
internal cytoskeleton to the extracellular matrix in skeletal muscle. Dystrophin binds F-
actin beneath the plasma membrane through its N-terminus, and associates with other
components of the DAPC through its C-terminus. The dystroglycans connect dystrophin
to the extracellular matrix protein laminin across the sarcolemma. A dystrophin C-
terminal homologue, dystrobrevin, binds to the C-terminus of dystrophin, and four
syntrophin molecules bind to both dystrophin and dystrobrevin. Also shown are other

DAPC molecules, such as the sarcoglycans.
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1989; Yoshida and Ozawa, 1990; Rybakova et al., 1996; Adams et al., 2001). The
dystrophin protein and other members of the DAPC are also implicated in various forms
of muscular dystrophies, when their genes are mutated (Hoffman et al., 1987; Koenig et
al., 1988; Dalkilic and Kunkel, 2003; Nowak and Davies, 2004). Up to four syntrophins
can bind to the DAPC: two can directly attach to one dystrophin, and two can associate
with dystrobrevin, a protein that shows a significant protein sequence homology to the
carboxyl terminus of dystrophin (Wagner et al., 1993; Yang et al., 1995a; Peters et al,,
1997; Newey et al., 2000). Each syntrophin molecule interacts with dystrophin through
its PH2 and SU domains, leaving the N-terminus PH containing the PDZ domain free to
interact with other ligands. Hence, the interaction of four syntrophin molecules with the
DAPC may allow the single PDZ-containing protein syntrophin to participate in the
formation of macromolecular complexes near the plasma membrane (Ahn and Kunkel,

1995; Ahn et al., 1996; Adams et al., 2001).

2.2 The Dystrophin-Associated Protein Complex is Involved in Signaling

In addition to the role of the DAPC in protecting the plasma membrane against
stresses developed during muscle contraction, by providing a mechanical support (Petrof
et al., 1993), the complex is increasingly implicated in signaling functions through the
interactions of its members with various signaling molecules (Rando 2001; Lapidos et al.,
2004). The integral DAPC components include the dystroglycans, the sarcoglycans, the
dystrobrevins, and the syntrophins (Figure 3) (Yoshida et al., 1994; Rando et al., 2001;
Blake et al., 2002). The transmembranous proteins sarcoglycans were found to bind to the

focal adhesion proteins integrins in myocytes. The complete disappearance of the
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sarcoglycans resulted in a significant decrease in integrin levels, causing a reduction of
cell adhesion, which suggests sarcoglycans play a role in intracellular signaling through
the integrins (Yoshida et al., 1998). The sarcoglycans were also identified as interacting
partners to a skeletal muscle-specific form of filamin (Thompson et al., 2000). Filamin
family members regulate actin cytoskeletal assembly and are involved in signal
transduction cascades associated with cell migration, adhesion, differentiation, and
survival. This suggests sarcoglycans may be involved in downstream filamin signaling
(Thompson et al., 2000; Rando 2001; Stossel et al., 2001; Blake et al., 2002). Other
members of the DAPC, namely the dystroglycans, which bridge dystrophin to laminin
across the plasma membrane (Ibraghimov-Beskrovnaya et al, 1992; Ervasti and
Campbell, 1993; Jung et al., 1995), bind another signaling protein, the growth factor
receptor bound protein 2 (Grb2). Grb2 is involved in growth factor-induced cytoskeleton
organization (Yang et al., 1995b). Thus, the DAPC components may have a signaling

role through their associations with various signaling proteins in skeletal muscle.

Moreover, the expression of some of the DAPC molecules in other tissues, such
as smooth muscle, brain, and liver, suggest they might be involved in signaling in those
tissues rather than serving a structural role (Rando 2001). In addition to skeletal muscle,
the dystroglycans are expressed in brain tissue, where they also associate with the
signaling protein Grb2. They possibly play a role in Grb2-mediated signaling in the brain
(Yang et al., 1995b; Rando 2001; Lapidos et al., 2004). The sarcoglycans are detected in
smooth muscle. Sarcoglycan-deficient mice exhibited a disorder of vascular function
resulting in abnormal blood flow in coronary arteries, correlating with the alteration of

the sarcoglycan composition in the smooth muscle cells of coronary arteries (Coral-
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Vazquez et al., 1999). The vascular dysfunction due to sarcoglycan deficiency may be
related to a disruption of one of the signaling pathways regulating vascular tone in
smooth muscle, implicating the sarcoglycans in signaling in this tissue (Rando 2001).
Henée, the DAPC proteins may serve as structural platforms for signaling molecules in

various tissues.

The syntrophins are expressed in a variety of tissues. al-syntrophin is most
abundant in skeletal and cardiac muscle, while B-syntrophins are more widely distributed
(Adams et al., 1993; Ahn et al., 1996; Peters et al., 1997; Jones et al., 2003). The y2-
isoform is found in skeletal muscle, while y1-syntrophin is brain-specific (Piluso et al,,
2000). The existence of syntrophins in muscle and non-muscle tissue suggests they may
play structural as well as signaling roles in the different tissues (Adams et al., 2000 and

2004; Rando 2001).
2.3 Syntrophins Recruit Signaling Molecules to the Plasma Membrane

Syntrophins function as modular adaptors forming a scaffolding platform for the
proper localization and positioning of their binding partners. They target signaling
proteins to the plasma membrane, or link them to the DAPC, by PDZ-mediated
interactions (Brenman et al., 1996; Gee et al., 1998; Adams et al., 2001). A well studied
example is featured here, describing the role of syntrophins in mediating the membrane
localization of neuronal nitric oxide synthase (nNOS) in skeletal muscle. nNOS catalyzes
the production of nitric oxide (NO), which is a signaling molecule believed to be
important for the maintenance of adequate blood flow to exercising muscles through its

vasoregulatory function (Thomas et al., 1998 and 2003; Stamler and Meissner, 2001).

12



nNOS is abundantly expressed in skeletal muscle where it associates with the DAPC at
the sarcolemma by binding to the PDZ domain of al-syntrophin (Brenman et al., 1995
and 1996; Thomas et al., 2003). Kameya et al. (1999) have shown that nNOS was absent
from the plasma membrane in o1-syntrophin knock-out mice, and Brenman et al. (1996)
have demonstrated that nNOS isoforms lacking the PDZ domain, which normally
heterodimerizes with the PDZ domain of al-syntrophin (Hillier et al., 1999), do not
localize to the sarcolemma in skeletal muscle. These observations suggest syntrophins are

vital for the localization of nNOS to the sarcolemma.

A functional consequence was attributed to the sarcolemmal localization of nNOS
by Thomas et al. (2003), as they revealed that the NO-dependent modulation of a-
adrenergic vasoconstriction was greatly impaired in the contracting muscles of al-
syntrophin null mice compared with wild-type mice. This highlights the importance of
the role of al-syntrophin in properly localizing nNOS to initiate the NO-dependent

signaling cascade at the plasma membrane in muscle.

Other studies suggest the interactions of syntrophins with signaling molecules
through PDZ domains are also fundamental to membrane signaling in non-muscle cell
types. al-syntrophin associates with the brain water channel aquaporin-4 (AQP4) in
perivascular membranes of astrocyte endfeet through a PDZ-mediated interaction (Neely
et al., 2001). AQP4 contributes to brain water homeostasis and the formation of brain
edema (Amiry-Moghaddam et al., 2003 and 2004). AQP4 expression has been reported

to be markedly reduced in astrocyte endfeet membranes of al-syntrophin knockout mice,

13



suggesting the PDZ domain of 1-syntrophin is required for the sarcolemmal localization

of the brain water channel (Neely et al., 2001).

2.4 Syntrophin Mutations do not Cause Muscular Dystrophy

As syntrophins are part of the DAPC, mutations in genes encoding the different
syntrophin isoforms might contribute to the pathogenesis of muscular dystrophies. The
most common form of muscular dystrophy is the X-linked recessive and lethal Duchenne
muscular dystrophy (DMD) (Nowak and Davies, 2004; Nowak et al., 2005). The DAPC
is destabilized in DMD, leading to secondary loss and reduced levels of its components at
the sarcolemma (Ozawa et al., 1995; Straub et al., 1997; Blake et al., 2002). In addition,
deficiencies in some of the DAPC components could constitute a primary cause for other
forms of muscular dystrophies. For example, the disruption of sarcoglycans was
associated with limb-girdle muscular dystrophies (Vainzof et al, 1996; Lim and
Campbell, 1998), and the deficiency of a-dystrobrevin has been linked to a mild form of
the disease (Grady et al., 1999). Studies performed to date on syntrophin null-mice have
not directly connected syntrophins to the development of any muscular dystrophy
however (Kameya et al., 1999; Adams et al., 2000 and 2004). But mice deficient in al-
syntrophin present abnormalities of the neuromuscular junction with secondary
reductions or mislocalization of acetylcholine receptors (Adams et al., 2000; Hosaka et
al., 2002). These findings suggest «l-syntrophin may be important for receptor
stabilization at synapses to ensure proper receptor signaling (Adams et al., 2000; Rando

2001). The syntrophins are therefore thought to be primarily involved in signal

14



transduction at the plasma membrane, and their absence was not shown to correlate with

any structural dysfunction causing muscular dystrophies.
2.5 Syntrophins Interact with Diacylglycerol Kinase- zeta

In order to identify new syntrophin binding partners that might be involved in
cellular signaling, our lab screened a human brain cDNA library with the PDZ domain of
y1-syntrophin in a yeast two-hybrid assay. A specific interaction was found between the
C—teﬁninus of the lipid kinase diacylglycerol kinase-zeta (DGK-(), containing a

consensus PDZ-binding motif, and the PDZ domain (Hogan et al., 2001).

DGK-¢ belongs to a family of nine mammalian isoforms that catalyze the
phosphorylation of the second messenger diacylglycerol (DAG) to generate phosphatidic
acid (PA) (Kanoh et al., 1990; Sakane et al., 1990; Bunting et al., 1996; Goto and Kondo,
2004: Luo et al., 2004b). All DGK isoforms contain a conserved catalytic domain in
addition to zinc finger motifs rich in cysteine residues, similar to lipid-binding C1
domains found in PKC (Figure 4) (Luo et al., 2004b; Hodgkin et al., 1998). The C1
domains are thought to bind DAG but no conclusive evidence has been reported so far

(Luo et al., 2004b).

DAG is one of the products of the hydrolysis of phosphatidylinositol 4,5-
biphosphate (PIP;) by PLC (Topham and Prescott, 1999; Parker 2004; Suh and Hille,
2005). DAG binds to and activates signaling proteins that contain cysteine-rich Cl
domains, such as PKC (Hodgkin et al., 1998). PKCs are implicated in the regulation of a

multitude of cellular functions, such as cell growth and proliferation, actin cytoskeleton

15



Fig 4. Diacylglycerol Kinase Family. Mammalian DGKs share the same catalytic
domain in addition to zinc finger motifs similar to lipid-binding C1 domains found in
PKC, but are classified under 5 types according to their different regulatory and binding
motifs, shown here. DGK-¢ belongs to type IV characterized by the presence of a domain
homologous to the phosphorylation site domain of the MARCKS protein (containing an

NLS), ankyrin repeats, and a C-terminal PDZ-binding motif.
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From Luo et al., 2004b.
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remodelling, and apoptosis (Toker 1998; Topham et al., 1998; Luo et al., 2004b). Hence,
the DAG — PKC signaling pathway is a fundamental mechanism for transducing
extracellular signals (Newton 2004). Intracellular DAG levels must therefore be strictly
regulated to ensure proper cellular responses. This is partly accomplished by DGKs,
which attenuate the activity of DAG and consequently affect downstream PKC signaling.
This was demonstrated by work of Luo et al. (2003a) showing that DGK-{ inhibits PKC-

o activity in cells in kinase assays.

