Rockefeller University
Digital Commons @ RU

Student Theses and Dissertations

1996

MacMARCKS and the Protein Kinase C Signal
Transduction Pathway: Role in Neural Secretion
and Neural Development

Sandy Chang

Follow this and additional works at: https://digitalcommons.rockefeller.edu/
student theses and dissertations

b Part of the Life Sciences Commons

Recommended Citation

Chang, Sandy, "MacMARCKS and the Protein Kinase C Signal Transduction Pathway: Role in Neural Secretion and Neural
Development" (1996). Student Theses and Dissertations. 444.
https://digitalcommons.rockefeller.edu/student_theses and_dissertations/444

This Thesis is brought to you for free and open access by Digital Commons @ RU. It has been accepted for inclusion in Student Theses and

Dissertations by an authorized administrator of Digital Commons @ RU. For more information, please contact nilovao@rockefeller.edu.


https://digitalcommons.rockefeller.edu?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1016?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.rockefeller.edu/student_theses_and_dissertations/444?utm_source=digitalcommons.rockefeller.edu%2Fstudent_theses_and_dissertations%2F444&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:nilovao@rockefeller.edu

m

MacMARCKS And The Protein Kinase C
Signal Transduction Pathway:

Role In Neural Secretion And Neural Development

Sandy Chang

1996

A thesis submitted to the faculty of The Rockefeller University in partial
fulfillment of the requirements for the degree of Doctor of Philosophy.



c. Copyright Sandy Chang 1996



DEDICATION

This thesis is dedicated to my father, who instilled in me a love of learning,
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ABSTRACT

MacMARCKS is a second member of the MARCKS family of PKC
substrates which integrate signal transduction events with changes to the actin
cytoskeleton. Work presented here demonstrates diverse roles for MacMARCKS
ranging from neural secretion to neural development. Chapters 3 and 4 describe the
role of MacMARCKS in neural secretion. MacMARCKS is phosphorylated in a
stimulus-dependent manner in rat brain synaptosomes and PC12 cells. It is
localized to cell bodies and neurite tips of PC12 cells as well as being present on
synaptic vesicles. A dominant-negative mutation in the MacMARCKS effector
domain which abolishes PKC-dependent phosphorylation is associated with
changes in cellular morphology and blocks agonist evoked exocytosis in PC12
cells. Characterization of the MacMARCKS promoter is presented in Chapter 5.
The LPS response elements of the MacMARCKS promoter are localized to a region
113 bp upstream of the transcriptional start site; this region contains multiple SP-1
sites. Regulation of MacMARCKS induction by LPS appears to be by post-
transcriptional mechanisms. Chapters 6 and 7 presents evidence that MacMARCKS
is involved in mouse neural development. Endogenous MacMARCKS expression
is neural specific early during embryonic development but is expressed in other
tissues later on. In adult animals, MacMARCKS expression localizes to specific
regions of the adult brain. Transgenic mice carrying 4 kb or 1.7 kb of
MacMARCKS upstream flanking regions directed neural-specific expression of the
B-galactosidase reporter gene in a developmentally regulated manner. Targeted
deletion of the MacMARCKS gene in mouse embryos leads a failure of cranial
neural tube closure, resulting in exencephaly. MacMARCKS null mice are born
anencephalic and die soon after birth. The work presented in this thesis
demonstrates that MacMARCKS is essential for processes associated with signal

transduction events leading to reorganization of the actin cytoskeleton.



CHAPTER 1:

INTRODUCTION

The ability of animal cells to respond to extracellular stimuli is essential for many
biological processes. The cortical actin cytoskeleton which underlies the plasma membrane
of cells is intimately involved in regulation and execution of many of these responses. The
actin cytoskeleton and its associated proteins provide a highly dynamic, organelle-
excluding matrix, which is important in such diverse processes as cell motility,
phagocytosis, neural secretion, and embryonic development (reviewed by Bretscher,
1991). The signal transduction pathways leading to actin remodeling are only beginning to
be elucidated, due to the complexity of events and the large number of actin binding
proteins involved in controlling these processes. A host of extracellular signals must be
processed to remodel the cortical actin cytoskeleton by modulation of contacts between the
actin cytoskeleton and the integrin adhesion receptors, and between integrins and the
extracellular matrix (Clark and Brugge, 1995). Actin filament turnover is coordinated with
changes in microtubules and intermediate filaments. To elucidate the intracellular signal
transduction pathways that control cytoskeletal mediated changes in cell physiology, it is
necessary to understand the proteins regulating these events.

In this thesis, the biology of an actin regulating protein, MacMARCKS, is
explored. The complexity of the actin cytoskeleton necessitates a multidisciplinary approach
utilizing a variety of systems to explore how signal transduction pathways impinge upon
the actin cytoskeleton. Protein kinase C (PKC)-dependent phosphorylation of
MacMARCKS regulates its interaction with calcium/calmodulin and actin. In this thesis,
data are presented that demonstrates a role for MacMARCKS in neural secretion and neural
tube closure, events which require dynamic reorganization of the actin cytoskeleton. The

introduction briefly presents a general discussion of signal transduction and the



cytoskeleton followed by a consideration of the actin cytoskeleton during neural secretion
and embryonic development. Finally, the biology of the MARCKS family of PKC

substrates is discussed in detail.

Signal Transduction And The Actin Cytoskeleton:

The actin cytoskeleton is an essential component of a host of functions associated
with cell shape and motility. The ability of actin to respond differentially to cues associated
with these various processes is due to the different signals which stimulate these events and
a variety of effectors which coordinate the cytoskeletal response. One way in which the
actin cytoskeleton is regulated is through the extracellular matrix (ECM). Integrins are the
major family of cell surface receptors that link the actin cytoskeleton on the cytoplasmic
face of the plasma membrane to the ECM. They are assembled from a group of 16 o and 8
B transmembrane subunits that heterodimerize to produce more than 20 different receptors
(reviewed by Hynes, 1992). These receptors interact with a large variety of ligands that are
components the ECM (fibronectin, collagen) or receptors on the cell surface of adjacent
cells. ECM ligands cross-link and cluster integrins on the cell surface to activate integrin-
mediated responses. This leads to the formation of focal adhesions, regions of the plasma
membrane closely adherent to the substratum (Luna and Hitt, 1992; Gumbiner, 1993).
Actin binding proteins including o-actinin, talin, vinculin and tensin link actin filaments
with integrins in adhesion plaques (Ben-Ze’ev, 1991). These assemblies of structural
proteins play important roles in stabilizing cell adhesion and regulating cell motility (Clark
and Brugge, 1995). Together these components serve as a framework for the association
of signaling proteins which regulate signal transduction pathways leading from
cytoskeletal-induced changes to modulations in cell behavior (Clark and Brugge, 1995).

Protein phosphorylation is the earliest event detected following integrin receptor

binding. Activation of protein tyrosine kinases, including the focal adhesion kinase (FAK),



is a ubiquitous response to integrin stimulation (Hynes, 1992). After integrin crosslinking,
FAK is phosphorylated on tyrosine residues, and its own tyrosine kinase activity is
stimulated (Schaller and Parsons, 1994). FAK phosphorylates several other proteins in the
adhesion plaque, including paxillin (Clark and Brugge, 1995). Phosphorylation of FAK is
modulated by the protein kinase C (PKC) family, a large group of protein-serine/threonine
kinases found in mammalian tissues (Nishizuka, 1992). Integrin-mediated activation of
PKC precedes cell spreading, and PKC agonists enhance cell spreading and tyrosine
phosphorylation of FAK (Vuori and Ruoslahti, 1993). PKC inhibitors prevent cell
spreading and eliminate focal adhesion plaques (Vuori and Ruoslahti, 1993). These results
suggest that integrin stimulation activates protein-tyrosine kinases and PKC, leading to the
formation of focal contacts (Clark and Brugge, 1995).

Considerable evidence suggests that PKC is also involved in neural secretion. Most
PKC isozymes are expressed at high levels in neurons (Dekker et al., 1991; Kaczmarek,
1987), and phorbol esters promote release of neurotransmitters (Shapira ez al., 1987). Ca™
and DAG are elevated in active presynaptic terminals (Pozzan ez al., 1984). PKC is also
implicated in catecholamine secretion from adrenal chromaffin cells. Neuroendocrine cells
such as adrenal chromaffin cells have the ability to exocytose neurotransmitters in response
to a variety of external stimuli. Activation of PKC by phorbol esters increases evoked
catecholamine release in these cells (TerBush et al., 1988; Bittner and Holz, 1990).
Nicotinic stimulation of adrenal chromaffin cells induces a rapid (<2 sec) and transient
translocation of PKC from the cytosol to the membrane, leading to enhanced Ca’*-
dependent secretion (TerBush er al., 1988; Bittner and Holz, 1990).

Exposure of adrenal chromaffin cells to elevated external K* or agonists such as
nicotine induces membrane depolarization, leading to Ca”* influx and release of stored
neurotransmitters (Williams and McGee, 1982). A meshwork of F-actin underlies the

plasma membrane of adrenal chromaffin cells (Lee and Trifaro, 1981; Cheek and



Burgoyne, 1986). Cortical F-actin impedes exocytosis by acting as a barrier to inhibit the
movement of secretory vesicles to the plasma membrane (Koffer er al., 1990; Vitale et al.,
1991; Del Castillo ef al., 1992). Nicotine or elevated K*-induced depolarization causes a
rapid disassembly of F-actin at discrete subplasmalemmal zones. Anti-dopamine B-
hydroxylase antibodies demonstrate that these regions are sites of active exocytosis (Vitale
et al., 1991). Nicotine stimulation also causes the cellular redistribution of scinderin to sites
occupied by F-actin. Scinderin is a Ca2+-dependent actin severing protein, and
depolarization-induced Ca®* influx presumably activates scinderin to shorten actin
filaments, allowing exocytotic vesicles to fuse with the plasma membrane (Vitale ef al.,
1991). Scinderin redistribution and actin filament disassembly induced by depolarization
precede catecholamine release. The PKC agonist phorbol myristate acetate (PMA) induces
scinderin redistribution in a Ca2+-independent manner, and this redistribution is completely
blocked by PKC inhibitors (Del Castillo ez al., 1992). PMA treatment of permeablized mast
cells causes a decrease in F-actin underlying the plasma membrane and results in enhanced
secretion (Koffer et al., 1990). These data suggest a role for PKC in regulating the cortical

actin cytoskeleton during neural secretion.

Regulation of the Actin Cytoskeleton During Embryonic Development:
Embryonic morphogenesis is driven by a complex series of coordinated changes in
cell shape and size; these changes are in turn based on developmentally regulated alterations
in the underlying cytoskeleton. The actin cytoskeleton is an essential part of Drosophila
development, including oogenesis. It is also essential to chordate development, as
illustrated by the complex morphogenetic events associated with neurulation. Both

processes are discussed below.