DGKs are also involved in signal transduction through the production of PA,
which regulates the activity of a variety of signaling molecules including
phosphatidylinositol 4-phosphate 5-kinase (PIPSK) (Figure 5) (Jenkins et al., 1994;
Topham and Prescott, 1999; Goto and Kondo, 2004). PIP5K catalyzes the conversion of
phosphatidylinositol 4-phosphate (PIP) to yield PIP2 (Tolias et al., 1998; Luo et al,
2004a; Parker 2004). PIP; acts as a lipid switch that regulates local cellular activities at
the plasma membrane, playing an important role in actin polymerization (Luo et al,
2004a; Suh and Hille, 2005). By generating PA, DGK-{ stimulates PIPSK activity to
increase the levels of PIP2 at the plasma membrane (Luo et al., 2004a). In summary,
DGKs play a role in lipid-mediated cellular signaling through their catalytic activity.
Therefore, they must be properly localized at the membrane close to DAG sources for

adequate control of lipid signaling.
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Fig 5. Downstream Effectors of DAG and PA. DGKs catalyze the phosphorylation of
DAG to produce PA. DGKs may be involved in signal transduction through the reduction
of DAG levels or the production of PA, which both regulate the activity of a variety of

signaling molecules shown here.
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Figure 5
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2.6 Syntrophins are Important for the Subcellular Localization of DGK-{

Syntrophins contribute to the recruitment of signaling molecules to specific
subcellular domains through PDZ-mediated interactions (Adams et al., 2001). Previous
studies by Hogan ef al. have demonstrated that PDZ interactions regulate the subcellular
localization of both DGK-¢{ and syntrophin. The disruption of the association between
DGK-¢ and y1-syntrophin, by the introduction of DGK-{ mutants that cannot bind to the
PDZ domain, causes DGK-{ to accumulate in the nucleus while syntrophin remains
extranuclear (Hogan et al., 2001). In the nucleus, DGK-{ reduces DAG levels and inhibits
cell growth, as determined by DAG assays and the increase in the doubling time of cells
transfected with DGK-¢ (Topham et al., 1998). These findings suggest the proper
localization of DGK-¢ by the PDZ-mediated interaction with syntrophins is one

mechanism for the regulation of DGK-{ activity in the nucleus.

Syntrophin PDZ-mediated interaction with DGK-{ was also found to have a role
in DGK-&-induced neurite outgrowth. Overexpression of DGK-{ in neuronal cells
promoted neurite formation through a process dependent on a functional C-terminal PDZ-
binding motif (Yakubchyk et al., 2005). DGK-{ mutants with a blocked C-terminus were
unable to induce neurite outgrowth, and also inhibited the process in cells induced for
differentiation (Yakubchyk et al., 2005). This suggests the interaction with the PDZ

domain of syntrophins may affect the role of DGK-¢{ in the process of neurite formation.

Work by Abramovici et al. (2003) has also demonstrated that syntrophins seem to
promote a more stable association of phosphorylated DGK-{ with the plasma membrane.

DGK-¢{ was shown to be phosphorylated by PKC at its myristoylated alanine-rich C-
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kinase substrate (MARCKS) domain (KASKKKKRASFKRKSSKK), located upstream
of the catalytic domain (Figure 6) (Topham et al., 1998; Luo et al., 2003b). The co-
expression of al-syntrophin with a DGK-{ mutant that mimics PKC-dependent
phosphorylation at the MARCKS domain, led to a substantial increase in the membrane
localization of both proteins compared with cells expressing either protein alone
(Abramovici et al., 2003). Although DGK-¢ translocation to the plasma membrane is
primarily dependent on PKC phosphorylation (Santos et al., 2002), its interaction with

syntrophins may stabilize its membrane association (Abramovici et al., 2003).

In conclusion, the PDZ-mediated interactions with syntrophins contribute to
DGK-¢ localization and function. However, the regulatory mechanisms governing the

PDZ-mediated association between DGK-¢{ and syntrophins remain to be elucidated.

3. DGK-{ Activity is Regulated by Phosphorylation

Protein phosphorylation is a general mechanism for regulating protein-protein
interactions and enzyme activity underlying signal transduction (Pawson and Scott,
1997). Studies by Topham et al. (1998) have shown that PKC phosphorylation of DGK-{
MARCKS domain regulates its intracellular location. The MARCKS motif of DGK-{

contains a nuclear localization signal (NLS) but the co-expression of DGK-{ with PKC-a

or PKC-y reduced nuclear DGK-{ levels, and the down-regulation of PKC isoforms
resulted in an increase in nuclear DGK-¢, suggesting PKC phosphorylation excludes
DGK-{ from the nucleus (Topham et al., 1998). The phosphorylation at the MARCKS
domain also causes DGK-¢ to translocate to the plasma membrane (Santos et al., 2002;

Abramovici et al., 2003). Santos et al. (2002) have shown that DGK-{ mutants, in which
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Fig 6. Schematic Structure of DGK-{ Showing the Posphorylation Sites. The N-
terminus contains two domains homologous to the C1A and C1B motifs of PKC, a
MARCKS homology domain, and a catalytic region containing an ATP binding site. The
C-terminus contains ERK phosphorylation sites upstream of four tandem ankyrin repeats,
and a consensus PDZ-binding motif (DQETAYV). The schematic shows the sequence of
the MARCKS domain, phosphorylated by PKC, and of the proline rich region upstream
of the ankyrin repeats, phosphorylated by ERK. The asterisks indicate the serine residues
that can be phosphorylated. DGK-{ mutants that mimic PKC phosphorylation (M1 S/D)
or ERK phosphorylation (E1 S/D), by replacing the serines with aspartates, are also
shown with their control mutants, DGK-¢ M2 (S/N) and DGK-¢ E2 (S/N) respectively.

The controls cannot be phosphorylated due to the replacement of serine with asparagine.
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Figure 6
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phosphorylation of the MARCKS domain was either prevented or mimicked, localized
differently in response to receptor stimulation. The mutant that cannot be phosphorylated
prevented the translocation of DGK-¢ to the membrane, in contrast to the mutant that
mimics the phosphorylation. Abramovici et al. (2003) showed that the mutant that
mimics phosphorylation at DGK-¢{ MARCKS domain was more membrane associated
than wild-type DGK-{. Hence, the PKC-dependent phosphorylation of the MARCKS

domain affects the sub-cellular localization of DGK-¢.

In addition, the phosphorylation of the MARCKS domain causes DGK-{ to
dissociate from PKC-o and inhibits its activity. This was demonstrated through the
activation of PKC-a by phorbol 12-myristate 13-acetate (PMA), which impaired its
association with DGK-¢{ in immunoprecipitation experiments and reduced DGK-{ activity
in kinase assays. These effects were reversed by pre-treatment with a PKC inhibitor (Luo
et al., 2003a and 2003b). Also, PKC phosphorylation of the MARCKS motif disrupts the
binding between DGK-¢{ and active Racl, a Rho GTPase involved in actin cytoskeletal
remodelling (Yakubchyk et al., 2005). An activated Racl mutant did not bind a DGK-{
mutant that mimics phosphorylation at the MARCKS domain, and the association
between wild-type DGK-¢ and the Racl mutant was abolished following PMA-induced
PKC activation in pull-down assays (Yakubchyk et al., 2005). Therefore, it appears that
PKC phosphorylation of DGK-¢{ MARCKS domain also regulates the association of

DGK-¢ with some of its binding partners.
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4. Phosphorylation Regulates PDZ-Mediated Interactions

PDZ interactions are also regulated by phosphorylation (Kim and Sheng, 2004).
The PDZ-mediated interactions involve a sequence-specific binding between a PDZ
domain in one protein and a C-terminal PDZ binding motif (X-Serine/Threonine-X-
Valine) in another protein. The specificity of the binding depends on the terminal
carboxylate group of the ligand interacting with a hydrophobic pocket on the PDZ
domain, formed by the GLGF consensus sequence (Figure 7). In addition, side chain
interactions between the PDZ domain and the residue at the -2 position on the ligand
(S/T) provide an additional level of binding regulation (Figure 7) (Doyle et al., 1996;
Jelen et al., 2003; Zhang and Wang, 2003; Kim and Sheng, 2004). Phosphorylation of
this residue usually inhibits the interaction with PDZ domains (Kim and Sheng, 2004).
To illustrate, protein kinase A (PKA)-dependent phosphorylation of the C-terminal serine
residue at the -2 position of the inwardly rectifying K+ channel Kir2.3 was reported to
cause rapid dissociation of the channel from PSD-95 (Cohen et al., 1996). Also, the
binding of Kir5.1 with PSD-95 was prevented by PKA-mediated phosphorylation of its
carboxyl terminus (Tanemoto et al., 2002), and the phosphorylation of B1-adrenergic
receptor by G-protein coupled receptor kinase 5 at the -2 position of its C-terminus
attenuated its association with the PDZ domain of PSD-95 (Hu et al., 2002). These
examples underline the role of the phosphorylation of a PDZ-binding motif in regulating

the PDZ-mediated interactions.
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Fig 7. PDZ Domain Binding Specificity. Structure of a PDZ domain complexed with a
C-terminal peptide ligand, based on PDZ3 of PSD-95 complexed with CRIPT. The
ribbon diagram of the PDZ domain (gray) is shown bound to the peptide ligand (main
chain represented in yellow). (A) The free carboxylate group (orange) of the C-terminal
residue (0 position) of the peptide interacts with the conserved amino acids (Gly-Leu-
Gly-Phe) of the carboxylate binding loop (red). (B) The hydroxyl group of the -2 residue
(threonine; light blue) interacts with the sidechain of the PDZ domain (histidine; dark

blue).
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Figure 7

From Sheng and Sala, 2001.
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The C—terminal PDZ-binding motif of DGK-{ contains a threonine residue at the
-2 position (DQETAYV). According to the NetPhos2.0 server (www.cbs.dtu.dk), which
predicts phosphorylation sites, the sequence of DGK-¢{ PDZ-binding motif does not
predict phosphorylation of the threonine residue, although this does not exclude the
possibility that DGK-{ might be phosphorylated at this location. However, recent studies
showed that PDZ-mediated interactions can also be regulated by phosphorylations
occurring outside the PDZ-binding motif (shown below); therefore, investigating this

possibility for the DGK-¢ / syntrophin interaction is worth considering.

PDZ-mediated interactions can be regulated by phosphorylation of the PDZ
domain itself, although this is less common. For instance, the phosphorylation of a PDZ
domain on synapse-associated protein 97 by Ca**/calmodulin-dependent protein kinase I
disrupted its interaction with the NR2A subunit of NMDA receptors (Gardoni et al.,
2003). Another example demonstrates how phosphorylation of a PDZ-containing protein,
namely B2-syntrophin, modulates the PDZ-mediated interaction with its binding partner,
islet cell autoantigen (ICA) 512. ICA512 is a receptor tyrosine phosphatase-like protein
associated with the secretory granules of endocrine cells, including insulin-secreting beta-
cells of the pancreas. ICA512 was shown to bind to $2-syntrophin through a PDZ-
mediated interaction (Ort et al., 2000). This interaction is thought to link the secretory
granules with the actin cytoskeleton near the plasma membrane. Additional work by Ort
et al. (2001) demonstrated that binding of ICA512 to B2-syntrophin protects ICA512
from cleavage, while their dissociation may constitute a mechanism for the mobilization
of the secretory granules. They also showed that ICAS512 preferentially binds a

phosphorylated form of B2-syntrophin; however, the exact phosphorylation site was not
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identified (Ort et al., 2001). The above studies report about regulatory mechanisms
governed by the phosphorylation of either the PDZ domain or the PDZ-containing
protein. No evidence was presented to date showing that a phosphorylation of the ligand
outside its PDZ-binding motif can regulate a PDZ-mediated interaction. As DGK-{ can
be phosphorylated at two sites (Figure 7), one at the MARCKS domain by PKC and one
near the C—terminus by extracellular signal-regulated kinase (ERK) (Abramovici et al.,
2003), the examination of whether these phosphorylations affect DGK-{ binding to
syntrophin PDZ domains may help to identify a novel mechanism for the regulation of

PDZ-mediated interactions.
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Hypothesis and Rationale

The PDZ-mediated interaction between syntrophins and DGK-{ plays an
important role in properly localizing DGK-{ and regulating its activity (Hogan et al,,
2001; Abramovici et al., 2003; Yakubchyk et al., 2005). One of the best-characterized
functions of DGK-¢{ is its involvement in lipid signaling through the attenuation of the
levels of the second messenger DAG (Goto and Kondo, 2004). The identification of the
regulatory mechanisms governing the PDZ-mediated association of DGK-¢ with
syntrophins may shed some light on the possible signaling pathways involved in DGK-¢{
activity. PDZ-mediated interactions are usually regulated by phosphorylation of the PDZ-
binding motif of the ligand (Kim and Sheng, 2004), but no phosphorylation site was
identified on the C-terminal PDZ-binding motif of DGK-¢{. How DGK-¢ interaction with
syntrophins is regulated still remain to be identified. The PKC-dependent
phosphorylation of the MARCKS domain, located outside the C-terminus of DGK-{; has
been shown to regulate the interaction of the lipid kinase with some of its binding
partners, such as PKC and Rac1 (Luo et al., 2003; Yakubchyk et al., 2005). I hypothesize
that this phosphorylation also affects the interaction between DGK-{ and syntrophins by

regulating the binding of the C-terminus of DGK-{ to the PDZ domain.
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Materials & Methods

Reagents

FuGENE™ 6 transfection reagent was purchased from Roche Diagnostics Corp.
(Indianapolis, IN). Dulbecco's modified Eagle's medium (DMEM) was purchased from
Invitrogen Life Technologies, Inc. (Carlsbad, CA). Fetal Bovine Serum (FBS) was
obtained from Wisent Canadian Laboratories (St-Bruno, QC). Glutathione-Sepharose 4B
beads were from Amersham Biosciences AB (Uppsala, Sweden). Protein G-Agarose
beads were from Upstate (Lake Placid, NY). Protease inhibitors were from BioShop
Canada (Burlington, ON). Phorbol 12-myristate 13-acetate (PMA) was obtained from
Sigma-Aldrich (St-Louis, MO). Super Signal West Pico Chemiluminescent Substrate was
from Pierce Laboratories (Rockford, IL). Restriction endonucleases were from New

England Biolabs (Pickering, ON).

Antibodies

Rabbit polyclonal anti-hemagglutinin (HA) was from Zymed Laboratories (San
Francisco, CA), and mouse monoclonal anti-HA was from Sigma. Monoclonal antibodies
against syntrophins (1351 and 2101) were gifts from Dr Stanley Froehner (University of
Washington, Seattle). Horseradish Peroxidase (HRP)-conjugated secondary antibodies
were from Jackson Immunoresearch Laboratories (West Grove, PA). AlexaFluor 488-
and 594-conjugated goat anti-mouse and anti-rabbit secondary antibodies and AlexaFluor

488-conjugated phalloidin were purchased from Molecular Probes/Invitrogen (Carlsbad,

32



CA). Fluorescein isothiocyanate (FITC)-conjugated phalloidin was from Sigma-Aldrich

(St. Louis, MO).

Plasmids

To delete the MARCKS domain from DGK-¢, a pPCMV-HA vector containing
DGK-¢ was digested with EcoRI and Agel. A 5.9kb fragment was isolated and band
purified. This fragment contains the vector, three HA-tags, and a DGK-{ C-terminal
fragment downstream of Agel (1.5kb). Two other DGK-{ fragments were amplified by
polymerase chain reaction (PCR). One fragment contains DGK-{ N-terminus upstream of
the MARCKS domain (0.8kb), and the other spans DGK-¢{ downstream of MARCKS up
to Agel (0.5kb). The following primers were used for the PCR: sense
(5’ AGCTGCGGAATTGTACCCG) and antisense
(5’ ATATGGTACCCAGAGTATTCTGGGG) for the fragment upstream of MARCKS,
and sense (5’ ATATGGTACCGGGCCTGAGGAGG) and antisense
(5’GCCTCTCGAGACTCGTGG) for the fragment downstream. A Kpnl site was
introduced in the primers (underlined) to ligate both PCRs. A triple ligation involved the
vector fragment, including DGK-{ C-term downstream of Agel, and the two DGK-{
amplified fragments, upstream and downstream of MARCKS, cut with EcoRI and Agel
respectively. The MARCKS deletion plasmid, HA-DGK-{ AM, was verified by

sequencing with specific primers (Figure 8).

To shuttle DGK-¢ E1 (S/D) and E2 (S/N) into an HA-tagged vector, the mutants
were amplified by PCR from pcDNAI1 plasmids. The primers used for the PCR, sense

(5’ ATATGAATTCGGATGGAGCCGCGGGACGGT) and antisense
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Fig 8. Sequencing of DGK-{ AM and DGK-{ E1 (S/D) & E2 (S/N). As in

MATERIALS and METHODS.
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Figure 8

Sequencing of HA-DGK-{ AM (MARCKS deletion)
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(5’ ATATCGGCCGCCTACACAGCCGTCTC), contain 5° EcoRI and 3’ Notl sites
(underlined) respectively. The pPCMV-HA vector was cut with EcoRI and NotI restriction
enzymes, and the digested PCR fragments were ligated into the vector at those sites. The
constructed plasmids, HA-DGK-¢ E1 (S/D) and HA-DGK-{ E2 (S/N), were verified by

sequencing with specific primers (Figure 8).

Cell Culture and Transient Transfections

Cell lines (N1E-115 mouse neuroblastoma cells, NIH-3T3 mouse fibroblasts,
Cos-7 monkey kidney cells) were grown on 100-mm dishes in DMEM high-glucose with
10% FBS, 100 U/ml penicillin-streptomycin, and 2 mM L-glutamine, to 70-80%
confluence. Cells were then transfected with DGK-¢ WT, DGK-¢ M1 (S/D), DGK-{ M2
(S/N), DGK-¢ E1 (S/D), DGK-¢ E2 (S/N), or full-length al-syntrophin using FuGENE 6
(Roche Diagnostics) according to the manufacturer's instructions (for 100-mm plates or
10 ml of DMEM: 6 ug of purified DNA was added to 9 pl of FuGENE 6 (3:2 ratio)
diluted in serum-free DMEM to a final volume of 300 pnl). Transfections proceeded for

18-24h@37C.

For pull-down assays, cells expressing DGK-¢ wild type were stimulated with
90nM PMA or vehicle for 30 min. G66976 (500 nM) was added 10 min before PMA

stimulation, where indicated.

Recombinant Adenoviral Vectors and Infection

An adenoviral construct encoding DGK-¢ wild type or DGK-¢ M1 (S/D) with

three tandem N-terminal HA epitope tags was used for infecting cells. A multiplicity of
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infection (MOI) of 100 was used, which indicates the number of plaque forming units
(PFU) added per cell. Equivalent amounts of adenoviral constructs were diluted in serum-
free DMEM and added to the cells for 1hr @ 37 C. Cells were then incubated in 10%
FBS, 100 U/ml penicillin-streptomycin, and 2 mM L-glutamine, for 24-48 hr @ 37 C

prior to harvesting.

Immunoprecipitation

Cell cultures were washed twice with 10 ml of ice-cold phosphate buffered saline
(PBS), pH 7.4, and then lysed with 1 ml of a hypotonic solution (50 mM Tris-HC], pH
7.5, 20 mM NaCl, and protease inhibitors) per 100-mm dish for 15 min, scraped and
collected on ice. Cells were then sonicated (power output 1, 50% duty cycle) with a
Branson sonifier equipped with a 5-mm tip (Branson, Ultrasonics, Danbury, CT). To
solubilize proteins, the detergent Triton X-100 was added to the samples to a final
concentration of 1%. Afterwards, NaCl was added back to the cell lysate to a final
concentration of 150mM before incubation with the antibody. Cell lysates were then
centrifuged at 10,000 rpm for 10 min. The supernatant was collected, protein
concentration was measured by the Bradford assay, and an aliquot of this starting material
(input) was boiled in reducing sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer. The appropriate antibody (5ug) was added
to 1500pg of supernatant from different samples and incubated at 4°C with mixing for 2
h or overnight. Then, 75 pl of protein G agarose beads was added and incubated an
additional 2-3 h at 4°C with mixing. The immune complexes were collected by
centrifugation and washed 3 x 10 min with the lysis buffer containing 1% Triton X-100,

150mM NaCl, and 50mM Tris-HCl pH 7.5. Proteins were eluted from the beads by
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boiling in reducing SDS-PAGE sample buffer. The samples were then centrifuged at
21,000 x g for 1-2 min and analyzed by SDS-PAGE and Western blotting for bound

DGK-¢ or syntrophins.

Pull-Down Assays

Cell cultures were lysed with a hypotonic solution (50 mM Tris-HC], pH 7.5, 20
mM NaCl, and protease inhibitors) for 15 min, scraped and collected on ice. Cells were
then sonicated and Triton X-100 was added to the samples to a final concentration of 1%.
Sodium chloride was added back to the cell lysate to a final concentration of 150mM, to
regain the physiological salt concentration level before incubation with the fusion protein.
Cell lysates were then centrifuged at 10,000 rpm for 10 min. The supernatant was
collected, protein concentration was measured by the Bradford assay, and an aliquot of
this starting material (input) was boiled in reducing SDS-PAGE sample buffer.
Equivalent amounts of Glutathione S-Transferase (GST) and GST PDZ fusion proteins
conjugated to Glutathione-Sepharose 4B beads were incubated with 1000ug of
supernatant for 3 hrs on a rocker at 4°C. The samples were centrifuged and the collected
beads were washed 3 x 10 min with the lysis buffer (1% Triton X-100, 150mM NaCl, and
50mM Tris-HC1 pH 7.5). The bound proteins were eluted in 75u1 of reducing SDS-PAGE
sample buffer and boiled for 5 min. The samples were then analyzed by SDS-PAGE and

immunoblotting.

Purification of GST Fusion Proteins

BL21 competent bacterial cells were transformed with the pGEX-5X-1 vector

(Amersham Biosciences), containing syntrophin al-, y1-, B1-, & p2- PDZ domains and a
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sequence encoding GST, and were grown overnight at 37 °C on LB-ampicillin-
chloramphenicol (LB-Amp-Chlor) plates. Luria Broth (LB) medium (0.5 liter)
supplemented with 200 pg/ml ampicillin and 34 pg/ml chloramphenicol was inoculated
with a single colony, and the bacterial culture was incubated at 37°C with shaking until
the optical density at 600 nm reached between 0.6 and 1.0. Protein expression was then
induced with 1mM IPTG (isopropyl-1-thio-8-D-galactopyranoside) (BioShop, Canada,
Inc., Burlington, Canada), and the culture was incubated overnight at 28 °C or for 3-4
hours at 37°C. The cells were harvested by centrifugation at 6000 x g for 10 minutes and
subsequently resuspended in 20ml of ice-cold PBS. Protease inhibitors were then added
(1mM Benzamidine, 10um Leupeptin, ImM AEBSF, 1uM Pepstatin A), and bacterial
cells were lysed with 100pul lysozyme followed by sonication (power output 5-6, duty
cycle at constant; 15 sec blasts), and the addition of 1% Triton X-100. The homogenate
was then centrifuged at 16,500 rpm for 30 minutes at 4°C. Glutathione-Sepharose beads
(2ml of 50% slurry) were then incubated with the supernatant for 1-2 hr on a rocker at
4°C. Beads were centrifuged, washed with PBS, and resuspended in PBS containing 20%
glycerol. The purified GST fusion proteins were run on SDS-PAGE and their purities

were determined by Coomassie blue staining.
Subcellular Fractionation

NIH-3T3 fibroblasts cultured in 100-mm dishes were washed three times with ice-
cold PBS, scraped into 1 ml of PBS, and then centrifuged (650 x g for 5 min). The cells
were resuspended in 200 pl of lysis buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 1 mM

MgCl,, 1 mM CaCl,, and protease inhibitors) and sonicated by 2 x 15 sec blasts (power
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output 1, 50% duty cycle). An aliquot, which represents the total fraction, was removed
and boiled in reducing SDS-PAGE sample buffer. The lysates were then centrifuged at
14,000 x g for 10 min at 4°C to remove nuclei and cell debris. Afterwards, the
supernatant was collected and centrifuged at 100,000 x g for 1 h at 4°C. The cytosol
fraction was removed and the pellet was resuspended in the lysis buffer containing 1%
Triton X-100, and then centrifuged at 100,000 x g for 1 h at 4°C. The membrane fraction
was collected and the pellet (cytoskeleton fraction) was resuspended. All fractions were
boiled in reducing SDS-PAGE sample buffer for 5 min, centrifuged at 21,000 x g for 1-2

min, and analyzed by SDS-PAGE and Western blotting.