Drosophila oogenesis: Oogenesis is one of the best understood developmental
systems from the perspective of the actin cytoskeleton. It culminates with the formation of
an oocyte surrounded by nurse cells which synthesize most of the ooplasmic components
(reviewed by Cooley and Theurkauf, 1994). During this process, nurse cell cytoplasm
streams into the oocyte through specialized conduits called ring canals. These structures are
composed of F-actin and products of the Ats and kelch genes. The NH,-terminal half of the
Hts protein is homologous to the actin binding protein adducin (Yue and Spradling, 1992)
and the Kelch protein has six copies of a 50 amino acid motif that is also found in the actin
binding protein scruin (Way et al., 1995). Kelch is thought to dimerize to produce a
bifunctional actin binding molecule that crosslinks and stabilizes actin filaments in the ring
canal (Cooley and Theurkauf, 1994). Proper formation of the ring canals is required for
oogenesis, as mRNAs and proteins synthesized by the nurse cells are selectively
transported to the oocyte through these structures. Cytochalasin inhibits movement of
particles through the ring canals, suggesting that transport involves actin based mechanisms
(Bohrmann and Biber, 1994). Late in oogenesis, nurse cells undergo major cytoskeletal
rearrangements in preparation for final cytoplasmic transfer. Actin filament bundles connect
the nuclear membrane with the plasma membrane, and this dynamic process requires the
chickadee, singed and quail genes (Cooley and Theurkauf, 1994). The chickadee gene
encodes Drosophila profilin, a 15 kDa actin binding protein involved in the tyrosine kinase
signal transduction pathway (Cooley et al., 1992, Aderem, 1992b). Null alleles of
chickadee are lethal, suggesting that profilin is essential for cell function (Cooley et al.,
1992). The product of the singed gene is homologous to sea urchin fascin, which cross-
links actin into hexagonal arrays (Cant ef al., 1994; DeRosier at al., 1977). The quail gene
product is homologous to villin, an actin cross-linking and severing protein (Matsudaira et

al., 1983).



In addition to these actin binding proteins, the product of the armadillo gene is
required for assembly of the cytoplasmic actin bundles in the nurse cells (Peifer er al.,
1993). Armadillo is 65% homologous to B-catenin and plakoglobin, both cadherin-
associated proteins (Peifer and Wieschaus, 1990). Cadherins are a molecular superfamily
of adhesion proteins which mediate cell-cell interaction, and which associate with -
catenin and plakoglobin. Both cadherins and catenins localize to the cell-cell adherens
junctions where they anchor the actin cytoskeleton. This interaction is required for proper
formation of cell-cell adherens junctions (Peifer and Wieschaus, 1990). Disruption of
armadillo function in Drosophila oocytes leads to a collapse of the cortical actin

cytoskeleton and distortion of cell shape (Peifer, 1995).

Wingless signaling pathway: The armadillo protein in Drosophila has dual functions.
In addition to being an integral component of cell-cell adherens junctions (discussed
above), it is also involved in the wingless signal transduction cascade required for cell fate
specification during embryogenesis. Wingless (a segment polarity gene) organizes pattern
formation by activating signal transduction pathways that direct particular cell fates. The
wingless protein is secreted by a subset of cells within each fly segment. Cells in different
positions within each segment are exposed to a gradient of wingless. Binding of this
protein to putative receptors activates the disheveled protein. Disheveled, in turn, negatively
regulates the protein-serine/threonine kinase zeste-white3 (homologue of mammalian
glycogen synthase kinase 3[3), thereby de-repressing armadillo (Siegfried er al., 1994).
Armadillo accumulates in cells which receive the highest levels of wingless (Peifer et al.,
1994; Van Leeuwen et al., 1994). The wingless signal stabilizes armadillo by suppressing
its phosphorylation by zeste-white3. Phosphorylated armadillo is degraded, whereas
unphosphorylated armadillo accumulates in the cytoplasm and activates as yet unidentified

effectors of wingless signaling. These effectors must ultimately impinge upon the nucleus,



since the engrailled gene (which encodes a transcription factor) is activated by the wingless
signal transduction pathway (Dinardo et al., 1988). Recent evidence suggests that at
elevated expression levels, plakoglobin (an armadillo homologue) is detected in the nucleus
and most likely interacts with nuclear targets (Funayama et al., 1995).

The members of the wingless signal transduction pathway are conserved in all
multicellular animals examined to date. The armadillo homologues, B-catenin and
plakoglobin, and the zeste-white3 homologue, glycogen synthase kinase 3 (GSK3), all are
involved in signaling of the wingless homologue wnt-1 during Xenopus development
(Peifer, 1995). Catenins and plakoglobin are present in the Xenopus egg (Fouquet et al.,
1992), and injection of B-catenin or plakoglobin leads to axis duplication in the Xenopus
embryo (Karnovsky ez al., 1995; Funayama et al., 1995). Overexpression of cadherins can
suppress this axis duplicating activity (Heasman et al., 1994). These observations suggest
that B-catenin and plakoglobin transduce signals during embryonic development, and that
the cadherin-cytoskeleton complex can sequester and suppress these cytosolic signals.
GSK3 phosphorylates serines in the NH2-terminal domain of B-catenin, targeting it for
ubiquitination and proteosomal degradation (Cowin and Burke, in press). In the mouse, the
wnt-1 gene is essential for murine brain patterning and development (McMahon and
Bradley, 1992). aN-catenin and E-cadherin are expressed in the embryonic forebrain and
midbrain, regions that parallel the expression of wnr-1 (Shimamura et al., 1994). In wnt-1
null mice, E-cadherin expression is upregulated, while aN-catenin expression is
suppressed (Shimamura et al., 1994). These results suggest that wnt-1 is involved in the
regulation of E-cadherin and aN-catenin expression in specific domains of the embryonic

murine brain.

Mouse neurulation: Regulation of the actin cytoskeleton is also pivotal to chordate

development. Neurulation, the formation of a neural tube that eventually gives rise to the



brain and spinal cord, is driven by a complex series of cell shape changes coordinated by
the actin cytoskeleton. During neurulation, contraction of the actin cytoskeleton transforms
neuroepithelial cell shape from columnar to pyramidal, a process referred to as cell
wedging. This morphogenic alteration drives the neural plate to fold into the neural tube
(for review see Copp et al., 1990; Schoenwolf and Smith, 1990). Circumferential
microfilament bands are present in the apices of neuroepithelial cells, and they appear
increasingly dense during bending of the neural plate (Morriss-Kay et al., 1994). As the
neural folds begin to elevate, actin is localized along the basal aspects of the neuroepithelial
cells. When neuroepithelial cells are undergoing active cell wedging, actin redistributes to
the apical region of the cells (Sadler er al., 1981). Actin binding proteins such as myosin
and fodrin are also present in the apices of neuroepithelial cells (Sadler ez al., 1986). It is
proposed that the microfilaments contract gradually in a purse-string like fashion,
constricting the apices of these cells and thereby transforming them from columns to

wedges that aid in the elevation of the neural folds (Schoenwolf and Smith, 1990).

PKC and the actin cytoskeleton during development: The PKC-dependent signal
transduction pathway regulates the actin cytoskeleton during development. Treatment of
Xenopus oocytes and eggs with PMA triggers early events of embryonic development,
including cortical granule exocytosis, cortical contraction, and cleavage furrow formation,
all actin-dependent processes (Bement and Capco, 1989). In the Xenopus embryo, neural
induction is characterized by a rapid translocation of PKC from the cytosol to the
membrane of ectodermal cells (Otte et al., 1988), and PMA stimulates this translocation and
induces neural induction.

PKC isozymes are differentially expressed throughout the brain during embryonic
development (Sposi et al., 1989). For example, while a-PKC is universally distributed in

all tissues, B-PKC isozymes are enriched in the developing brain as early as E9.5, and -



PKC is found exclusively in the brain (reviewed by Dekker ez al., 1991). Immunoelectron
microscopy demonstrates that both  and y-PKC are localized to the axonal termini of
cerebellar Purkinje cells, and phosphorylation studies reveal that active PKC isozymes are
present in synaptic termini together with their physiologically important substrates
(Dunkley and Robinson, 1986; Wang et al., 1988). PKC isozymes tightly associate with
the growth cone presynaptic membranes and mediate neurotransmitter release (Dekker et
al., 1991).

Several PKC substrates, including GAP-43 and the MARCKS proteins, have a role
in neural development. Axonal growth cones are highly dynamic structures which interact
with various soluble or substrate-associated guidance factors, resulting in membrane
addition, controlled polymerization and stabilization of cytoskeletal elements in filopodia
and lamellipodia (Forscher and Smith, 1988). GAP-43 is highly concentrated in the
growth cone membrane and its level of expression, and state of phosphorylation, increases
during axonal growth and regeneration (reviewed by Strittmatter and Fishman, 1991;
Skene et al., 1986; Dent and Meiri, 1992). In growth cones, the majority of GAP-43 is
associated with the cortical actin cytoskeleton (Allsopp and Moss, 1989; Moss et al.,
1990).

GAP-43 is thought to be required for axonal extension, since antisense GAP-43
oligonucleotides decrease neurite extension from cultured dorsal root ganglion (DRG)
neurons (Aigner and Caroni, 1993). Overexpression of GAP-43 leads to increased neurite
extension from PC12 cells (Yankner et al., 1990), although PC12 cells depleted of GAP-
43 are still capable of extending neurites (Baetge and Hammang, 1991). When expressed in
COS and L6 cells, GAP-43 promotes cell spreading and the transient formation of large
filopodia (Zuber et al., 1989; Widmer and Caroni, 1993). Therefore, GAP-43 may
modulate neuronal extension, and it can also affect morphological behavior in non-neuronal

cells.
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GAP-43 interacts with several members of signal transduction pathways
(Strittmatter and Fishman, 1991). The effector domain of GAP-43 binds calmodulin with
high affinity in the absence of Ca’"; this interaction is abolished by Ca’* and by PKC-
dependent phosphorylation (Alexander et al.,, 1987). Expression of a mutant GAP-43
protein in which the PKC phosphorylation site was changed to an alanine results in reduced
L6 cell spreading and small filopodia formation (Widmer and Caroni, 1993). The in vivo
role for GAP-43 has been explored by generating mice lacking GAP-43 by targeted gene
disruption. GAP-43 null mice have greatly decreased survival rates; only 10% survive
beyond 3 weeks (Strittmatter ef al., 1995). The central nervous system (CNS) of these
mice appears grossly normal. Cultured dorsal root ganglia from homozygous null mice
extend neurites and growth cones which are indistinguishable from wild-type controls.
These results indicate that GAP-43 is not absolutely required for either growth cone
formation or neurite extension. Examinations of the optic chiasm indicate that retinal
ganglion fibers from GAP-43 null mice are tangled and twisted in random directions and do
not cross the midline at the chiasm to enter the contralateral optic tract (Strittmatter et al.,
1995). The failure of retinal axons to reach their appropriate targets is consistent with the

suggestion that GAP-43 plays a role in signal transduction mechanisms of the growth cone.

The MARCKS Family of PKC Substrates Integrate Signal Transduction
Pathway With The Actin Cytoskeleton:

The myristoylated alanine-rich C-kinase substrate, MARCKS, has been used as a
marker of PKC activation in vivo for at least a decade (Aderem, 1992; Blackshear, 1993).
It represents the prototype of a family of PKC substrates which translate extracellular
signals into alterations in the actin cytoskeleton. Since this dissertation focuses on
MacMARCKS, a second member of the MARCKS family, the biology of these proteins

will be discussed in detail.
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MARCKS protein structure: MARCKS cDNAs have been cloned from several
species and the primary structure of the protein is highly conserved. The predicted size of
the protein ranges from 31 kDa (bovine) to 29 kDa (mouse), but MARCKS migrates with
an anomalously high M; on SDS-PAGE, ranging from M; 87 k Da (bovine) to M, 68 k Da
(mouse). This is due to the rod-shaped structure of this protein (Albert et al., 1987,
Manenti et al., 1992); electron microscopy reveals its dimensions to be approximately 4.4 x
36 nm (Hartwig er al., 1992). MARCKS is heat-stable and highly acidic, with a pI of 4.1.
Although it lacks significant regions of hydrophobicity, MARCKS associates with the
membrane in most cells (see below).