Quantification of Western Blots by Densitometry

Western blots were analyzed by enhanced chemiluminescent (ECL) detection
using the Kodak Digital Science Image Station 440. Membranes from western blots were
submerged in the ECL substrate (Luminol) solution to allow the HRP-conjugated
antibodies to catalyse the chemiluminescent reaction. Light signals emitted were captured
by the digital camera and the image was analysed by densitometry. Densitometry
evaluates the relative amount of protein staining and quantifies the results in terms of
optical density. Net intensities of the different immunoreactive protein bands were
measured by densitometry, and specific ratios were computed against the net intensities
of their respective input bands. The net intensity represents the sum of the background-
subtracted pixel values in the protein band rectangle. The ratios of the different samples
were then ploted using SigmaPlot (mean values and standard error). One-tail or two-tail

Student t-tests were used for statistical analysis.
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RESULTS

1. Altering the Serine Residues in DGK-{ MARCKS Domain Affects Binding to the
PDZ Domain of a1-Syntrophin

DGK-¢ is phosphorylated at the MARCKS domain by PKC, which causes the
dissociation of the two proteins and a reduction of DGK-¢ activity (Luo et al., 2003a and
2003b). To determine whether phosphorylation at this domain affects the interaction
between DGK-{ and syntrophins, the ability of wild-type DGK-C (WT) and DGK-{ M1
(S/D) to bind to the PDZ domain of al-syntrophin was compared in pull-down assays.
DGK-¢ M1 (S/D) is a mutant in which the four serines within the MARCKS domain
were changed to aspartates. These negatively charged residues mimic phosphorylation.
Lysates of N1E-115 neuroblastoma cells transiently transfected with either wild-type
DGK-¢ or DGK-¢ M1 (S/D) were incubated with a GST fusion protein of the al-
syntrophin PDZ domain (a:1-PDZ), and the amount of bound DGK-{ was detected by
immunoblotting (Figure 9A). The signals from the immunoreactive bands were
quantified by densitometry and the results from three separate experiments were
averaged. The data show that DGK-£ M1 (S/D) binds 2.5-fold more strongly to a1-PDZ
GST fusion protein than wild-type DGK-{ (Figure 9B). These results suggest mimicking
phosphorylation of the MARCKS domain increases the association of DGK-{ and the

PDZ domain of al-syntrophin.

As a control, a DGK-¢ mutant in which the serines at the MARCKS domain were

replaced by asparagines, to prevent phosphorylation (DGK-¢{ M2 (S/N)), was tested in the
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pull-down assay. Asparagine is similar in structure to aspartate, but has no negative
charge. Surprisingly, this mutant bound to GST-a1-PDZ as much as DGK-{ M1 (S/D)
(Figure 9A and 9B). These results raise the possibility that a slight modification of the
serine residues in the MARCKS domain affects DGK-{ binding to the PDZ domain of
ol-syntrophin. However, only a modification that is caused by a biochemical signal, such
as phosphorylation, is relevant in a physiological setting. The idea that phosphorylation at
the MARCKS domain does indeed influence the interaction between DGK-¢ and
syntrophin PDZ domains is further explored by inducing phosphorylation and testing for

an increase in the strength of binding in in-vitro binding assays.
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Fig 9. Replacing the Serine Residues in DGK-{ MARCKS Domain with Aspartates
or Asparagines Affects Binding to al-Syntrophin PDZ Domain. (A) Pull-down of
HA-tagged wild-type DGK-{, DGK-¢ M1 (S8/D), or DGK-¢ M2 (S/N) with the PDZ
domain of a1-syntrophin. Beads charged with GST alone or with a GST fusion protein of
the al-syntrophin PDZ domain (o1-PDZ) were incubated with detergent extracts of N1E-
115 cells transiently transfected with wild-type DGK-¢{, DGK-¢ M1 (S/D), or DGK-{ M2
(S/N). Equivalent amounts of bound proteins were loaded on SDS-PAGE and transferred
to a nitrocellulose membrane for immunoblotting with an anti-HA antibody. The input
lane was loaded with 2% of the extract used for the pull-down. (B) Quantification of
bands from western blotting by densitometry: Bars represent the ratio of the amount of
DGK-£ bound to al-PDZ relative to the amount of DGK-( expressed in each sample, in
arbitrary units. The values are the average of either two or three independent
experiments, as specified. An asterisk indicates a statistically significant difference from

the wild type (P < 0.05, two-tailed ¢ test).
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2. PKC-Dependent Phosphorylation of DGK-{ MARCKS Domain Increases DGK-{

Binding to a1-Syntrophin PDZ Domain

Since the four serine residues of the MARCKS domain of DGK-¢{ that were
modified in the previous experiment are the predominant sites for PKC-o
phosphorylation (Figure 6) (Topham et al., 1998; Luo et al.,, 2003a and 2003b), pull-
down assays were performed to determine whether the binding between syntrophins and
DGK-{ is regulated by this phosphorylation. N1E-115 cells infected with an adenovirus
bearing HA-tagged wild-type DGK- were stimulated with PMA, a potent activator of
PKC, or vehicle for 30 min prior to harvesting. Detergent-solubilized DGK-{ from
stimulated and unstimulated cells was used in pull-down assays with GST-al-PDZ.
Western blots of bound proteins using an anti-HA antibody revealed that DGK-{ binding
to the PDZ domain of al-syntrophin increases following PMA stimulation of cells, as
measured by densitometry (Figure 10A and 10B). A PKC inhibitor (G6 6976) applied
prior to PMA stimulation reduced the interaction, demonstrating that PKC activity is
required (Figure 10A and 10B). These results suggest the PDZ-mediated interaction of
DGK-¢{ with al-syntrophin is regulated by PKC-dependent phosphorylation of DGK-{

MARCKS domain.
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Fig 10. PKC Activation Increases the Association of DGK-C with Syntrophin PDZ
Domains. (A) Pull-down of HA-tagged wild-type DGK-¢ with al-syntrophin PDZ
domain. N1E-115 cells infected with an adenoviral vector encoding wild-type DGK-{
were stimulated with 90nM PMA (a potent PKC activator) for 30 min prior to harvesting.
Beads charged with GST alone or with GST-al-PDZ were incubated with detergent
extracts of PMA-stimulated or unstimulated cells. The PKC inhibitor G6 6976 was added
10 min before PMA stimulation to one of the cultures as a control. Bound proteins were
immunoblotted with an anti-HA antibody. Input represents 2% of the extract used for the
pull-down. (B) Quantification of bands from western blotting by densitometry: Bars
represent the ratio of DGK-{ bound to al-PDZ relative to the amount of DGK-{
expressed in each sample, in arbitrary units. The values are the average of three
independent experiments. An asterisk indicates a statistically significant difference from

the PMA-unstimulated sample (P < 0.05, one-tailed ¢ test).
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3. The Stronger Association between MARCKS-Phosphorylated DGK-{ and

Syntrophin PDZ Domains is not Isoform-Specific

The PDZ domains of the syntrophin isoforms differ slightly in their amino acid
composition, which suggests their binding to DGK-{ may be regulated differently. The
PDZ domain of the y1-isoform is most distantly related to al-syntrophin PDZ, especially
in the sequence of the carboxylate binding groove that is vital for the interaction with
PDZ binding motifs. A GST fusion protein of the PDZ domain of yl-syntrophin (y1-
PDZ) was tested in pull-down assays to determine whether phosphorylation of DGK-{
MARCKS domain also increases DGK-{ binding to yl-syntrophin. Densitometric
analysis of western blots showed that DGK-¢ M1 (S/D) bound more strongly than wild-
type DGK-{ to y1-PDZ (Figure 11A and 11B). In addition, PMA stimulation of cells
infected with wild-type DGK-¢, to induce PKC phosphorylation, also increased DGK-{
binding to y1-PDZ (Figure 11C). These findings suggest the stronger association between
MARCKS-phosphorylated DGK-{ and syntrophin PDZ domains does not depend on the

syntrophin isoform.
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Fig 11. MARCKS-Phosphorylated DGK-{ Binds Stronger than the Wild-Type
Control to the PDZ Domain of 41-Syntrophin. (A) Pull-down of HA-tagged wild-type
DGK-¢ or DGK-¢ M1 (S/D) with the PDZ domain of y1-syntrophin. Beads charged with
GST alone or with a GST fusion protein of the yl-syntrophin PDZ (y1-PDZ) were
incubated with detergent extracts of N1E-115 cells infected with wild-type DGK-{ or
DGK-¢ M1 (S/D). Bound proteins were analyzed by immunoblotting with an anti-HA
antibody. Input represents 2% of the extract used for the pull-down. (B) Quantification of
bands from western blotting by densitometry: Bars represent the ratio of the amount of
DGK-¢ bound to y1-PDZ relative to the amount of DGK-{ expressed in each sample, in
arbitrary units. The values are taken from a single experiment. (C) Pull-down of HA-
tagged wild-type DGK-¢ with yl-syntrophin or al-syntrophin PDZ domain. N1E-115
cells infected with wild-type DGK-{ were treated with 90nM PMA (a potent PKC
activator) for 30 min prior to harvesting. Beads charged with GST alone, with GST-y1-
PDZ, or with GST-al-PDZ (as an additional control) were incubated with detergent
extracts of PMA-treated or untreated cells. The PKC inhibitor Go 6976 was added to one
of the cultures as a control. Bound proteins were immunoblotted with an anti-HA

antibody. Input represents 2% of the starting material.
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4. MARCKS-Phosphorylated DGK-{ also Binds more Strongly than the Wild-Type
Control to Full-Length Syntrophins

To investigate whether the tighter association of MARCKS-phosphorylated DGK-
¢ with syntrophin PDZ domains is relevant within the context of the full-length protein,
lysates of N1E-115 cells infected with HA-tagged wild-type DGK-{ or DGK-{ M1 (S/D),
were immunoprecipitated with an anti-HA antibody. The immunoprecipitates were
resolved by SDS-PAGE and immunoblotted with anti-syntrophin monoclonal antibody
(1351). Figure 12 shows that both HA-tagged DGK-{ species were efficiently
immunoprecipitated by the anti-HA antibody but not by normal mouse IgG. Endogenous
syntrophins were also immunoprecipitated with HA-tagged DGK-¢{ M1 (S/D) using the
anti-HA antibody, and no signal was detected from the immunoprecipitation of
syntrophins with wild-type DGK-{ on the western blot. This result suggests the stronger
interaction of MARCKS-phosphorylated DGK-¢ with the fusion proteins of syntrophin