MARCKS contains three major domains (Fig. 1-1a).The N-terminal amino acids,
which contain the consensus sequence for N-terminal myristoylation (Towler et al., 1988),
is conserved in all species examined. The second conserved domain of 20 amino acids,
termed the MARCKS homology 2 (MH2) domain, surrounds the site of intron splicing.
Although the function of this domain is still not known, a core sequence of 7 amino acids
within this domain is identical to the cytoplasmic tail of the insulin-like growth factor
II/mannose 6-phosphate receptor (Aderem, 1992; Blackshear, 1993). The third conserved
region is the 25 amino acid effector domain which contains the PKC phosphorylation sites,
and which also binds calcium/calmodulin, F-actin and acidic phospholipids (Graff er al.,

1989; 1990, Hartwig et al, 1992; Kim et al, 1994b).

Mpyristoylation and Membrane Binding: Myristoylation refers to the attachment of a
14 carbon saturated fatty acid (myristate) to the NH,-terminus of substrate proteins like
MARCKS (Towler et al., 1988; Aderem et al., 1988; James and Olson, 1989). The
enzyme N-myristoyltransferase cotranslationally transfers a myristoyl moiety from the
cofactor myristoyl-coenzyme A to the NH,-terminal glycine residue of MARCKS through

12



Fig. 1-1. Domain structure and proposed function of MARCKS and MacMARCKS.

a. The domain structure of MacMARCKS and MARCKS. Squiggley line represents the
myristic acid moiety and the dark box represents the N-terminal myristoylation consensus
sequence. The MH2 and effector domains are boxed. PKC phosphorylation sites in the
Effector Domain are starred.

b. Model indicating a mechanism by which the MARCKS family of PKC substrates might
regulate actin-membrane interaction. At rest, MARCKS/MacMARCKS (M) associate
electrostatically with the plasma membrane through a negatively charged effector domain
and myristic acid moiety. In this non-phosphorylated form, MARCKS/MacMARCKS
cross-link actin (dark lines) into a rigid meshwork at the plasma membrane. An agonist
receptor activates PKC through a cascade of G proteins (G) and phospholipase C (PLC).
PKC phosphorylates MARCKS/MacMARCKS, displacing them from the membrane.
Phosphorylated MARCKS/MacMARCKS remain in the cytoplasm and cannot cross-link
actin. When MARCKS/MacMARCKS are dephosphorylated by phosphatases 1 and 2a,
they reassociate with the plasma membrane and cross-link actin.

An increase in intracellular Ca* promotes the binding of calmodulin (Cal) to
MARCKS/MacMARCKS, inhibiting their actin crosslinking ability. A decrease in
intracellular Ca’" shifts the equilibrium to the resting state, leading to calmodulin
dissociation from MARCKS/MacMARCKS, allowing actin cross-linking at the plasma
membrane. Since Ca’* levels are known to oscillate following cellular stimulation,
MARCKS/MacMARCKS would mediate cycles of Ca** -dependent actin cross-linking
activity at the membrane.
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amide bond formation. Myristoylation is believed to be a constitutive process resulting in a
stably modified protein; however, there is evidence that a pool of non-myristoylated
MARCKS exists in synaptosomes, possibly as a result of demyristoylation activity
(Manenti et al., 1993; 1994). Photolabeling experiments show that myristate functions to
promote MARCKS binding to the membrane by inserting into the hydrophobic interior of
the lipid bilayer (Vergeres et al., 1995). Mutation of the amino terminal glycine to alanine
abolishes both myristoylation and MARCKS association with the plasma membrane,
resulting in its distribution in the cytosol (Graff et al., 1989; Swierczynski and Blackshear,
1995; Seykora et al., in press). However, myristoylation alone is not sufficient to bind
MARCKS to membranes for several reasons. First, myristoylated proteins are found in all
subcellular compartments including the cytosol (James and Olson, 1989; Blenis and Resh,
1992; Manenti et al., 1993; Allen and Aderem, 1995b). Second, the Gibbs free energy of
binding of myristoylated peptides to membrane vesicles is 8 kcal, which is not sufficient to
firmly anchor proteins to membranes (Peitzsch and McLaughlin, 1993; Buser et al., 1995).
Third, MARCKS mutants lacking the NH,-terminal glycine residue bind
phosphatidylserine (PS) in vitro with an affinity equal to the wild-type protein, indicating
that N-terminal myristoylation is not necessary for MARCKS binding to PS (Nakaoka et
al., 1995). Thus, other factors contribute to the association of MARCKS with the plasma
membrane.

Results from several groups provide compelling evidence that the basic effector
domain of MARCKS participates in membrane binding. The effector domain contains a
string of 13 basic residues. Peptides that correspond to this region electrostatically interact
with acidic phospholipids such as phosphatidylserine (PS; Taniguchi and Manenti, 1993;
Kim et al, 1994a, 1994b; Nakaoka et al, 1995; Yang and Glaser, 1995). PKC
phosphorylation of these peptides decreases their affinity for the membranes by 1000-fold

causing a rapid dissociation of peptides from the membrane (Kim er al, 1994a).
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Phosphorylation of the MARCKS protein reduces its binding to phospholipid vesicles by
20 to 500-fold, depending on the nature of the phospholipid vesicles (Nakaoka er al., 1993,
Taniguchi and Manenti, 1993; Kim er al., 1994b; Nakaoka er al., 1995). PKC-dependent
phosphorylation of the effector domain introduces three negatively charged phosphate
groups, reducing its net charge from +13 to +7. This decreases its association with acidic
phospholipids. However, electrostatic interactions alone are not sufficient to firmly bind
MARCKS to the membrane; a synergy of both electrostatic interactions from the effector
domain and hydrophobic interactions from the myristate moiety are required to stably bind
MARCKS to the plasma membrane. This mechanism of phosphorylation-regulated
translocation of MARCKS from the membrane to the cytosol is known as the electrostatic
switch (Kim et al., 1994s; McLaughlin and Aderem, 1995).

The above in vitro results parallel observations of living cells. PKC-dependent
phosphorylation of the effector domain results in the translocation of MARCKS from the
plasma membrane to the cytosol of nerve terminals (Wang et al., 1989), neutrophils
(Thelen et al., 1991), macrophages (Aderem ef al., 1988 ; Rosen er al., 1990) and
fibroblasts (Allen and Aderem, 1995b). This is a reversible process; dephosphorylation of
MARCKS leads to its reassociation with the plasma membrane (Thelen ez al., 1991).
Mutational analysis indicates that this regulated cycle of membrane attachment/detachment
is important for MARCKS function; mutations which disrupt the electrostatic switch

inhibits cell spreading and directed cell motility in fibroblasts (Myat ez al., 1994).

PKC-dependent phosphorylation: MARCKS phosphorylation is enhanced by agents
that activate PKC, including phorbol esters, synthetic diacylglycerols, mitogens, growth
factors, and serum (reviewed by Aderem, 1992; Blackshear, 1993). Electrospray mass
spectroscopic analysis indicates that the cytosolic form of MARCKS can be phosphorylated

by PKC in vitro to a stochiometry of 3 mol/mol, as compared to 4 mol/mol for the
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membrane-bound form. This suggests that one of the PKC phosphorylation sites is already
phosphorylated in cytosolic MARCKS (Manenti et al., 1992). The first, second, and fourth
serine residues of the MARCKS effector domain (KKKRFS'FKKS'**FKLS'®’GFS'®
FKK) are in a consensus sequence for PKC phosphorylation. Microsequencing of the
individual sites indicates that Serm, Ser'? 6, and Ser'®* are phosphorylated in vivo (Amess
et al., 1992) although the third serine can still bind PKC with high affinity in vitro (Graff et
al., 1991). All PKC phosphorylation sites are found within the effector domain; when
these sites are mutated into alanines, PKC-dependent phosphorylation of MARCKS is not
observed (Allen and Aderem, 1995b; Seykora et al., submitted). Maximal phosphorylation
of MARCKS does not depend upon the presence of myristic acid; non-myristoylated
MARCKS is phosphorylated as well as the wild-type protein, though with slower kinetics

(Graff et al., 1989; Seykora et al., submitted).
MARCKS is a good substrate for conventional PKCa, novel PKCJ, and novel

PKCe, and binds these isozymes with very high affinity (Fujise er al., 1994). Recent
evidence suggests that MARCKS is not exclusively phosphorylated by PKC. Of 7
phosphorylated serines from MARCKS purified from bovine brain, only one was within
the effector domain (Ser'>>; Taniguchi er al., 1994). All 6 novel phosphorylated serine
residues are followed immediately by a proline, suggesting that MARCKS is also an in
vivo substrate for proline-directed protein kinases such as MAP kinase and cdc2 kinase
(Taniguchi et al., 1994). This is borne out by the observation that MARCKS is a major
substrate for MAP kinase, cdc2 kinase and tau protein kinase II in the brain (Yamamoto et
al., 1995; Kusubata et al., unpublished data). Moreover, the sites phosphorylated by cdc2
kinase and tau protein kinase II (TPKII) lie outside the effector domain (Yamamoto et al.,
1995). Proline-directed protein kinases are important in signal transduction (reviewed by
Hall and Vulliet, 1991; Spencer et al., 1992); MARCKS may mediate interactions between
the PKC and MAP kinase dependent pathways.
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MARCKS function is also regulated by phosphatases. Okadaic acid, a potent
inhibitor of serine/threonine phosphatases 1, 2A, and 2B prevents the dephosphorylation of
MARCKS and its reassociation with the plasma membrane in neutrophils (Thelen e al.,
1991). Okadaic acid inhibits dephosphorylation of one or two (but not all three) of the
serine phosphorylation sites in the effector domain (Amess et al., 1992). PKC-
phosphorylated MARCKS or a PKC-phosphorylated effector domain peptide are
dephosphorylated by protein phosphatases] and 2A in cell extracts (Clarke et al., 1993;
Yamamoto et al., 1995). In addition, cdc2 kinase or TPKII kinase-phosphorylated
MARCKS is dephosphorylated by protein phosphatase 2A (Yamamoto et al., 1995).

Calmodulin Binding: Ca**-calmodulin inhibits MARCKS phosphorylation in rat brain
synaptosomes by approximately 80% (Wu et al., 1982; Albert et al., 1984). This inhibition
1s due to calmodulin binding to the effector domain of MARCKS. Both MARCKS and an
effector domain peptide bind calmodulin with high affinity (Graff et al., 1989). MARCKS
binds calmodulin in the presence of Ca2+, in contrast to GAP-43, which binds calmodulin
only in the absence of Ca** (Graff er al., 1989, Alexander et al., 1987). PKC
phosphorylation of the effector domain peptide decreases its binding to calmodulin by 200-
fold and results in a rapid release of bound calmodulin (Mcllroy et al., 1991). Calmodulin
binding to recombinant MARCKS inhibits its association with large unilamellar
phospholipid vesicles by 20-fold (Kim et al.,, 1994). Furthermore, non-myristoylated
MARCKS binds calmodulin poorly, indicating that the presence of the myristic acid moiety
is necessary for calmodulin binding (Manenti et al., 1993). Microinjection of a MARCKS
effector domain peptide into Paramecium leads to formation of a complex between the
peptide and calmodulin. This complex is disrupted by PMA activation of PKC (Hinrichsen
and Blackshear, 1993). Overexpression of MARCKS in ratl cells reduces the free

concentration of calmodulin in the cell (Herget and Rozengurt, 1994). These findings
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suggest that MARCKS might have a role in regulating calmodulin availability inside the

cell.

Actin Binding: In murine macrophages, MARCKS has a punctate distribution and is
enriched at the substrate-adherent surface of pseudopodia and filopodia (Rosen er al.,
1990). MARCKS colocalizes with vinculin and talin in these punctate structures
(podosomes) which are the transient contacts made by motile cells with the substratum
(Rosen et al., 1990). PKC activation of macrophages results in the disappearance of
MARCKS from podosomes in conjunction with major cytoskeletal rearrangements leading
to cell spreading and loss of filopodia (Rosen et al., 1990). During phagocytosis,
MARCKS colocalizes with F-actin, talin and myosin I on the cytoplasmic face of the
forming phagosome, suggesting that it regulates actin structure at the membrane (Allen and
Aderem, 1995a). Treatment of neutrophils with the chemotactic peptide f-Met-Leu-Phe
leads to a rapid, but transient, phosphorylation of MARCKS by PKC and its displacement
from the plasma membrane (Thelen et al.,, 1991). Taken together, these data suggest that
MARCKS may modulate the actin cytoskeleton during macrophage and neutrophil
locomotion.

Immunoelectron microscopy demonstrates that MARCKS localizes to points where
actin filaments interact with the cytoplasmic surface of the plasma membrane (Aderem et
al., unpublished data). De-phosphorylated MARCKS binds to and cross-links filamentous
but not globular actin in vitro. This cross-linking activity is disrupted by binding MARCKS
to calmodulin (Hartwig et al., 1992). Phosphorylated MARCKS binds actin with 50%
lower affinity than dephosphorylated MARCKS, and does not cross-link F-actin. The
involvement of the effector domain in binding actin is confirmed using an effector domain

peptide: dephosphorylated peptide cross-linked F-actin into bundles, whereas peptides
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bound to calmodulin or phosphorylated by PKC did not (Fig. 1-1b; Hartwig et al., 1992).
For MARCKS to cross-link actin, it must either dimerize, or another region of the protein
must bind actin. The highly conserved MH2 domain might be involved in MARCKS

dimerization or actin-crosslinking.

Biological Functions: MARCKS is widely expressed in a variety of tissues and cell
types (Albert ez al., 1986; Lobach er al., 1993). It is postulated to have a role in translating
extracellular signals into alterations in actin plasticity and changes in actin-membrane
interactions (Aderem, 1992). The concentration of MARCKS is highest in the brain, where
it represents approximately 0.2% of cellular protein (Graff et al., 1989). It is localized to
presynaptic nerve terminals (Ouimet et al., 1990) and its phosphorylation in synaptosomes
is stimulated by depolarization-induced Ca* influx (Wu er al., 1982; Wang et al., 1989;
Coffey et al., 1994). Other agonists, such as acetylcholine (Haycock et al., 1988) and
glutamate (Scholz and Palfrey, 1991; Tan e al., 1994), also induce transient MARCKS
phosphorylation in neurons and neuroendocrine cells. Phosphorylation of MARCKS in
synaptosomes results in its rapid translocation from the membrane to the cytosol,
suggesting a role in secretion or membrane recycling ( Wang et al., 1989). By analogy with
the synapsins (Greengard er al., 1993), MARCKS might link synaptic vesicles to cortical
actin. MARCKS could reversibly tether synaptic vesicles to the actin-based cytoskeleton of
the nerve terminal, and this linkage would be disrupted when the effector domain of
MARCKS is phosphorylated by PKC. Alternatively, MARCKS might regulate the
dynamics of actin filament assembly at the presynaptic terminal in a PKC- and Ca**-
calmodulin-dependent manner, thereby affecting access of synaptic vesicles to the plasma
membrane.

Studies in macrophages and neutrophils suggests that MARCKS is involved in

phagocytosis and cell motility. During phagocytosis, MARCKS colocalizes with PKCa,
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talin and F-actin to the phagocytic cups of nascent phagosomes (Allen and Aderem,
1995a). Phagocytosis is accompanied by a sustained phosphorylation of MARCKS,
suggesting that MARCKS is not cross-linking actin at the site of particle ingestion (Allen
and Aderem, 1995a). Stimulation of phagocytic cells with bacterial lipopolysaccharide
(LPS) or f-Met-Leu-Phe results in increased cell motility and leads to PKC activation and
an elevation of cytosolic Ca®* concentration. These two signals regulate MARCKS
interaction with both the actin cytoskeleton and the plasma membrane. Both
phosphorylation and calmodulin binding could modulate the ability of MARCKS to serve
as a dynamic, PKC- and calmodulin-regulated crossbridge between the actin cytoskeleton
and the substrate-adherent plasma membrane during cell motility (Hartwig er al., 1992).
Targeted disruption of the murine MARCKS gene reveals a role for MARCKS
during embryonic development. MARCKS null mice display a wide range of disorders,
including exencephaly (severe brain malformation with an absence of the overlying skull or
skin), umbilical herniation (abdominal contents protrude through abdomen), and runting
(Stumpo et al.,, 1995). The observed malformations occur in only a subpopulation of
MARCKS null mice, indicating that there is incomplete penetrance in the observed
phenotypes. MARCKS null brains are severely malformed, with a reduction in brain size,
disrupted commissures, and increased ventricular volume (Stumpo et al., 1995). These
results suggest that MARCKS expression during mouse embryogenesis is necessary for

normal development of the CNS.

The MacMARCKS protein: A protein related to MARCKS was cloned from an
embryonic mouse cerebellum library (Umekage and Kato, 1991) and from a LPS-induced
rabbit alveolar macrophage library (Li and Aderem, 1992). Nucleotide sequence analysis
indicates that the predicted protein is very similar to MARCKS (Umekage and Kato, 1991;

Blackshear ef al., 1991; Li and Aderem, 1992). It is constitutively expressed at high levels
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in many organs, including the CNS, spleen and testis (Umekage and Kato, 1991; Lobach
et al., 1993). Its expression in macrophages is highly induced after LPS stimulation (Li and
Aderem, 1992). The gene for this protein is located on mouse chromosome 4, while the
MARCKS gene is located on mouse chromosome 10 (Lobach ef al., 1993; Blackshear et
al., 1992). This protein is called either MacMARCKS (because it is highly enriched in
LPS-stimulated macrophages; Li and Aderem, 1992) or MARCKS related protein (MRP;
Blackshear, 1993). MacMARCKS represents the second member of the MARCKS family
of PKC-substrates. It has an amino acid composition and domain structures which are very
similar to that of MARCKS (Fig. 1-1a), but it is significantly smaller. Despite its predicted
molecular mass of 20 kd, MacMARCKS migrates anomalously on SDS-PAGE as a 42-50
kDa protein. MacMARCKS is heat-stable, and has an acidic pl of 4 (Blackshear et al.,
1991; Li and Aderem, 1992). The MacMARCKS myristoyl moiety is embedded in the lipid
bilayer of membranes (Vergeres et al., 1995). Like MARCKS, the ability of MacMARCKS
to bind membranes is dependent upon the electrostatic interaction of its basic effector
domain with acidic phospholipids.

The MacMARCKS effector domain contains 24 amino acids which include 10
lysines and 2 arginine residues. This domain is 89% identical to the equivalent region in the
MARCKS protein. In contrast to the MARCKS effector domain, the MacMARCKS
effector domain (KKKKKFS’*FKKPFKLSGLS'”FKR) is phosphorylated on only the
first and third serine residues (Li and Aderem, 1992; Verghese et al., 1994); the second
serine residue of the MARCKS effector domain is replaced with a proline residue in the
MacMARCKS effector domain. Despite substitution of a proline residue for the second
serine, the MacMARCKS effector domain peptide is still a high affinity substrate for PKC
and is phosphorylated with significant positive cooperativity (Blackshear er al., 1992).

MacMARCKS binds calmodulin in a Ca+2-dependent manner, and this binding is

regulated by PKC-dependent phosphorylation (Li and Aderem, 1992; Vergeres et al.,
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1995). A MacMARCKS effector domain peptide bound calmodulin half-maximally at 7.4 +
0.53 nM compared with 8.2 + 0.6 nM for the MARCKS peptide, and both peptides
complexed with calmodulin with a similar K4 of <3 nM (Blackshear e? al., 1992). The time
course of dissociation of the MacMARCKS peptide from calmodulin after PKC
phosphorylation is identical to the time course for PKC disruption of the MARCKS
peptide-calmodulin complex (Blackshear e al., 1992). Preliminary results also indicate that
the MacMARCKS effector domain binds and cross-links actin (Aderem, unpublished data).
These results suggest that the proline substitution within the MacMARCKS effector domain
does' not affect calmodulin or actin binding. This hypothesis is supported by the
observation that MARCKS exists as a random coil in solution and does not adopt the o-
helical conformation previously thought to be required for calmodulin binding (Manenti et
al., 1992). MacMARCKS most likely adopts a similar random coil in solution. The affinity
of MacMARCKS for acidic lipid vesicles is 30 fold less than MARCKS, and the strong
cooperative effect between the effector domain of MARCKS and its myristoyl moiety is not
observed for MacMARCKS (Vergeres et al., 1995). This suggests that additional
protein(s) are required for the binding of MacMARCKS to intracellular membranes.

The myristoylation domain of MacMARCKS is separated from its effector domain
by the MH2 domain; 16 out of 21 residues within this domain are identical between
MacMARCKS and MARCKS, with the rest being conservative substitutions (Li and
Aderem, 1992). This domain is homologous to a region of the mannose-6-
phosphate/insulin-like growth factor II receptor involved in internalization (Aderem, 1992;
Blackshear, 1993). As discussed above, this domain may be involved in actin cross-linking
or protein dimerization (Aderem e? al., 1992).

MacMARCKS is a good in vitro substrate for a mixture of PKC isozymes

(Verghese et al., 1994) and is also phosphorylated by cdc2 kinase and tau protein kinase 11
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(Yamamoto et al,, 1995). MacMARCKS phosphorylation is rapidly and transiently
increased following glutamate stimulation of hippocampal pyramidal neurons (Scholz and
Palfrey, 1991). Phosphorylation is also stimulated by PMA in murine neuroblastoma cells
(Blackshear et al., 1992) and in macrophages (Li and Aderem, 1992). In the J774
macrophage cell line, endogenous MacMARCKS concentrates around nascent phagosomes
(Zhu et al., 1995). Expression of a mutant MacMARCKS protein lacking the effector
domain profoundly inhibits phagocytosis by J774 cells, while endocytosis was unaffected
(Zhu et al., 1995).

The work presented in this thesis examines the role of MacMARCKS in neural
secretion and neural development. Characterization of MacMARCKS in PC12 cells and rat
brain synaptosomes is described in Chapter 3. Chapter 4 describes a dominant-negative
MacMARCKS mutant which inhibits agonist-dependent secretion from PC12 cells. The
characterization of the MacMARCKS promoter and its regulation by LPS is presented in
Chapter 5. Chapter 6 examines endogenous MacMARCKS expression patterns, as well as
the expression patterns of MacMARCKS promoter-lacZ constructs, during mouse
development. Finally, Chapter 7 presents evidence that MacMARCKS is necessary for

normal mouse neural development.
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CHAPTER TWO:

MATERIALS AND METHODS

I. REAGENTS

Materials:

[*H]Myristic acid (0.4-2.2 TBq/mmol), [**Plorthophosphate (320 TBq/mmol),
[125 I]protein A (370 kBg/ug), [3H]Norepinephrine (555 GBg/mmol) and En’hance were
obtained from New England Nuclear. PMA was purchased from LC Services, Corp
(Woburn, MA) and Re595 LPS from Salmonella minnesota from List Biological Labs,
Inc. Leupeptin and Nerve Growth Factor (NGF) 2.5S (from rat submaxillary gland, grade
II) were obtained from Boehringer-Mannheim Biochemicals. Lipofectamine was
purchased from Gibco BRL, and opsonized zymozan was purchased from Molecular

Probes. Unless otherwise noted, all other chemicals were obtained from Sigma.