PDZ domains also applies to endogenous syntrophins.
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Fig 12. Stronger Interaction of Endogenous Syntrophins with MARCKS-
Phosphorylated DGK-{ than with Wild-Type DGK-{. NI1E-115 cells infected with
HA-tagged wild-type DGK-¢ or DGK-¢ M1 (S/D) were lysed and the extracts were
incubated with an anti-HA antibody or with control IgG. The immunoprecipitates were
then subjected to immunoblot analysis with a monoclonal antibody against syntrophins
(1351) or with anti-HA. Expression of syntrophin, wild-type DGK-¢, or DGK-{ M1 (S/D)

in the lysate is also shown. Input represents 2% of the starting material.
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5. Deleting the MARCKS Domain Reduces the Association of DGK-{ with the PDZ

Domain of a1-Syntrophin

To further study the role of DGK-¢{ MARCKS domain in regulating DGK-{
binding to syntrophins, the MARCKS domain was deleted (Figure 13A) and the ability of
the DGK-{ MARCKS-deletion mutant (DGK-{ AM) to bind to syntrophin PDZ domains
was tested in pull-down assays. Beads charged with GST-a1-PDZ were used to capture
DGK-¢ from N1E-115 cell lysates transiently transfected with either DGK-{ AM or
DGK-¢ M1 (S/D). Bound proteins were then analyzed by western blotting, revealing that
DGK-{ AM bound less strongly to the PDZ domain of al-syntrophin than MARCKS-
phosphorylated DGK-¢ (Figure 13B and 13C). In addition, figure 13 D shows that the
amount of DGK-{ AM bound to the PDZ domain of al-syntrophin is less than the
amount of wild-type DGK-¢{ bound, taken from cells transiently transfected with either
DGK-{ AM or wild-type DGK-{. Together, the data suggests the MARCKS domain

contributes to the regulation of the interaction of DGK-{ with syntrophins.

54



Fig 13. MARCKS-Deletion DGK-{ Binds Weaker to the PDZ Domain of ol-
Syntrophin than MARCKS-Phosphorylated DGK-{. (A) Schematic structure of DGK-
¢ showing the MARCKS deletion. Amino acids 245 to 262 were deleted and Kpnl site
was introduced to ligate the two fragments of DGK-{. (B) Pull-down of HA-tagged
DGK-Z AM or DGK-¢ M1 (S/D) with the PDZ domain of a1-syntrophin. Beads charged
with GST alone or with GST-a1-PDZ were incubated with detergent extracts of Cos-7
cells transiently transfected with DGK-{ AM or DGK-¢ M1 (S/D). Bound proteins were
immunoblotted with an anti-HA antibody. The input lane was loaded with 2% of the
extract used for the pull-down. (C) Quantification of bands from western blotting by
densitometry: Bars represent the ratio of the amount of DGK-£ bound to syntrophin al-
PDZ relative to the amount of DGK-{ expressed in each sample, in arbitrary units. The
values are taken from a single experiment. (D) Pull-down of HA-tagged DGK-{ AM or
wild-type DGK-5 with the PDZ domain of al-syntrophin. Beads charged with GST alone
or with GST-a.1-PDZ were incubated with detergent extracts of Cos-7 cells transiently
transfected with DGK-¢ AM or wild-type DGK-¢{. Bound proteins were immunoblotted
with an anti-HA antibody. The input lane was loaded with 2% of the extract used for the

pull-down.
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6. A DGK-{ Mutant Mimicking ERK-Dependent Phosphorylation Binds as much as
its Control Mutant to a1-Syntrophin PDZ Domain

Phosphorylation at the C-terminus of ligands with PDZ binding motifs often
disrupts their binding to PDZ-containing proteins. To my knowledge, the PDZ binding
motif of DGK-¢ does not contain any known consensus sequence for a phosphorylation
site; however, DGK-¢{ can be phosphorylated near the C-terminus, in a proline-rich region
upstream of the ankyrin repeats (Figure 6). Three serine residues were found to be

potential sites for ERK phosphorylation (Abramovici et al., 2003).

Since the serine residues lie close to the C-terminus, ERK-dependent
phosphorylation may affect the PDZ-mediated interaction between DGK-{ and
syntrophins. To study this possibility, the ability of a DGK-¢ mutant that mimics ERK-
dependent phosphorylation (DGK-{ E1 (S/D)) was tested in pull-down assays with the
PDZ domain of al-syntrophin, using a mutant that cannot be phosphorylated as a control
(DGK-¢{ E2 (S/N)). The mutants either contain aspartates (DGK-{ El1 (S/D)) or
asparagines (DGK-{ E2 (S/N)) in replacement for serine. Untransfected Cos-7 cells,
which express very low levels of endogenous DGK-¢, were used as a control for the
specific detection of the DGK-{ mutants with a polyclonal antibody against DGK-{ N-
terminus that can bind indiscriminately to the native protein. Both DGK-{ mutants were
captured with GST-a1-PDZ from transfected COS-7 cell lysates, and the densitometry of
the western blots showed no difference in the intensities of the immunoreactive bands
relative to their respective inputs (Figure 14A and 14B). This suggests ERK-dependent
phosphorylation of DGK-¢{ does not influence the binding between DGK-¢{ and the PDZ

domain of al-syntrophin. However, the ability of DGK-¢ E1 (S/D) to bind to syntrophin
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PDZ domains should also be tested in comparison to wild-type DGK-¢; to have a better
understanding of the role of ERK-dependent phosphorylation in regulating DGK-{ /

syntrophin interaction.
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Fig 14. A DGK-{ Mutant Mimicking ERK-Dependent Phosphorylation Binds as
much as its Control Mutant to «l-syntrophin PDZ Domain. (A) Pull-down of DGK-¢{
E1 (S/D) or DGK-¢{ E2 (S/N) with the PDZ domain of al-syntrophin. Beads charged with
GST alone or with GST-al-PDZ were incubated with detergent extracts of either
untransfected Cos-7 cells or transiently transfected cells with DGK-¢ E1 (S/D) or DGK-¢{
E2 (S/N). Bound proteins were analyzed by immunoblotting with a polyclonal antibody
against DGK-{ N-terminus. Input represents 2% of the extract used for the pull-down. (B)
Quantification of bands from western blotting by densitometry: Bars represent ratios of
the amount of DGK-£ bound to syntrophin o1-PDZ relative to the amount of DGK-C
expressed in each sample, in arbitrary units. The values represent the mean of two

independent experiments.
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7. ERK Phosphorylation Alters the Subcellular Distribution of DGK-{

To further explore the role of ERK phosphorylation in regulating DGK-¢{ activity,
the association of ERK-phosphorylated DGK-¢ with the cytoskeleton was examined.
Abramovici et al. (2003) showed that DGK-¢ migrates as a doublet and the two species
detected in immunoblots have different localizations as determined by subcellular
fractionation. The slower migrating (upper) band was present in the cytosolic fraction
while the faster migrating (lower) band was recovered in the detergent-insoluble
cytoskeleton fraction. Immunoblotting also revealed that DGK-¢{ El (S/D) comigrates
with the upper band whereas DGK-{ E2 (S/N) comigrates with the lower band, suggesting
ERK phosphorylation regulates the association of DGK-{ with the cytoskeleton
(Abramovici et al., 2003). Although the presence of a faster migrating DGK-{ species
reméins to be confirmed, the possibility that ERK phosphorylation affects the subcellular
distribution of DGK-{ was tested by subcellular fractionation. NIH-3T3 cells transfected
with HA-tagged DGK-{ E1 (S/D), its control mutant DGK-{ E2 (S/N), or wild-type
DGK-{ were lysed and fractionated by multiple high-speed centrifugations.
Immunoblotting showed that DGK-¢ E1 (S/D) and DGK-¢ E2 (S/N) display similar
localization patterns, as they were both found in the cytosolic fraction as well as in
association with the cytoskeletal fraction (Figure 15A). However, careful quantification
of the immunoreactive protein bands by densitometry revealed that the ERK-
phosphorylated mutant is slightly more cytosolic compared to the mutant that cannot be
phosphorylated (Figure 15C). The reverse was observed in the cytoskeletal-associated
fraction, where DGK-¢ E2 (S/N) was more abundant compared to DGK-{ E1 (S/D)

(Figure 15C). This result constitutes additional evidence that ERK phosphorylation
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regulates the association of DGK-¢{ with the cytoskeleton. In addition, the examination of
the localization of DGK-¢ E1 (S/D) against wild-type DGK-{ revealed that the ERK-
phosphorylated mutant is found less abundantly in the cytoskeletal fraction (Figure 15B
and 15D), further supporting that ERK-phosphorylation affects DGK-{ association with
the cytoskeleton. However, DGK-{ E1 (S/D) was also found less abundantly in the
cytoslic fraction compared to wild-type DGK-{ (Figure 15B and 15D). A possible
interpretation for the reduction of DGK-{ in both fractions could be that DGK-{
translocates to the nucleus in response to ERK signaling. Collectively, the above findings

suggest phosphorylation by ERK alters the subcellular distribution of DGK-¢.
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Fig 15. ERK-Dependent Phosphorylation Alters the Subcellular Distribution of
DGK-{. NIH-3T3 cell lysates transfected with HA-tagged DGK-¢{ E1 (S/D), DGK-{ E2
(S/N), or wild-type DGK-¢ were fractionated as described in MATERIALS and
METHODS. (A) Equal amounts of protein from each fraction of cells transfected with
DGK-¢ El1 (S/D) or DGK-¢ E2 (S/N) were analyzed by SDS-PAGE and immunoblotting
with an anti-HA antibody. (B) Equal amounts of protein from each fraction of cells
transfected with wild-type DGK-¢ or DGK-¢ E1 (S/D) were analyzed by SDS-PAGE and
immunoblotting with an anti-HA antibody. (C) Quantification of bands from western
blotting of A (above) by densitometry: Bars represent ratios of the amount of DGK-{ in
each fraction relative to the amount of DGK-{ expressed in the total lysate of each
sample, in arbitrary units. The total lysate lane represents 2% of the starting material. The

values are taken from a single experiment. (D) Quantification of bands from western

blotting of B (above) by densitometry: Bars represent ratios of the amount of DGK-( in

each fraction relative to the amount of DGK-{ expressed in the total lysate of each

sample, in arbitrary units. The values are taken from a single experiment.
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Discussion

This study suggests PKC-dependent phosphorylation of DGK-¢ MARCKS
domain increases its association with syntrophin PDZ domains. PDZ interactions are
usually implicated in the recruitment of signaling protein complexes to specified
locations in the cell through a sequence-specific interaction between a PDZ domain in a
scaffold protein and a C-terminal PDZ-binding motif of a ligand (Kim and Sheng, 2004).
Previous reports showed that PDZ-mediated interactions are regulated by
phosphorylation, either on the C-terminus of the ligand (Hegedus et al., 2003; Zhang and
Wang, 2003) or on the PDZ domain (Gardoni et al., 2003). In addition, a study by Ort ez
al. (2001) demonstrated that the PDZ-mediated association between ICA512 and B2-
syntrophin is modulated by phosphorylation of the latter protein. However, the
phosphorylation site was not identified, suggesting it could be either within or outside the
PDZ domain of p2-syntrophin. To my knowledge, my findings are the first evidence that
a PDZ-mediated interaction is regulated by phosphorylation at a site located outside the

PDZ-binding motif or the PDZ domain.