Antibodies:

Polyclonal antiserum against murine MacMARCKS was prepared by injecting
rabbits with a purified GST-MacMARCKS fusion protein (J. Liez al., manuscript in
preparation). Antibodies were affinity-purified from sera using strips of polyvinylidene
difluoride membrane containing recombinant MacMARCKS. The affinity-purified
MARCKS polyclonal antibody was prepared as described (Allen and Aderem, 1995; Rosen
et al., 1990). Mouse monoclonal antibody against synaptophysin (Jahn et al., 1985) and
anti-synapsin 1 antiserum were kind gifts from P. Greengard, A. J. Czernik and A. C.
Nairn (The Rockefeller University). The rabbit polyclonal antibody directed against the
lumenal amino terminus of synaptotagmin I (anti-Sytjym-Ab) was the kind gift from Drs.

O. Mundigl and P. De Camilli (Yale University). The neuron-specific rabbit polyclonal



antibody NOVA was the kind gift from R. Buckanovich and Dr. R. Darnell (The
Rockefeller University). The rabbit polyclonal antibody directed against bovine Glial
Fibrillary Acidic Protein (GFAP) was the kind gift from Dr. M. B. Hattan (The Rockefeller
University ). The rat monoclonal antibody F4/80 directed against a macrophage/microglia-
specific epitope (Hume and Gordon, 1987) was the kind gift from Dr. R. Steinman (The
Rockefeller University). Commercial antibodies include both the mouse monoclonal and
the rabbit polyclonal anti-HA antibodies (Berkeley), polyclonal anti-B-galactosidase
antibody (3’-5’), monoclonal anti-B-galactosidase antibody (Johns Hopkins), Texas red-
conjugated goat anti-rabbit IgG and Texas red-conjugated goat anti-mouse 1gG (Tago),
FITC-conjugated goat anti-mouse 1gG and FITC-conjugated goat anti-rat IgG (Jackson),

and non-specific rabbit IgG (Sigma).

II. CELL CULTURE

PC12 cell culture:

PC12 cells (obtained from the American Type Culture Collection, Bethesda, MD)
were cultured in the absence of NGF as described previously (Greene and Tischler, 1976).
They were maintained in RPMI medium (Gibco, Grand Island, NY) supplemented with
5% fetal calf serum and 10% horse serum (JRH Biosciences, Lenexa, KS) in an
atmosphere of 5% CO2 /95% air (vol/vol) at 37° C. Two days before an experiment, cells
were subcultured on rat tail collagen-coated plastic dishes (60 mm) at a density of 106

cells/ml. Where indicated, NGF at 100 ng/ml was added 24 h prior to the experiment.

Transfection of PC12 Cells:
5x 10° PC12 cells were plated onto 100 mm collagen-coated dishes one day prior

to transfection. Each plate was incubated with a lipofectin-DNA mixture (20-50 pg DNA
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per plate) for 18 hrs. (Hempstead er al., 1994). After 48 hrs. the cells were placed in
medium containing 400 pg/ml G418 (Gibco BRL). Following 5 weeks of selection

surviving colonies were individually subcloned and expanded into 24 well plates.

RAW Cell Culture:

The RAW 264 macrophage-like cell line was obtained from ATCC and maintained
in bacteriological dishes in RPMI 1640 medium containing 5% fetal calf serum
supplemented with 2 mM L-glutamine (Stacey et al., 1995). Cells were passaged three
times per week. One day before an experiment, RAW 264 cells were plated onto 60 mm

tissue culture dishes (Corning) at a density of 1 x 10° cells/ml.

Isolation of Murine Peritoneal Macrophages:

Female ICR mice (Charles River) were sacrificed with CO,. 4 ml of ice-cold sterile
PBS was injected into the peritoneum, and the dislodged cells were transferred into a sterile
tube. Another 4 ml of PBS was used to remove residual macrophages. The cells were
pelleted at 1000 x g for 15 min. at 4°C, resuspended in &-MEM plus 10% FCS, and plated
at approximately 1 x 10° cells/ml. Cells were allowed to adhere for two hours; nonadherent

cells were removed by washing with PBS. Macrophages were incubated in fresh a-MEM

plus 10% FCS overnight prior to the start of an experiment.

Isolation and Culture of Microglial Cells:

Brains from 1-3 day old neonatal mice were removed into ice-cold PBS. Cortices
were isolated and stripped of meninges under the dissecting microscope, finely minced and
incubated in PBS containing 0.5% trypsin, 0.025% DNase 1 (Worthington Biochemicals)

for 15 min. at 25°C. After incubation, the cells were pelleted, resuspended in 2 ml a-MEM
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plus 10% FCS, and disrupted by trituration with a drawn pipette. Cells were then plated at
10° cells/ml in T-75 flasks. After one week of culture microglial cells were dislodged by
shaking the flask at 180 rpm in an orbital shaker at 37°C. The supernatant containing
microglia was isolated, while contaminating astrocytes remained in the flasks. Purified
microglia were maintained in media containing 20% astrocyte conditioned medium.
Isolated microglia were routinely assayed for purity by several different criteria:
immunocytochemistry with F4/80 antibody and anti-GFAP antibody; nonspecific esterase
staining using a commercial kit (Sigma); Dil-Ac-LDL staining (Biomedical Technologies,
Inc.) and phagocytosis of opsonized zymozan particles. By these methods, the isolated

microglial population was >95% pure.
II. BIOCHEMICAL AND MORPHOLOGICAL TECHNIQUES

Myristoylation and phosphorylation of MacMARCKS:

PC12 or RAW 264 cells were labeled overnight with [3H]myristic acid (40
mCi/ml), and lysed in ice-cold lysis buffer containing 10 mM Tris-HCI, pH 7.5, 15 mM
EDTA, 1% (w/v) Nonidet P-40, 50 mM NaH2PO4, 50 mM KF, 10 mM sodium
pyrophosphate, supplemented with the following protease inhibitors: 0.09 TIU/ml
aprotinin, 1 mM PMSF, 1 mM diisopropyl flurophosphate, and 0.5 mg/ml leupeptin (Allen
and Aderem, 1995). After cell lysis, MacMARCKS was immunoprecipitated as described
below. Protein phosphorylation in intact cells was performed by radiolabeling cells with
250 mCi/ml [32P]orthophosphate either in PO,-free RPMI or in Hepes-buffered saline as
described (Aderem et al., 1988). Where indicated, cells were treated with 200 nM PMA
for 30 min. at 37°C. PCI12 cells were depolarized with depolarization buffer (85 mM
NaCl, 10 mM Hepes, 5.5 mM D-glucose, 60 mM KCl, 1 mM MgSO,, pH 7.4) either in

the presence or absence of 1.8 mM CaCl, for 1 min. at room temperature. After



stimulation, the cells were scraped into lysis buffer and the lysates subjected to
immunoprecipitation.

Purified microglia were labeled for 3 hrs. with [3H]myristic acid (40 mCi/ml) either
without treatment or in the presence of 100 ng/ml LPS; 200 nM PMA; or 50 ug/ml
opsonized zymozan. Cells were washed, lysed as described above and equal amounts of
proteins were loaded in all lanes. Proteins were resolved by 10% SDS-PAGE and

visualized by fluorography.

Subcellular fractionation:

Agonist-treated PC12 cells labeled with either [3H]myristic acid or
[32P]onhophosphate were scraped into 1 ml homogenization buffer (250 mM sucrose, 20
mM Hepes, pH 7.2, 1 mM EDTA) supplemented with protease inhibitors (see above).
Cells were disrupted by nitrogen cavitation (1000 psi, 15 min. at 4°C), nuclei were
removed by low speed centrifugation (500 x g, 5 min.), and the particulate and cytosolic
fractions were prepared by centrifugation at 400,000 x g for 20 min. at 4°C in a Beckman
TLA-100.2 rotor (Allen and Aderem, 1995; Thelen et al., 1991). The cytosolic fraction
(supernatant) was removed and the pellet was resuspended in 1 ml of homogenization
buffer. Proteins from each fraction were precipitated with TCA (final concentration 10%,
w/v) and after solubilization were subjected to immunoprecipitation.

Synaptic fractions were prepared as described (Huttner et al., 1983) with minor
modifications (McPherson er al., 1994). To obtain S; and P3, the S, fraction was
centrifuged at 165,000 x g,, for 2 h. The eluate from the controlled-pore glass (CPG)
column was pooled into three fractions (CPG1-CPG3). These fractions were kindly

prepared by Drs. P.S. McPherson and P. De Camilli (Yale University).

29



Immunoprecipitation:

Cell extracts were precleared with 20% (vol/vol) protein-A Sepharose, and
MacMARCKS was immunoprecipitated with MacMARCKS antiserum at a 1:100 dilution
(Thelen et al., 1991). TCA-precipitated proteins were immunoprecipitated as previously
described (Allen and Aderem, 1995). HA-tagged proteins were immunoprecipitated with
either the mouse monoclonal anti-HA antibody (1:200) or the rabbit polyclonal anti-HA
antibody (1:400). Following immunoprecipitation, samples were boiled, and analyzed by
10% SDS-PAGE. *H-labeled proteins were visualized by fluorography, and **P-labeled

proteins were visualized by autoradiography.

Immunoblotting:

Lysates prepared from PCI12 cells, and proteins from synaptic fractions were
subjected to SDS-PAGE and transferred to nitrocellulose membranes (Towbin et al.,
1979). The nitrocellulose membranes were blocked for 2 h with Tris-buffered saline (25
mM Tris-HCI, pH 8.0, 150 mM NaCl, 20 mM sodium azide) containing 5% (w/v) nonfat
dry milk and incubated overnight with primary antibody at the indicated dilutions (1:200 for
the anti-MacMARCKS and the anti-MARCKS antibodies, 1:5000 dilution for the anti-
synaptophysin antibody, and 1:1000 for the anti-synapsin-1 antibody). Immunoblots were
then washed three times in Tris-buffered-saline milk, incubated for 5 h with a 1:1000

23] ]abeled protein-A in Tris-buffered-saline, and washed 5 times with Tris-

dilution of
buffered-saline. Labeled proteins were visualized by autoradiography.

To identify HA-tagged proteins, heat treated lysates were resolved by SDS-PAGE,
transferred onto nitrocellulose, and blocked overnight with PBST (1 mM Na,HPO,, 1 mM
NaH,PO,, 150 mM NaCl, 0.01% Triton X-100, pH 7.1) containing 5% (w/v) nonfat dry
milk. The blot was incubated for 2 hrs. with a 1:1000 dilution of anti-HA rabbit polyclonal

aritibody in PBST plus 5% milk, washed 3 times in PBST and incubated for 1 hr with a
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1:1000 dilution of HRP-conjugated goat anti-rabbit 2° antibody. The blot was washed 3
times in PBST and subjected to enhanced chemiluminescence detection (Amersham)

following manufacturer’s recommendations.

2-Dimensional polyacrylamide gel electrophoresis:

*p.Labeled PCI12 cell lysates were immunoprecipitated with the anti-
MacMARCKS antibody, and subjected to 2-dimensional polyacrylamide gel
electrophoresis as described (Li and Aderem, 1992). Radiolabeled MacMARCKS was

visualized by autoradiography.

Preparation and labeling of rat brain synaptosomes:

Synaptosomes were purified from rat cerebrocortices as described (Dunkley ez al.,
1986) with minor modifications (Wang et al., 1989). The final purified synaptosomal
pellet was resuspended in phosphate-free incubation buffer (140 mM NaCl, 5 mM KCl, 5
mM NaHCO;, 1 mM MgCl,, 10 mM glucose and 10 mM Hepes, pH 7.4) to 2 mg/ml and
radiolabeled with [32P]orthophosphate (1 mCi/ml) for 45 min. (Wang er al., 1988).
Extrasynaptosomal [32P]orthophosphate was removed by centrifugation of the
synaptosomes at 1000 x g for 5 min. Radiolabeled synaptosomes (100 pg of protein) were
incubated in the presence of 300 nM phorbol 12,13-dibutyrate (PDBu) or were depolarized
by the addition of KCl to a final concentration of 40 mM (isotonicity being maintained by a
corresponding decrease in the concentration of NaCl). Incubations were terminated by the
addition of 4 vol of cold lysis buffer. Samples were then immunoprecipitated with the

MacMARCKS antibody as described above.
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Immunofluorescence microscopy:

PC12 cells were plated on poly-L-lysine coated coverslips and differentiated for 5
days in complete RPMI medium containing 100 ng/ml NGF. The cells were fixed in 4%
(w/v) paraformaldehyde in 120 mM phosphate buffer containing 4% (w/v) sucrose, and
processed for indirect immunofluorescence microscopy as previously described (Cameron
et al., 1991; Mundigl et al., 1993). The coverslips were incubated with affinity purified
anti-MacMARCKS antibody (1:50 dilution), followed by a 1:1000 dilution of a Texas red-
conjugated goat anti-rabbit IgG (Tago, Burlingame, CA). Synaptophysin was visualized
using a 1:1000 dilution of anti-synaptophysin antibody in conjunction with a 1:200
dilution of FITC-conjugated goat anti-mouse 1gG (Jackson Immunoresearch Labs,
Westgrove, PA). HA-tagged proteins were visualized using a 1:400 dilution of rabbit
polyclonal anti-HA antibody, or a 1:200 dilution of the mouse monoclonal anti-HA
antibody. Stained cells were visualized with a Zeiss Axiophot fluorescence microscope
using a 63X Plan-Apochromat objective. Confocal microscopy was performed using the

Molecular Dynamics' Image Space software and a Zeiss Axioskop microscope.

Electron Microscopy:

S-A-HA clone 28 PC12 cells were fixed in 4% paraformaldehyde and 0.5%
glutaraldehyde for 30 min., dehydrated and embedded in L. R. White resin (EM Science).
Sections were collected on nickel grids and incubated with the anti-HA epitope 12CA5S
monoclonal antibody at 1:1 dilution. Goat anti-mouse antiserum conjugated to 10 nM gold
(Amersham) was used to probe the samples, which were visualized with a JEOL 100CX

electron microscope (Peabody, Mass.).
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III. FUNCTIONAL ASSAYS

Synaptotagmin Exocytosis Assay:

PC12 cells were differentiated for 5 days in the presence of 100 ng/ml NGF, plated
onto poly-L-lysine coated coverslips, and washed twice for 5 min. at 37°C with Krebs-
Ringer-HEPES (KRH) buffer (130 mM NaCl, 1.0 mM KCl, 1.0 mM Na,HPO,, 1.2 mM
MgS0O,, 2.7 mM CaCl,, 20 mM HEPES, and 11 mM glucose; Mundigl et al., 1995). The
rabbit polyclonal anti—synaptotagmin'"m antibody (Matteoli ef al., 1992) was diluted 1:100
in Krebs-Ringer-HEPES buffers containing the following ionic compositions: KRH (128
mM NaCl, 3.0 mM KCI, 1.0 mM Na,HPO,, 1.2 mM MgSO,, 2.7 mM CaCl,, 20 mM
HEPES,11 mM glucose), KRH/55 mM K (76 mM NaCl,. 55 mM KCI, 1.0 mM
Na,HPO,, 1.2 mM MgSO0O,, 2.7 mM CaCl,, 20 mM HEPES, 11 mM glucose), Ca>*-free
KRH (128 mM NaCl, 3.0 mM KCl, 1.0 mM Na,HPO,, 1.2 mM MgSO,, 1.0 mM EGTA,
20 mM HEPES, 11 mM glucose), and KRH/55 mM K" / Ca>* -free (76 mM NaCl, 55 mM
KCl], 1.0 mM Na,HPO,, 1.2 mM MgSO,, 1.0 mM EGTA, 20 mM HEPES, 11 mM
glucose). To control for nonspecific IgG binding to the cell surface, a rabbit IgG was used
at a 1:100 dilution into the Krebs-Ringer-HEPES buffers. Cells were incubated with the
antibodies for 1 hr at 37°C, immediately chilled on ice, and washed with ice-cold wash
KRH. For experiments performed in Ca®*-free media, the last wash was done in Ca”* -free
KRH. The cells were then fixed by 4% (w/v) paraformaldehyde in 120 mM phosphate
buffer containing 4% (w/v) sucrose. Fixed cells were permeablized and blocked with goat
serum dilution buffer (450 mM NaCl, 20 mM NaPO,,17% goat serum, 0.3% Triton-X-
100) and labeled with a 1:200 dilution of mouse anti-HA monoclonal antibody.
Synaptotagmin was visualized with a 1:1000 dilution of Texas Red-conjugated goat anti-
rabbit IgG, and HA-tagged MacMARCKS was visualized with a 1:400 dilution of FITC-

conjugated goat anti-mouse IgG.
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3H-Norepinephrine Release Assay:

One day before an experiment, PC12 cells were subcultured at 5 X 10° cells per 35
mm collagen-coated dish. The cells were washed twice with KRH buffer and incubated
with 2 ml of KRH buffer containing 1 pCi/ml of *H-norepinephrine (*H-NE) for 1 hr at
37° C. The labeled cells were pipetted off the dishes and loaded into sample assay columns
of a superfusion apparatus (Brandel), which traps the cells between porous filter disks
while being exposed to exogenously introduced solutions. The cells were washed with
Ca” -free KRH buffer for 30 min. before the start of the experiment. Cells were perfused
with fresh Ca** -free KRH buffer for 5 minutes and 0.5 ml fractions were collected every
minute to establish a baseline of spontaneous *H-NE release. To stimulate regulated *H-

NE release, the cells were perfused for 5 min. with either KRH, Ca*-free KRH, KRH/55
mM K*, KRH/55 mM K* / Ca**-free, KRH + 4 pM ionomycin, or Ca**-free KRH + 4

UM ionomycin. Fractions were collected every minute for 5 minutes. Following agonist
stimulation the cells were again perfused with Ca* -free KRH for a final 5 min., and
fractions were again collected every minute. The filter disks were removed and the cells
hydrolyzed with 0.5N NaOH to determine the amount of cell-bound *H-NE. 3.5 ml of
Ready-Safe scintillation fluid (BioRad) were added to all fractions and the samples were

counted in a LKB scintillation counter. Each experiment was done in triplicate.

Wheat Germ Agglutinin Endocytosis Assay:

Texas red-conjugated wheat germ agglutinin (TR-WGA; Molecular Probes) was
diluted in culture medium at 50 pg/ml and applied to NGF-differentiated PC12 cells grown
on polylysine coated coverslips at 37°C (Mundigl et al., 1995). After one hour the cells
were washed extensively, fixed and the pattern of WGA distribution examined by confocal

microscopy.
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IV. MOLECULAR BIOLOGY TECHNIQUES

Generation of HA-Tagged MacMARCKS c¢cDNA Constructs:

PCR was used to generate a wild type MacMARCKS cDNA construct containing a
hemaglutinin epitope (HA) sequence at the 3’ end. The 5’ oligo Al (5’GCGGGATCC
ATGGGCAGCCAGAGCTCT3’) contained a BamHI site (underlined) to facilitate cloning,
and the 3’ oligo A2(5GCGGGATCCTCACAAGCTAGCGTAATCTGGAACA
TCGTATGGGTACTCATTCTGCTCAGC ACT3’) contained both the HA sequence
(bold) as well as a BamHI site (underlined) for cloning. Mouse MacMARCKS cDNA (Li
and Aderem, 1992) was used as the template. It was denatured for 30 sec at 95° C,
annealed at 62° C for 30 sec, and extended at 72° C for 30 sec. This reaction was repeated
for 30 cycles. The reaction product was subcloned into pBlueScript and completely
sequenced; this construct is named wt-HA MacMARCKS.

To obtain a construct encoding serine to alanine mutations within the
MacMARCKS effector domain, two DNA fragments spanning this domain were generated
by PCR, using WT-MacMARCKS-HA as the template. The first fragment encoded amino
acids 1-100, and was generated with the 5° Al oligo and 3° Bl oligo
(5’AAGCTTGAAAGGCTTCTTGAAACGAGAATTTCT TC3’). The second DNA
fragment encoded amino acids 99-200 as well as the 11 amino acid HA epitope, and was
generated with the 5° B2 oligo (5 AAGCTTAGTGGCCTGGCCTTCAAGAGAAAT?3’)
and the 3’ A2 oligo. Letters in bold indicate nucleotide changes that converted serines to
alanines at position 93 (5°TCT3’ to 5°GCT3’) and at position 104 (5’TCC3’ to 5’GCC3’).
Underlined letters represent nucleotide changes that generate a novel HindIII site while
maintaining the correct MacMARCKS amino acid sequence. Both fragments were digested

with HindIII and ligated together at this site. The mutated MacMARCKS fragment was
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then subcloned into the BamHI and EcoRlI sites of pBlueScript and completely sequenced.
This construct is named S-A-HA MacMARCKS.

For high levels of expression in PC12 cells, both the wt-HA MacMARCKS and the
S-A-HA MacMARCKS constructs were digested with BamHI and EcoRI and subcloned
into the pcDNA3 vector (Invitrogen) under the control of the cytomegalovirus promoter.

Transfections into PC12 cells were as described above.

Isolation of RNA and RNase Protection:

RAW 264 cells were either untreated or stimulated with the compounds indicated
and total RNA was isolated with the guanidinium method (Chomczynski and Sacchi,
1987). To map the RNA initiation site of the MacMARCKS gene, a 620 bp Xbal-Sacl
fragment from the MacMARCKS genomic DNA was subcloned into pBlueScript. This
construct was linearized at the Xbal site and T3 RNA polymerase (Promega) was used to
generate 32p-labeled run-off RNA transcripts complementary to the MacMARCKS
sequence from -413 to +203. The RNA transcripts were gel-purified and allowed to
hybridize with 20 pg of total RAW 264 RNA at 50° C overnight. After hybridization, the
reaction was digested with a mixture of RNase A and RNase T1 for 30 min. using the
RPAII kit (Ambion). The approximately 200 bp protected fragments were resolved in a 6%
sequencing gel and detected by autoradiography.

To analyze the levels of MacMARCKS message following agonist stimulation of
RAW 264 cells, the S-A MacMARCKS-HA construct (see above) was linearized with
HindIll and T3 RNA polymerase was used to generate a 315 bp run-off transcripts
complementary to the MacMARCKS coding sequence (+485 to +745). The RNase
protection assay was performed as described above, except that 5 pg of total RNA was

used per reaction, and a 250 bp B-actin antisense RNA probe was included as an internal
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control. Protected fragments (251 bp for MacMARCKS, 210 bp for B-actin) were resolved

in a 6% sequencing gel and detected by autoradiography.

Mapping of MacMARCKS Transcriptional Start Site By Primer Extension:
Total RNA was isolated from RAW 264 cells that were either untreated or
stimulated for 4 hrs. with LPS (100 ng/ml). A 30-base oligonucleotide complementary to
the 5° end of the MacMARCKS cDNA (positions +174-203; 5’GAGCTCTGGCTGC
CCATGATGGGGG TCTGC3’) was 32p end-labeled at the 5° terminus and mixed with 50
g of total RNA. After hybridization in buffer A (Ambion) at 30°C overnight, the primer
was extended with Moloney murine leukemia virus reverse transcriptase (Boehringer-
Mannheim Biochemicals) in the presence of 50 ug/ml actinomycin D. The 205 bp
radiolabeled products of this reaction were resolved on a 6% polyacrylamide/7 M urea
sequencing gel alongside a dideoxy-sequencing ladder generated with the same

oligonucleotide and visualized by autoradiography.