It was previously demonstrated that DGK-{ can be phosphorylated by PKC at its
MARCKS domain (Figure 6) (Topham et al., 1998; Luo et al., 2003a and 2003b). The
present study shows that mimicking phosphorylation at this domain, by replacing the four
serine residues with aspartates, caused DGK-¢{ to bind more strongly to recombinant PDZ
domains of syntrophins. The phosphorylation-mimicking DGK-{ mutant also enhanced
DGK-¢ binding to endogenous syntrophins. However, a DGK-{ mutant where the serine

residues are substituted with asparagines, to prevent phosphorylation, bound as much as
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the MARCKS phosphorylated DGK-¢ mutant to a GST fusion protein of the PDZ domain
of al-syntrophin. A possible explanation for this finding is that even a subtle
modification of the serine residues at the MARCKS domain may influence binding to
sytnrophin PDZ domains, perhaps due to a conformational change in DGK-{ caused by
the modification. Another possibility is that the hydroxyl group of the serine residue
might be binding to a third protein, negatively regulating the association with syntrophin.
A modification of the serine residue releases the inhibition. However, an additional
control, in which the serines at the MARCKS domain would be substituted with alanines,
could also be tested. Since alanine has a closer structure to serine than asparagine does,
the effect of introducing this amino acid residue might be minimal on the conformation of
the protein, which would then serve as a better control for the phosphorylation-

mimicking DGK-{ mutant in binding assays.

Physiologically, a conformational change in an enzyme can be induced by
phosphorylation (Stock et al., 2000; Pawson and Scott, 2005). For example, the
phosphorylation of Vav proteins, which are GDP/GTP exchange factors for Rho/Rac
molecules, on a specific tyrosine residue led to a conformational change that allowed the
activation of the catalytic activity of Vav proteins (Bustelo 2002). Also, the
phosphorylation of the actin filament-associated protein AFAP-110 by PKC affected its
conformation, which correlated with an increase in the capability of AFAP-110 to bind
and cross-link actin filaments (Qian et al., 2002). These examples highlight the role of
phosphorylation in inducing a conformational change in a protein, which might influence

its activity and binding capabilities.
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This study demonstrates that the proposed conformational change leading to a
modification in the binding between DGK-¢ and syntrophins is a mechanism caused by
phosphorylation. In-vitro binding experiments conducted using a PKC activator (PMA)
resulted in an increase in the strength of binding of DGK-¢ to recombinant PDZ domains
of syntrophins. In support of this idea, the association between DGK-¢{ and the fusion
proteins was reduced following the application of a PKC inhibitor, suggesting the
stronger association between DGK-¢ and syntrophin PDZ domains is due to PKC
phosphorylation. Although, the amount of HA-tagged wild-type DGK-{ bound to the
PDZ domain of al-syntrophin is much less than its expressed amount in the cell, this
does not underestimate the result. This might be caused by a low amount of fusion
protein incubated with the cell lysates, or by the interaction of endogenous DGK-¢{ with
the fusion protein. The western blots however, clearly show an increase in the amount of
wild-type DGK-¢ bound to the PDZ domain following PKC activation, in respect to
unstimulated cells. Hence, PKC phosphorylation increases the association of DGK-¢{ to

the PDZ domain of a1-syntrophin.

The PDZ domains of the various syntrophin isoforms differ slightly in their amino
acid sequences, especially in the carboxylate-binding loop consensus sequence motif
(GLGI for al, B1, & B2, and GFGL for y1). This motif is a critical determinant of the
binding specificity for ligands containing PDZ-binding motifs (Doyle et al., 1996; Gee et
al., 2000), suggesting the strength of the binding between DGK-{ and syntrophin PDZ
domains may depend on the syntrophin isoform. However, it was observed that
MARCKS-phosphorylated DGK-¢ bound stronger than wild-type DGK-¢ to fusion

proteins of both al- and y1-PDZ, and the association of wild-type DGK-¢{ was enhanced
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in PKC activation experiments with either al- or y1-PDZ. Therefore, the stronger
binding between DGK-{ and the PDZ domain of syntrophins caused by PKC

phosphorylation is not limited to the al-syntrophin isoform.

The role of the MARCKS domain in regulating PDZ binding was also examined
by constructing a deletion mutant (DGK-{ AM). This construct bound less to the PDZ
domain of al-syntrophin than either wild-type DGK-¢ or MARCKS-phosphorylated
DGK-¢. The absence of the MARCKS domain causes a reduction in the phosphorylation
state of DGK-¢, as it is the predominant site of PKC phosphorylation (Luo et al., 2003b).
Hence, it would be expected that a less phosphorylated DGK-{ exhibits a weaker
association with syntrophins. The behaviour of the MARCKS-deletion mutant is in line

with the evidence presented thus far in support of the findings of this study.

The phosphorylation at the MARCKS domain was reported to cause the
dissociation of PKC-o from DGK-¢ (Luo et al., 2003) and to inhibit the interaction
between DGK-¢{ and an activated Racl mutant (Yakubchyk et al., 2005). Here, we show
that this phosphorylation regulates the interaction of DGK-{ with syntrophins differently,
working to enhance their association. This suggests the effect of the PKC
phosphorylation on the interaction of DGK-{ with its binding partners is specific and not

merely an artefact.

In addition, PKC phosphorylation may serve to anchor DGK-{ at specific
subcellular domains through its stronger association with syntrophins. Previous studies
have shown that DGK-¢{ accumulates in the nucleus when its PDZ-mediated interaction

with y1-syntrophin is disrupted (Hogan et al., 2001), while its nuclear levels are reduced
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following PKC phosphorylation (Topham et al., 1998). Hence, PKC phosphorylation may
add another level of regulation to the localization of DGK-¢, whereby phosphorylated
DGK-¢ that is excluded from the nucleus binds more tightly to syntrophin PDZ domains
in the cytoplasm to help retain DGK-¢{ away from sources of nuclear DAG. This possible
mechanism may reduce the down regulation of DAG by DGK-{, which could

subsequently affect cell growth and proliferation.

A recent study by Abramovici et al. (2003) has shown that MARCKS-
phosphorylated DGK-{ and syntrophins were more membrane associated when co-
expressed than when either protein is expressed alone. The stronger binding between the
two proteins, shown in my work, may explain this observation. It may induce a
conformational change in syntrophin causing it to bind more strongly to dystrophin or its
homologues, thus anchoring DGK-{ more tightly to the DAPC near the plasma
membrane. Syntrophins are also known to contain PH lipid-binding modules, and al-
syntrophin was shown to bind to the membrane-associated lipid PIP2 through its first PH
domain, which is split by a PDZ insertion (Chockalingam et al., 1999). More recent work
by Yan et al. (2005) has demonstrated that although the presence of the PDZ insertion
does not have significant impact on the structure of the split PH1 domain of al-
syntrophin, binding of the PHla-PDZ-PH1b module to PIP2 is much stronger than
binding of the joined PH1a-PH1b domain, suggesting the PDZ domain contributes to the
creation of a PH-PDZ supramodule with unique membrane lipid-binding properties (Yan
et al., 2005). Since the lipid-binding site does not overlap with the PDZ ligand-binding
site on the al-syntrophin PDZ domain (Yan et al., 2005), increasing the strength of the

PDZ-interaction with DGK-¢ could also strengthen the association of syntrophin with
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PIP2, thus leading to a rise in DGK-{ levels directly at the membrane. The amount of
DGK-¢ at the plasma membrane may be important for adequate control of DAG

signaling.

Furthermore, the increase in the strength of DGK-¢ binding to syntrophins may
modulate the association of syntrophin with the actin cytoskeleton. Iwata et al. (1998 and
2004) have identified high-affinity actin binding sites located on the PH2 and SU
domains of a1-syntrophin, and have shown that syntrophins were able to bind to F-actin.
A MARCKS-phosphorylated DGK-{ mutant that cannot bind to syntrophins induced
changes in the actin cytoskeleton in myoblasts, suggesting the interaction between DGK-
¢ and syntrophins is important for proper control of actin cytoskeletal remodelling
(Abramovici et al., 2003). A modulation of this interaction, caused by PKC
phosphorylation in this case, could in turn change the strength of binding of syntrophin to

actin, and consequently influence the role of DGK-{ in actin organization.

In summary, this work shows that the phosphorylation of a domain distant from
the C-terminus of the ligand regulates the interaction between DGK-{ and syntrophin
PDZ domains. In addition, this study shows that interactions involving syntrophins can be
regulated by phosphorylation of their binding partners. Although another study has
shown that syntrophin-ligand interactions are regulated by phosphorylation, the
phosphorylation sites are located on the syntrophin molecule rather than on the ligand
(Ort et al., 2001). Therefore, this study represents a first in showing that PKC-dependent
phosphorylation of DGK-{ MARCKS domain, which is located at a significant distance

from the C-terminal PDZ-binding motif, increases the strength of the binding between
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DGK-¢ and the PDZ domains of syntrophins, and that syntrophin PDZ-mediated
interactions can be regulated by phosphorylation of DGK-{. The enhanced binding
between DGK-¢ and syntrophins may sequester DGK-¢{ in the cytoplasm, away from
DAG sources in the nucleus, as it may account for the stabilization of the association of

DGK-¢{ with the DAPC or with PIP2 near DAG sources at the plasma membrane.
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Fig 16. Model. PKC phosphorylation excludes DGK-{ from the nucleus. In the
cytoplasm, PKC phosphorylation increases the association of DGK-{ with syntrophin.
The complex of phosphorylated DGK-{ and syntrophin (pool 1) translocates to the
plasma membrane, where syntrophin binds dystrophin. The stronger association between
DGK-¢ and syntrophin might enhance the binding of syntrophin to dystrophin, stabilizing
the DGK-¢ / syntrophin complex at the plasma membrane near DAG sources. In pool 2,
PKC phosphorylation of DGK-{ in the cytoplasm strengthens the interaction with
syntrophin and translocates the complex to the plasma membrane, where syntrophin

associates with dystrophin.
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Figure 16

Model

DAG Plasma membrane
Dystrophin ” Stabilization
Stronger Association ,
Translocation Stronger Association

A
Stronger Association

Pool 2

73



References

1. Abramovici H, Hogan AB, Obagi C, Topham MK, Gee SH. (2003). Diacylglycerol
kinase-zeta localization in skeletal muscle is regulated by phosphorylation and interaction

with syntrophins. Mol Biol Cell. Nov;14(11):4499-511.

2. Adams ME, Butler MH, Dwyer TM, Peters MF, Murnane AA, Froehner SC. (1993).
Two forms of mouse syntrophin, a 58 kd dystrophin-associated protein, differ in primary

structure and tissue distribution. Neuron. Sep;11(3):531-40.

3. Adams, M. E., Dwyer, T. M., Dowler, L. L., White, R. A., and Froehner, S. C. (1995).
Mouse alpha 1- and beta 2-syntrophin gene structure, chromosome localization, and

homology with a discs large domain. J. Biol. Chem. 270, 25859-25865.

4. Adams ME, Kramarcy N, Krall SP, Rossi SG, Rotundo RL, Sealock R, Froehner SC.
(2000). Absence of alpha-syntrophin leads to structurally aberrant neuromuscular

synapses deficient in utrophin. J Cell Biol. Sep 18;150(6):1385-98.

5. Adams M.E., Mueller H.A., and Froehner S.C. (2001). In vivo requirement of the

alpha-syntrophin PDZ domain for the sarcolemmal localisation of nNOS and aquaporin-

4.]J Cell Biol. 155, pp. 113-122.

74



6. Adams ME, Kramarcy N, Fukuda T, Engel AG, Sealock R, Froeher SC. (2004).
Structural abnormalities at neuromuscular synapses lacking multiple syntrophin isoforms.

J Neurosci. Nov 17;24(46):10302-9.

7. Ahn AH, Yoshida M, Anderson MS, Feener CA, Selig S, Hagiwara Y, Ozawa E,
Kunkel LM. (1994). Cloning of human basic Al, a distinct 59-kDa dystrophin-associated
protein encoded on chromosome 8g23-24. Proc Natl Acad Sci U S A. May

10;91(10):4446-50.

8. Ahn AH, Kunkel LM. (1995). Syntrophin binds to an alternatively spliced exon of

dystrophin. J Cell Biol. Feb;128(3):363-71.