Transfection and Transient Expression of Luciferase Reporter Constructs:

The 1.7 kb Nhel restriction fragment upstream from the MacMARCKS gene was
cloned into the pBlueScript vector (Stratagene) to generate a 1.7 kb-pBlue construct.
Deletion constructs were generated in two ways. First, the 1.7 kb-pBlue construct was
digested with Avrl and the resultant fragment was subcloned into the GeneLight luciferase
vector system (Promega). The second method generated nested deletions in 1.7 kb-pBlue
by Exonuclease III digestion (Henikoff, 1984), which were subcloned into the same
GeneLight vector. The 1.7 kb-pBlue construct was first digested with Sacl and NotI and
the Erase-a-Base system (Promega) was used to generate an ordered set of deletion clones
of various sizes, spanning 1.7 to 0.4 kb (see Fig. 5-4A). All constructs were then
sequenced for definitive characterization.
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Plasmid DNA was purified by CsCl banding and 10 pg of the constructs were
introduced into RAW 264 cells by electroporation as described (Stacey et al., 1993). To
control for differences in the amounts of transfected DNA a CMV-CSF-1 construct was co-
transfected with the MacMARCKS promoter-reporter constructs. Cells from 4 separate
electroporations were pooled and distributed equally between 4 60 mm tissue culture
dishes, and the medium was changed 2 hrs. later. After 48 hr the transfectants were
stimulated for 4 hrs. with medium alone or with LPS at 100 ng/ml. Supernatants were
radioimmunoassayed for CSF-1 (Stacey et al., 1995). The cells were washed once with
PBS and lysed in buffer containing 1% Triton X-100 (Promega). Aliquots of the lysate

were assayed for luciferase activity in a luminometer.

Nuclear Run-On Analysis:

Nuclei were isolated from RAW 264 cells as described (Stacey et al., 1995) after
the cells were incubated either in control medium or in medium supplemented with
cyclohexamide (10 pg/ml). The labeled run-on transcripts were prepared and hybridized
with denatured linearized plasmid DNA (10 pg/slot) immobilized on nitrocellulose. Equal
amounts (cpm) of radiolabeled RNA were used for each filter. Filters were prehybridized
and hybridized in 5 X SSPE, 5 X Denhardt’s solution, 0.5% SDS, 50 pg of denatured
herring sperm DNA/m], and 200 pg of yeast tRNA/ml at 42°C. After hybridization for 36
hrs., the filters were washed twice for 20 min. each with 2 X SSC at 42°C, twice for 20
min. with 1 X SSC-0.1% SDS at 55°C and once for 30 min. with 2 X SSC with 10 pg of

RNase A at 37°C. The filters were then rinsed and subjected to autoradiography.
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V. GENERATION OF LAC-Z TRANSGENIC MICE

Transgenic DNA Constructs:

Using MacMARCKS cDNA probes specific to 5’ ends a 17 kb genomic clone
containing the entire murine MacMARCKS gene was isolated from a 129SV genomic
library. By restriction enzyme mapping, the clone encompassed the entire MacMARCKS
coding region as well as 8 kb upstream and 4 kb downstream sequences. A 4 kb BamHI-
Nhel fragment of the MacMARCKS 5’ upstream sequence containing the transcriptional
start site plus 30 bp of the untranslated region was subcloned into pBlueScript to take
advantage of convenient flanking restriction sites. A lacZ reporter construct was made by
subcloning the 4 kb MacMARCKS Sacl-Sall fragment from this construct into the EcoRI
and Xhol sites of the pNASSb vector (Clontech; Li et al., 1995); this clone was named
4kb-TM. The plasmid was digested with Spel and Sall, the linearized DNA construct was
separated from the vector sequence by agarose gel electrophoresis, and finally purified by
elute-tip (S&S). This DNA was reconstituted in 10 mM Tris pH 7.5 and 2 mM EDTA at 4
ug/ml. A second construct, 1.7 kb-TM, was generated by digesting 4kb-TM with Pstl and

purified as described above.

Generation and Analysis of Transgenic Mice:

Transgenic mice were generated by the Rockefeller transgenic facilities according to
the method of Hogan ef al., (1994) using B6/CBA hybrid mice as donors. Transgenic
mice were identified by analysis of genomic DNA isolated from tail tips by both PCR and
Southern blot analysis. To type the transgenic mice, 0.3 cm tail fragments were incubated
with lysis buffer (see above) at 55° C overnight and precipitated with an equal volume of
100% ethanol. The genomic DNA was spooled out with a drawn out pipette and dissolved

in 1 mM Tris-HCI, pH 7.4 and 0.2 mM EDTA.
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For PCR analysis, PCR primers flanking the first 750 bp of the E. coli B-
galactosidase open reading frame were used: 5’ lacZ oligo (5’GCGCTGT
ACTGGAGGCTG3’) and the 3’ oligo (5’GCGATACAGCGCGTCGTG3’). DNA was
denatured for 1 min. at 95° C, annealed at 62° C for 45 sec, and extended at 72° C for 45
sec. These conditions specifically detected a 750 bp fragment from positive transgenic
animals, while little signal was detected in non-transgenic animals.

For Southern blot analysis, the DNA samples were digested with either HindIII or
Sacl overnight, resolved on a 1% agarose gel and transferred to Nytran nylon membranes.
The membranes were prehybridized overnight in prehybridization buffer (50% formamide,
6X SSC, 10X Denhardt’s, 1% SDS, 100 pg/ml salmon sperm DNA) and hybridized in the
same solution with either the first 750 bp of the coding sequence of the lacZ gene, or with a
0.6 kb Xba-Sacl fragment from the MacMARCKS gene to estimate copy numbers.

Positive founders were bred with wild type CD1 mice to generate F1 mice. One
positive F1 mouse from each line was sacrificed for histological analysis, and the rest were
either interbred to generate homozygous transgenic mice or bred with CD1 mice to generate

embryos.

B-galactosidase enzyme staining of embryos and tissue sections:

Embryos prior to E18.5 were dissected out of their dissidua and yolk sac, fixed
with 0.2% glutaraldehyde, and washed in wash buffer (0.1 M NaPO,, 0.02% NP-40,
0.01% deoxycholate, 2 mM MgCl,). Embryos were stained in 1 mg/ml X-gal, 20 mM
K3;Fe(CN)g, 20 mM K, Fe(CNg) in wash buffer at 37° C overnight in the dark. To stain
E18.5 embryos, the mother was perfused transcardially with 4% paraformaldehyde
containing 2 mM MgCl,. The embryos were then dissected out, individually tailed to
isolate genomic DNA, and fixed in 0.4% paraformaldehyde containing 2 mM MgCl,. After

PCR analysis, transgenic embryos were infiltrated with 30% sucrose as a cryoprotectant



and frozen in OCT (Miles Inc.). 20 p sagittal sections obtained on a Microm cryostat were
stained as described above, or with antibodies to [3-galactosidase (see below).

To obtain organs from adult transgenic mice for staining, transcardial perfusions
were performed prior to organ dissection, as described above. Small organs such as spleen
and testis were stained whole, while the brain was either sectioned with a razor blade to
obtain 1-2 mm coarse sections, or frozen in OCT and sectioned at 20 1. Brain sections
were post-fixed on ice with 0.4% paraformaldehyde in PBS containing 2 mM MgCl,,
rinsed with ice cold wash buffer, and stained for B-galactosidase reactivity as described

above.

Immunohistochemical detection of B-galactosidase:

Brain sections were prepared as described above and blocked in goat serum
dilution buffer (GSDB; 450 mM NaCl, 20 mM NaPO,,17% goat serum, 0.3% Triton-X-
100) for 2 hours. All antibodies were diluted in GSDB. For double-labeling with GFAP
(Dako), the samples were incubated with a 1:1000 dilution of GFAP and al:100 dilution of
affinity-purified JJE7 monoclonal mouse anti-f3-galactosidase antibody (Developmental
Studies Hybridoma Bank) for 1 hour. For double labeling with NOVA (Buckanovich ez
al., 1995), a 1:100 dilution of NOVA was added along with JIE1, and for double-labeling
with F480 a 1:1 dilution of the mouse monoclonal anti-F480 antibody was added together
with the B-galactosidase antibody. Both fluorescein anti-mouse and fluorescein anti-rat
secondary antibodies were used at 1:400, while Texas Red anti-rabbit secondary antibody
was used at 1:1000.

To co-localize cells that stained positive with X-gal to a cell-type specific antibody
marker, brain sections were first stained for B-galactosidase enzymatic activity, followed

by immunohistochemistry with antibodies against NOVA, GFAP and F-480.
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VI. GENERATION OF MacMARCKS NULL MICE

Construction of MacMARCKS Targeting Vector:

The targeting construct was generated in the pPNT vector containing the neomycin
(neo) and herpes simplex virus thymidine kinase cassettes for positive and negative
selection, respectively (Tybulewicz et al., 1991). The expression of both genes is driven by
the mouse phosphoglycerate kinase-1 promoter and PGK-1 polyadenylation sequences are
located at their 3’ ends. To facilitate cloning, the pPNT vector was modified by the addition
of a Sall site in between the unique Notl and Xhol sites, the EcoRI site was replaced with a
Xbal site, and the Xbal site was replaced with an EcoRI site (see Fig. 7-1A).

A 17 kb genomic clone containing the entire murine MacMARCKS gene was
isolated from a 129SV genomic library using MacMARCKS cDNA probes. By restriction
enzyme mapping, the clone encompassed the entire MacMARCKS coding region as well as
8 kb upstream and 4 kb downstream sequences. A 7.5 kb Sac I fragment containing the 5’
upstream sequences including part of exon 1 was inserted into the Sacl site of the pTZ-neo
vector to utilize that vector’s 5’ flanking Notl and 3’ flanking Sall restriction sites. This
construct was subsequently digested with Notl and Sall and the 7.5 kb Notl-Sall fragment
was subcloned into the corresponding sites upstream of the pgk-neo! gene. The 1.3 kb
EcoRI-Xba I fragment containing 3' flanking sequences was inserted into corresponding
sites in the pPNT vector 3' of the pgk-neo! gene and upstream of the pgk-tk gene. To aid
in the identification of the mutant allele, a HindIII site was engineered into the Sall site of

the modified pPNT vector upstream of the neo gene.
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Transfection and Culture of ES Cells:

50 ug of the MacMARCKS targeting vector was linearized by Notl digestion and
electroporated into 1.0 x 10’ J1 (Li et al., 1992) or E14 (Hooper et al., 1987) embryonic
stem (ES) cells at 400V and 250 uF. ES cells were cultured on neo-resistant mouse
embryonic fibroblasts in the presence of LIF (500U/ml) (Robertson, 1987). Positive
selection was carried out with 250 ug/ml G418, and negative selection was carried out with
2 uM FIAU (O’Classen Pharmaceuticals). 10 days post transfection, G418 and FIAU
resistant colonies were picked and expanded into 96 well plates. After 6 days, the colonies
were expanded to 2 sets of 24 well plates. 2 days later one set of plates were frozen as
stock and 5 days later the other set was used for Southern blot and PCR analysis (see

below).