9. Ahn AH, Freener CA, Gussoni E, Yoshida M, Ozawa E, Kunkel LM. (1996). The
three human syntrophin genes are expressed in diverse tissues, have distinct
chromosomal locations, and each bind to dystrophin and its relatives. J Biol Chem. Feb

2;271(5):2724-30.

10. Amiry-Moghaddam M, Williamson A, Palomba M, Eid T, de Lanerolle NC,
Nagelhus EA, Adams ME, Froehner SC, Agre P, Ottersen OP. (2003). Delayed K+

clearance associated with aquaporin-4 mislocalization: phenotypic defects in brains of

alpha-syntrophin-null mice. Proc Natl Acad Sci U S A. Nov 11;100(23):13615-20.

75



11. Amiry-Moghaddam M, Xue R, Haug FM, Neely JD, Bhardwaj A, Agre P, Adams
ME, Froehner SC, Mori S, Ottersen OP. (2004). Alpha-syntrophin deletion removes the
perivascular but not endothelial pool of aquaporin-4 at the blood-brain barrier and delays

the development of brain edema in an experimental model of acute hyponatremia.

FASEB J. Mar;18(3):542-4.

12. Barrera NP, Morales B, Torres S, Villalon M. (2005). Principles: mechanisms and

modeling of synergism in cellular responses. Trends Pharmacol Sci. Oct;26(10):526-32.

13. Blake DJ, Weir A, Newey SE, Davies KE. (2002). Function and genetics of

dystrophin and dystrophin-related proteins in muscle. Physiol Rev. Apr;82(2):291-329.

14. Brenman JE, Chao DS, Xia H, Aldape K, Bredt DS. (1995). Nitric oxide synthase
complexed with dystrophin and absent from skeletal muscle sarcolemma in Duchenne

muscular dystrophy. Cell. Sep 8;82(5):743-52.

15. Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano DR, Wu Z,
Huang F, Xia H, Peters MF, Froehner SC, Bredt DS. (1996). Interaction of nitric oxide
synthase with the postsynaptic density protein PSD-95 and alphal-syntrophin mediated

by PDZ domains. Cell. 84, pp. 757-767.

76



16. Bunting M, Tang W, Zimmerman GA, McIntyre TM, Prescott SM. (1996). Molecular
cloning and characterization of a novel human diacylglycerol kinase zeta. J Biol Chem.

Apr 26;271(17):10230-6.

17. Burack and Shaw. (2000). Signal transduction: hanging on a scaffold. Curr Opin Cell

Biol. 2000 Apr;12(2):211-6.

18. Bustelo XR. (2002). Regulation of Vav proteins by intramolecular events. Front

Biosci. Jan 1;7:d24-30.

19. Campbell KP, Kahl SD. (1989). Association of dystrophin and an integral membrane

glycoprotein. Nature. Mar 16;338(6212):259-62.

20. Chockalingam PS, Gee SH, Jarrett HW. (1999). Pleckstrin homology domain 1 of
mouse alpha 1-syntrophin binds phosphatidylinositol 4,5-bisphosphate. Biochemistry.

Apr 27;38(17):5596-602.

21. Cohen, N.A., Brenman, J.E., Snyder, S.H., and Bredt, D.S. 1996. Binding of the
inward rectifier K+ channel Kir 2.3 to PSD-95 is regulated by protein kinase A

phosphorylation. Neuron. 17:759-767.

77



22. Coral-Vazquez R, Cohn RD, Moore SA, Hill JA, Weiss RM, Davisson RL, Straub V,
Barresi R, Bansal D, Hrstka RF, Williamson R, Campbell KP. (1999). Disruption of the
sarcoglycan-sarcospan complex in vascular smooth muscle: a novel mechanism for

cardiomyopathy and muscular dystrophy. Cell. 98: 465-474.

23. Dalkilic I, Kunkel LM. (2003). Muscular dystrophies: genes to pathogenesis. Curr

Opin Genet Dev. Jun;13(3):231-8.

24. Doyle DA, Lee A, Lewis J, Kim E, Sheng M, MacKinnon R. (1996). Crystal
structures of a complexed and peptide-free membrane protein-binding domain: molecular

basis of peptide recognition by PDZ. Cell. Jun 28; 85(7):1067-76.

25. Ervasti JM, Campbell KP. (1993). A role for the dystrophin-glycoprotein complex as

a transmembrane linker between laminin and actin. J Cell Biol. Aug;122(4):809-23.

26. Fanning AS, Anderson JM. (1999a). Protein modules as organizers of membrane

structure. Curr Opin Cell Biol. Aug;11(4):432-9.

27. Fanning AS, Anderson JM. (1999b). PDZ domains: fundamental building blocks in
the organization of protein complexes at the plasma membrane. J Clin Invest. Volume

103, Number 6, 767-772.

78



28. Gardoni F, Mauceri D, Fiorentini C, Bellone C, Missale C, Cattabeni F, Di Luca M.
(2003). CaMKII-dependent phosphorylation regulates SAP97/NR2A interaction. J Biol

Chem. Nov 7;278(45):44745-52.

29. Garner, Nash, and Huganir. (2000). PDZ domains in synapse assembly and

signalling. Trends Cell Biol. 10, pp. 274-280.

30. Gee S.H., Madhavan R., Levinson S-.R., Caldwell J.H., Sealock R. and Froehner S.C.
(1998). Interaction of muscle and brain sodium channels with multiple members of the

syntrophin family of dystrophin-associated proteins. J Neurosci. 18, pp. 128-137.

31. Gee SH, Quenneville S, Lombardo CR, Chabot J. (2000). Single-amino acid
substitutions alter the specificity and affinity of PDZ domains for their ligands.

Biochemistry. Nov 28;39(47):14638-46.

32. Goto K, Kondo H. (2004). Functional implications of the diacylglycerol kinase

family. Adv Enzyme Regul. 44:187-99.
33. Grady RM, Grange RW, Lau KS, Maimone MM, Nichol MC, Stull JT, Sanes JR.

(1999). Role for alpha-dystrobrevin in the pathogenesis of dystrophin-dependent

muscular dystrophies. Nat Cell Biol. Aug;1(4):215-20.

79



34. Hegedus T, Sessler T, Scott R, Thelin W, Bakos E, Varadi A, Szabo K, Homolya L,
Milgram SL, Sarkadi B. (2003). C-terminal phosphorylation of MRP2 modulates its

interaction with PDZ proteins. Biochem Biophys Res Commun. Mar 14;302(3):454-61.

35. Hillier BJ, Christopherson KS, Prehoda KE, Bredt DS, Lim WA. (1999). Unexpected
modes of PDZ domain scaffolding revealed by structure of nNOS-syntrophin complex.

Science. 284: 812-815.

36. Hodgkin MN, Pettitt TR, Martin A, Michell RH, Pemberton AJ, Wakelam MJ.
(1998). Diacylglycerols and phosphatidates: which molecular species are intracellular

messengers? Trends Biochem Sci. Jun;23(6):200-4.

37. Hoffman EP, Brown RH Jr, Kunkel LM. (1987). Dystrophin: the protein product of

the Duchenne muscular dystrophy locus. Cell. 24;51(6):919-28.

38. Hogan A, Shepherd L, Chabot J, Quenneville S, Prescott SM, Topham MK, Gee SH.
(2001). Interaction of gamma 1-syntrophin with diacylglycerol kinase-zeta. Regulation of

nuclear localization by PDZ interactions. J Biol Chem. Jul 13;276(28):26526-33.

39. Hosaka Y, Yokota T, Miyagoe-Suzuki Y, Yuasa K, Imamura M, Matsuda R, Ikemoto
T, Kameya S, Takeda S. (2002). Alphal-syntrophin-deficient skeletal muscle exhibits
hypertrophy and aberrant formation of neuromuscular junctions during regeneration. J

Cell Biol. Sep 16;158(6):1097-107.

80



40. Hu LA, Chen W, Premont RT, Cong M, Lefkowitz RJ. (2002). G protein-coupled
receptor kinase 5 regulates beta 1-adrenergic receptor association with PSD-95. J Biol

Chem. 11;277(2):1607-13.

41. Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaughter CA, Sernett SW,
Campbell KP. (1992). Primary structure of dystrophin-associated glycoproteins linking

dystrophin to the extracellular matrix. Nature. 20;355(6362):696-702.

42, Iwata Y, Pan Y, Yoshida T, Hanada H, Shigekawa M. (1998). Alphal-syntrophin has

distinct binding sites for actin and calmodulin. FEBS Lett. Feb 20;423(2):173-7.

43. Iwata Y, Sampaolesi M, Shigekawa M, Wakabayashi S. (2004). Syntrophin is an
actin-binding protein the cellular localization of which is regulated through cytoskeletal

reorganization in skeletal muscle cells. Eur J Cell Biol. Oct;83(10):555-65.

44. Jelen F, Oleksy A, Smietana K, Otlewski J. (2003). PDZ domains - common players

in the cell signaling. Acta Biochim Pol. 50(4):985-1017.

45, Jenkins, G H; Fisette, P L; Anderson, R A. (1994). Type I phosphatidylinositol 4-

phosphate 5-kinase isoforms are specifically stimulated by phosphatidic acid. The Journal

Of Biological Chemistry. Volume 269, Issue 15 , Pages 11547-11554.

81



46. Jones K. J., Compton A. G., Yang N., Mills M. A,, Peters M. F., Mowat D., Kunkel
L. M, Froehner S. C., and North K. N. (2003). Deficiency of the syntrophins and alpha-
dystrobrevin in patients with inherited myopathy. Neuromuscul Disord. Aug;13(6):456-

67.

47. Jordan J.D., Landau E.M., and Iyengar R. (2000). Signaling networks: the origins of

cellular multitasking. Cell. 103, pp. 193-200.

48. Jung D, Yang B, Meyer J, Chamberlain JS, Campbell KP. (1995). Identification and
characterization of the dystrophin anchoring site on beta-dystroglycan. J Biol Chem. Nov

10;270(45):27305-10.

49. Kameya S, Miyagoe Y, Nonaka I, Ikemoto T, Endo M, Hanaoka K, Nabeshima Y,
Takeda S. (1999). alphal-syntrophin gene disruption results in the absence of neuronal-
type nitric-oxide synthase at the sarcolemma but does not induce muscle degeneration. J

Biol Chem. Jan 22;274(4):2193-200.

50. Kanoh H, Yamada K, Sakane F. (1990). Diacylglycerol kinase: a key modulator of

signal transduction? Trends Biochem Sci. Feb: 15 (2): 47-50.

51. Kennedy MB. (1995). Origin of PDZ (DHR, GLGF) domains. Trends Biochem Sci.

Sep;20(9):350.

82



52. Kim E, Sheng M. (2004). PDZ domain proteins of synapses. Nat Rev Neurosci.

Oct;5(10):771-81.

53. Koenig M, Monaco AP, Kunkel LM. (1988). The complete sequence of dystrophin

predicts a rod-shaped cytoskeletal protein. Cell. Apr 22;53(2):219-26.

54. Lapidos KA, Kakkar R, McNally EM. (2004). The dystrophin glycoprotein complex:

signaling strength and integrity for the sarcolemma. Circ Res. Apr 30;94(8):1023-31.

55. Lim LE and Campbell KP. (1998). The sarcoglycan complex in limb-girdle muscular

dystrophy. Curr Opin Neurol. Oct;11(5):443-52.

56. Luo B, Prescott SM, Topham MK. (2003a). Association of diacylglycerol kinase zeta
with protein kinase C alpha: spatial regulation of diacylglycerol signaling. J Cell Biol.

Mar 17;160(6):929-37.

57. Luo B, Prescott SM, Topham MK. (2003b). Protein kinase C alpha phosphorylates
and negatively regulates diacylglycerol kinase zeta. J Biol Chem. Oct 10;278(41):39542-

7.