Generation of Chimeric Mice:

To identify positive ES cells, ES cells were incubated in lysis buffer (20 mM EDTA,
1% Sarkosyl, 0.2 M Tris-HCI, pH 8.0, 0.4 M NaCl, 8 M urea) with 0.8 mg/ml proteinase K
overnight at 55 C to extract genomic DNAs for Southern blot and PCR analysis. After
digestion, the DNA was ethanol precipitated and redissolved in 500 pul ImM Tris-HCI, pH
8.0, 0.1 mM EDTA. 1 pl of the DNA was subjected to PCR, using the primers mml
(5GAGGAGTCTGACTACCTGAGAAGTC3’) derived from the 3’ end of the 1.3 kb
EcoRI-Xbal fragment, and mm2: (5GCCAAGTTCTAATTCCATCAGAAGC3’) derived
from the 3’ end of the pgk neo gene. DNA was denatured at 94°C for 30 sec, annealed at
65°C for 30 sec and extended at 72°C for 1.5 min. The cycle was repeated 39 times. DNAs
positive from the PCR screen were digested with HindlIIl, electrophoresed, transferred onto
nitrocellulose and hybridized at high stringency to a MacMARCKS cDNA to confirm the

sites of recombination.
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Fifteen to twenty ES cells were microinjected into C57B1/6J blastocysts by the
Rockefeller Transgenic Facility. Injected blastocysts were transferred into the uterine horn
of pseudo-pregnant (C57B1/6] x CBA/J) F1 recipients (Bradley, 1987). Chimeric mice
were backcrossed to 129/sv or C57B1/6J and germline transmission was determined by the
presence of the agouti coat color in a black background. Heterozygous offspring were
identified by PCR analysis. Each agouti mouse was analysed with two reactions: one to
detect the presence of the neo gene (730 bp product), using the primers JM 43
(5’CTCTTCCTCATCTCCGGGC CTT3’) derived from the 3’ end of the pGK promoter,
and N2 (5AATATCACG GGTAGCCAACGCTATG?;’) derived from the 5’ end of the
neo gene. The other PCR reaction was designed to detect the MacMARCKS gene (200 bp
product) using primers IN1 (5TGAACTGCAGGACGAGGCAGCGCGG3’) derived
from the 5’ end of the MacMARCKS intron, and IN2 (5’AATATCACGGGTAG
CCAACGCTA TG3’), derived from the 3’ end of the intron.

Genotypic Analysis of Chimeric and Mutant Mice:

MacMARCKS embryos obtained from heterozygote matings were genotyped by
PCR. Noon of the day of the plug was considered as E0.5. For embryos older than E8.5,
the yolk sac was used to generated DNA after solublization in lysis buffer overnight at
55°C. 1 pl of the DNA was used in each PCR reaction, and the reaction conditions were
the same as those for analysis of the ES cells. In some of the analyses primers specific for
the testis-determining gene Sry (5° oligo: 5’GAGAGCATG GAGGGCCATS3’; 3’ oligo:
5S’CCACTCCTCTGTGACACT3’) were used to unambiguously identify male embryos.

Histology:
E8.5 to E12.5 embryos were dissected out of their decidua and yolk sac in PBS

under a Nikon Stemi 6000 dissecting microscope. Dissected embryos were fixed with 4%



paraformaldehyde in PBS, washed, and subjected to a glycerol series (20%, 50%, 80%)
before being photographed under dark-field luminescence. To analyze E18.5 embryos, the
pregnant female mouse was first perfused transcardially with 4% paraformaldehyde, and
the embryos were then dissected out and photographed in PBS. The brains from mutant
and heterozygous animals were then dissected for further analysis.

For wax sections, embryos and E18.5 brains were dehydrated in methanol and

transferred to 100% xylene. Cleared samples were transferred to a mixture of 50%

xylene/50% paraplast at 60°C for 0.5 to 4 hrs., depending on the size of the embryo. The
samples were then incubated in 100% paraplast at 60°C for 3 hrs. After mounting,
embryos embedded in Paraplast were sectioned in a Microm microtome and 10-15 um
sections were collected. Serial 5 mm sections were collected for the E18.5 brains. Embryo
secti‘ons were dewaxed in xylene, rehydrated and subjected either to in siru hybridization
or mounted in Permount for observation. Brain sections were similarly dewaxed,
rehydrated, counterstained with eosin and hematoxylin (Sigma) following standard
procedures, dried and mounted with Permount (Sigma). Sections were photographed

under Normarski optics with a Zeiss Axiophot microscope.

Whole-mount in situ hybridization:

A MacMARCKS- pBlueScript plasmid containing 1.5 kb full length cDNA was
used to prepare antisense RNA probes (Li and Aderem, 1992). Emx-2 and En-2
containing plasmids were as previously described (Simeone et al., 1992; Davis et al.,
1988). Single stranded riboprobes were synthesized from linearized plasmids in the
presence of digoxygenin-UTP and a trace of 32p.UTP to measure incorporation. Whole
mount in situ hybridization was performed essentially as described (Hogan et al., 1995).
Dissected embryos were fixed in 4% paraformaldehyde for 2 hrs. at 4° C. Hybridization

was carried out in 50% formamide buffer at 70° C overnight, followed by antibody
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detection with alkaline phosphatase coupled anti-digoxygenin antibodies with purple blue
as a substrate (Boehringer Mannheim). The embryos were stained by reaction with NBT
and BCIP, washed, and dehydrated through a methanol series before being photographed

under dark-field luminescence using a Nikon Stemi 6000 steromicroscope.

Section in situ hybridization:

MacMARCKS antisense RNA probes were synthesized from the linearized plasmid
in the presence of »S-UTP. Sections for in situ hybridization was prepared as described
(Duncan et al., 1994). Sections hybridized to the MacMARCKS sense probe showed no
signal above background. All slides were photographed under both bright and dark field

illumination using a Nikon Stemi 6000 steromicroscope.

Immunohistochemistry Of Whole Mount Embryos:

MacMARCKS antibody staining of whole mount embryos were performed as
described (Hogan et al., 1995; Dent et al., 1989). Affinity purified anti-MacMARCKS
antibody was used at 1:50 dilution, and the affinity purified peroxidase-conjugated goat

anti-rabbit secondary antibody (Jackson) was used at a 1:300 dilution.



CHAPTER THREE

CHARACTERIZATION OF MacMARCKS IN SYNAPTOSOMES
AND PC12 CELLS

INTRODUCTION

The Protein kinase C (PKC) family of enzymes have key roles in intracellular
signal transduction for a wide variety of cellular functions, including hormone and
neurotransmitter release (reviewed in Robinson, 1992). However, relatively little is known
about the downstream events which occur after PKC activation, and it is not understood
how the PKC signal is transduced into the interior of the cell. Therefore, it is important to
identify and characterize physiological substrates for PKC. PKC phosphorylates many
proteins in vitro; however, few substrates have been well characterized in intact cells. One
physiologically important PKC substrate is MARCKS, a membrane-associated, actin-
binding protein widely distributed in all tissues examined (Aderem, 1992; Blackshear,
1992). The membrane association and actin binding activities of MARCKS are regulated
both by Ca**/calmodulin and by PKC-mediated phosphorylation (Thelen er al., 1991;
Hartwig et al., 1992). MARCKS is implicated in a variety of actin-cytoskeleton-related
cellular processes including motility (Rosen et al., 1990), secretion (Sawai et al., 1993)
and phagocytosis (Allen and Aderem, 1995).

In the brain MARCKS represents approximately 0.2% of cellular proteins (Graff ez
al., 1989). Phosphorylation of the MARCKS protein is stimulated by depolarization or
phorbol ester stimulation of intact synaptosomes (Dunkley et al., 1986) or brain slices
(Rodnight and Leal, 1990). Stimulation of phosphorylation by either depolarization or

phorbol esters results in the translocation of MARCKS from the synaptosomal membrane
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fraction to the cytosol (Wang et al., 1989), indicating that PKC-catalyzed phosphorylation
of MARCKS occurs on the membrane, and regulates its translocation to the cytosol.

MacMARCKS is a second member of MARCKS family of protein kinase C
substrates (Aderem, 1992, Blackshear, 1992). MacMARCKS c¢DNA was initially cloned
by screening a mouse cerebellar cDNA library for transcripts preferentially expressed in the
cerebellum (Kato, 1990; Umekage and Kato, 1991). In situ hybridization experiments
indicate that MacMARCKS is expressed throughout the brain, with enrichment in specific
regions, including the olfactory cortex and dentate gyrus (Umekage and Kato, 1991).
MacMARCKS cDNAs have also been cloned from mouse macrophages (Li and Aderem,
1992) and rat kidney epithelial cells (Hyatt et al., 1994). Northern blot analysis indicates
that although MacMARCKS is expressed in a wide variety of mousé tissues, elevated
levels of expression are seen in the cerebellum, cerebrum, testis and uterus (Lobach er al.,
1993). MacMARCKS is also highly expressed in bacterial lipopolysacharide (LPS)-
stimulated macrophages (Li and Aderem, 1992), where it is associated with endocytic
compartments and the plasma membrane (Li et al., unpublished observations).

This chapter describes the characterization of MacMARCKS in both PC12 cells and
in rat brain synaptosomes. MacMARCKS is phosphorylated in PC12 cells and, like
MARCKS (Wang et al., 1989), is phosphorylated in rat brain synaptosomes upon
depolarization and phorbol ester treatment. Within PC12 cells MacMARCKS colocalizes
with the vesicular marker synaptophysin in distal neuronal processes and in perinuclear
endosomes. MacMARCKS also associates with a number of membrane vesicular fractions

purified from rat brain, including a synaptic vesicle fraction.



RESULTS

MacMARCKS is expressed and phosphorylated in PC12 cells:

A myristoylated protein with an apparent molecular mass of 48 kDa was
immunoprecipitated from cell lysates of PC12 cells labeled with [3H]myristic acid using a
rabbit antiserum raised against murine MacMARCKS (Fig. 3-1a). The 48 kDa protein
was heat stable, and was the only protein recognized upon immunoblotting with antiserum
to MacMARCKS (Fig. 3-1b). The protein was phosphorylated when ~ P-labeled PC12
cells were stimulated with PMA, suggesting that it is a PKC substrate (Fig. 3-1c).
Furthermore, the immunoprecipitated phosphoprotein had an isoelectric point of 4.2 (Fig.
3-1c), identical to that of MacMARCKS (Li and Aderem, 1992). The 48 kDa protein was
also phosphorylated in PC12 extracts by purified PKC, and two-dimensional thermolytic
phosphopeptide mapping showed a single phosphopeptide that was identical to that
generated from purified recombinant murine, or from purified rabbit macrophage
MacMARCKS phosphorylated by PKC (Li and Aderem, 1992). These data indicate that
the 48 kDa PKC substrate in PC12 cells is MacMARCKS.

MacMARCKS is phosphorylated in PC12 cells upon phorbol ester
stimulation and KCl-induced depolarization:

MacMARCKS displayed a basal level of phosphorylation in unstimulated PC12
cells (Fig. 3-2a). PMA treatment or KCl-induced depolarization increased MacMARCKS
phosphorylation 4-fold (Fig. 3-2a). Depolarization-induced phosphorylation was
completely dependent on Ca2+ in the medium (Fig. 3-2a, lane 3). Since the related PKC
substrate, MARCKS, is released from membranes upon phosphorylation (Aderem et al.,
1988; Thelen et al., 1991), we examined whether phosphorylation similarly displaced

MacMARCKS from membranes. In both unstimulated cells, and in cells depolarized with
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Figure 3-1. MacMARCKS is expressed and phosphorylated in PC12 cells.

a. PC12 cells were labeled with [3H]rnyristic acid and MacMARCKS was
immunoprecipitated from the cell lysate. The lysate and immunoprecipitate were resolved
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