58. Luo B, Prescott SM, Topham MK. (2004a). Diacylglycerol kinase zeta regulates
phosphatidylinositol 4-phosphate 5-kinase Ialpha by a novel mechanism. Cell Signal.

Aug;16(8):891-7.

&3



59. Luo B, Regier DS, Prescott SM, Topham MK. (2004b). Diacylglycerol kinases. Cell

Signal. Sep;16(9):983-9.

60. Neely JD, Amiry-Moghaddam M, Ottersen OP, Froehner SC, Agre P, Adams ME.
(2001). Syntrophin-dependent expression and localization of Aquaporin-4 water channel

protein. Proc Natl Acad Sci USA. 98: 14108-14113.

61. Newey, S.E., M.A. Benson, C.P. Ponting, K.E. Davies, and D.J. Blake. (2000).

Alternative splicing of dystrobrevin regulates the stoichiometry of syntrophin binding to

the dystrophin protein complex. Curr. Biol. 10:1295-1298.

62. Newton AC. (2004). Diacylglycerol's affair with protein kinase C turns 25. Trends

Pharmacol Sci. Apr;25(4):175-7.

63. Nourry C, Grant SG, Borg JP. (2003). PDZ domain proteins: plug and play! Sci

STKE. Apr 22;2003(179):RE7.

64. Nowak KJ and Davies KE. (2004). Duchenne muscular dystrophy and dystrophin:

pathogenesis and opportunities for treatment. EMBO Rep. Sep;5(9):872-6.

84



65. Nowak K, McCullagh K, Poon E, Davies KE. (2005). Muscular dystrophies related to
the cytoskeleton/nuclear envelope. Novartis Found Symp. 264:98-111; discussion 112-7,

227-30.

66. Ort T, Maksimova E, Dirkx R, Kachinsky AM, Berghs S, Froehner SC, Solimena M.
(2000). The receptor tyrosine phosphatase-like protein ICA512 binds the PDZ domains of

beta2-syntrophin and nNOS in pancreatic beta-cells. Eur J Cell Biol. Sep;79(9):621-30.

67. Ort T, Voronov S, Guo J, Zawalich K, Froehner SC, Zawalich W, Solimena M.
(2001). Dephosphorylation of beta2-syntrophin and Ca2+/mu-calpain-mediated cleavage

of ICA512 upon stimulation of insulin secretion. EMBO J. Aug 1;20(15):4013-23.

68. Ozawa E, Yoshida M, Suzuki A, Mizuno Y, Hagiwara Y, Noguchi S. (1995).

Dystrophin-associated proteins in muscular dystrophy. Hum Mol Genet. 4 Spec No:1711-

6.

69. Parker PJ. (2004). The ubiquitous phosphoinositides. Biochem Soc Trans. Dec;32(Pt

6):893-8.

70. Pawson T and Scott JD. (1997). Signaling through scaffold, anchoring, and adaptor

proteins. Science. Dec 19;278(5346):2075-80.

85



71. Pawson T and Scott JD. (2005). Protein phosphorylation in signaling--50 years and

counting. Trends Biochem Sci. Jun;30(6):273-5.

72. Peters M.F., Adams M.E. and Froehner S.C., (1997). Differential association of

syntrophin pairs with the dystrophin complex. J Cell Biol. 138, pp. 81-93.

73. Petrof BJ, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. (1993). Dystrophin
protects the sarcolemma from stresses developed during muscle contraction. Proc Natl

Acad Sci U S A. Apr 15;90(8):3710-4.

74. Piluso G, Mirabella M, Ricci E, Belsito A, Abbondanza C, Servidei S, Puca AA,
Tonali P, Puca GA, Nigro V. (2000). Gammal- and gamma2-syntrophins, two novel
dystrophin-binding proteins localized in neuronal cells. J Biol Chem. May

26;275(21):15851-60.

75. Qian Y, Baisden JM, Cherezova L, Summy JM, Guappone-Koay A, Shi X, Mast T,
Pustula J, Zot HG, Mazloum N, Lee MY, Flynn DC. (2002). PC phosphorylation
increases the  ability of AFAP-110 to cross-link actin  filaments.

Mol Biol Cell. Jul;13(7):2311-22.
76. Rando TA, (2001). The dystrophin-glycoprotein complex, cellular signaling, and the

regulation of cell survival in the muscular dystrophies. Muscle & Nerve. Volume 24,

Issue 12, Pages 1575 — 1594.

86



77. Ranganathan R and Ross EM. (1997). PDZ domain proteins: scaffolds for signaling

complexes. Curr Biol. Dec 1;7(12):R770-3.

78. Rybakova IN, Amann KJ, Ervasti JM. (1996). A new model for the interaction of

dystrophin with F-actin. J Cell Biol. Nov;135(3):661-72.

79. Sakane F, Yamada K, Kanoh H, Yokoyama C, Tanabe T. (1990). Porcine
diacylglycerol kinase sequence has zinc finger and E-F hand motifs. Nature. Mar

22;344(6264):345-8.

80. Santos T, Carrasco S, Jones DR, Merida I, Eguinoa A. (2002). Dynamics of
diacylglycerol kinase zeta translocation in living T-cells. Study of the structural domain

requirements for translocétion and activity. J Biol Chem. Aug 16;277(33):30300-9.

- 81. Sheng M and Sala C. (2001). PDZ domains and the organization of supramolecular

complexes. Annu Rev Neurosci. 24:1-29.

82. Sierralta J. and Mendoza C. (2004). PDZ-containing proteins: alternative splicing as a

source of functional diversity. Brain Res Brain Res Rev. Dec;47(1-3):105-15.

83. Smith FD and Scott JD. (2002). Signaling complexes: junctions on the intracellular

information super highway. Curr Biol. Jan 8;12(1):R32-40.

87



84. Stamler JS and Meissner G (2001). Physiology of nitric oxide in skeletal muscle.

Physiol Rev. 81: 209-237.

85. Stock AM, Robinson VL, Goudreau PN. (2000). Two-component signal transduction.

Annu Rev Biochem. 2000;69:183-215.

86. Stossel TP, Condeelis J, Cooley L, Hartwig JH, Noegel A, Schleicher M, Shapiro SS.
(2001). Filamins as integrators of cell mechanics and signalling. Nat Rev Mol Cell Biol.

2:138-145.

87. Straub V, Rafael JA, Chamberlain JS, Campbell KP. (1997). Animal models for
muscular dystrophy show different patterns of sarcolemmal disruption. Cell Biol. Oct

20;139(2):375-85.

88. Suh BC. and Hille B. (2005). Regulation of ion channels by phosphatidylinositol 4,5-

bisphosphate. Curr Opin Neurobiol. Jun;15(3):370-8.

89. Tanemoto, M., Fujita, A., Higashi, K. & Kurachi, Y. (2002). PSD-95 mediates

formation of a functional homomeric Kir5.1 channel in the brain. Neuron. 34, 387-397.

88



90. Thomas GD, Sander M, Lau KS, Huang PL, Stull JT, Victor RG. (1998). Impaired
metabolic modulation of alpha-adrenergic vasoconstriction in dystrophin-deficient

skeletal muscle. Proc Natl Acad Sci U S A. Dec 8;95(25):15090-5.

91. Thomas GD, Shaul PW, Yuhanna IS, Froehner SC, Adams ME. (2003).
Vasomodulation by skeletal muscle-derived nitric oxide requires alpha-syntrophin-
mediated sarcolemmal localization of neuronal Nitric oxide synthase. Circ Res. Mar

21;92(5):554-60.

92. Thompson TG, Chan YM, Hack AA, Brosius M, Rajala M, Lidov HG, Mcnally EM,
Watkins S, and Kunkel LM. (2000). Filamin 2 (FLN2): a muscle-specific sarcoglycan

interacting protein. J Cell Biol. 148: 115-126.

93. Toker A. (1998). Signaling through protein kinase C. Front Biosci. Nov 1;3:D1134-

47.

94. Tolias KF, Couvillon AD, Cantley LC, Carpenter CL. (1998). Characterization of a
Racl- and RhoGDI-associated lipid kinase signaling complex. Mol Cell Biol

Feb;18(2):762-70.

95. Topham MK, Bunting M, Zimmerman GA, McIntyre TM, Blackshear PJ, Prescott

SM. (1998). Protein kinase C regulates the nuclear localization of diacylglycerol kinase-

zeta. Nature. Aug 13;394(6694):619-20.

89



96. Topham, M.K. and Prescott, S.M. (1999). Mammalian diacylglycerol kinases, a

family of lipid kinases with signaling functions. J. Biol. Chem. 274, 11447-11450.

97. Tsunoda S, Sierralta J, Sun Y, Bodner R, Suzuki E, Becker A, Socolich M, Zuker CS.
(1997). A multivalent PDZ-domain protein assembles signalling complexes in a G-

protein-coupled cascade. Nature. Jul 17;388(6639):243-9.

98. Tsunoda S., and Zuker CS. (1999). The organization of INAD-signaling complexes
by a multivalent PDZ domain protein in Drosophila photoreceptor cells ensures

sensitivity and speed of signaling. Cell Calcium. 26:165-71.

99, Vainzof M, Passos-Bueno MR, Canovas M, Moreira ES, Pavanello RC, Marie SK,
Anderson LV, Bonnemann CG, McNally EM, Nigro V, Kunkel LM and Zatz M. (1996).
The sarcoglycan complex in the six autosomal recessive limb-girdle muscular

dystfophies. Human Molecular Genetics. Vol 5, 1963-1969.
100. Wagner KR, Cohen JB, Huganir RL, (1993). The 87K postsynaptic membrane

protein from Torpedo is a protein-tyrosine kinase substrate homologous to dystrophin.

Neuron. Mar;10(3):511-22.

90



101. Williams MW, and Bloch RJ. (1999). Extensive but coordinated reorganization of
the membrane skeleton in myofibers of dystrophic (mdx) mice. J Cell Biol. Mar 22:

144(6): 1259-70.

102. Yakubchyk Y, Abramovici H, Maillet JC, Daher E, Obagi C, Parks RJ, Topham
MK, Gee SH. (2005). Regulation of neurite outgrowth in N1E-115 cells through PDZ-

mediated recruitment of diacylglycerol kinase zeta. Mol Cell Biol. Aug;25(16):7289-302.

103. Yan J, Wen W, Xu W, Long JF, Adams ME, Froehner SC, Zhang M. (2005).
Structure of the split PH domain and distinct lipid-binding properties of the PH-PDZ

supramodule of alpha-syntrophin. EMBO J. Dec 7;24(23):3985-95

104. Yang, B., Jung, D., Rafael, J. A., Chamberlain, J. S., and Campbell, K. P. (1995a).
Identification of alpha-syntrophin binding to syntrophin triplet, dystrophin, and utrophin.

J. Biol. Chem. 270, 4975-4978.

105. Yang B, Jung D, Motto D, Meyer J, Koretzky G, Campbell KP. (1995b). SH3

domain-mediated interaction of dystroglycan and Grb2. J Biol Chem. 270: 11711-11714.

106. Yoshida M, Suzuki A, Yamamoto H, Noguchi S, Mizuno Y, and Ozawa E. (1994).
Dissociation of the complex of dystrophin and its associated proteins into several unique

groups by n-octyl beta-D-glucoside. Eur J Biochem. 222: 1055-1061.

91



107. Yoshida T, Pan Y, Hanada H, Iwata Y, and Shigekawa M. (1998). Bidirectional
signaling between sarcoglycans and the integrin adhesion system in cultured L6

myocytes. J Biol Chem. 273: 1583-1590.

108. Yoshida M. and Ozawa E. (1990). Glycoprotein complex anchoring dystrophin to

sarcolemma. J Biochem (Tokyo). Nov;108(5):748-52.

109. Zhang M. and Wang W. (2003). Organization of signaling complexes by PDZ-

domain scaffold proteins. Acc Chem Res. Jul;36(7):530-8.

92



