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Abstract

Treatment of dissociated cultures of rat dorsal root ganglia with 1 uM
okadaic acid (OA), a serine/threonine protein phosphatase inhibitor, caused a
decrease in the electrophoretic mobilities of all three neurofilament (NF) subunits,
indicating an increase in their phosphorylation levels. In addition OA treatment led
to the asynchronous solubilization of the subunits in Triton X-100 (Triton). This
fragmentation corresponded with striking changes in the immunofluorescent
staining pattern of NFs. Short-term OA treatment was fully reversible within 10
hrs. upon removal of the inhibitor from the culture medium.

Based on the response to varying concentrations of both OA and calyculin
A, another serine/threonine protein phosphatase inhibitor, fragmentation of NFs
was inferred to be due to the inhibition of protein phosphatase-2A activity while
the reduction in electrophoretic mobility of subunits was due to the additional
inhibition of protein phosphatase-1. The OA-induced phosphate moieties on the
low molecular weight NF subunit (NF-L) were localized, by chemical cleavage
analysis, to the amino-terminal head domain and were removed in vitro by the
catalytic subunit of protein phosphatase-2A but not by the catalytic subunit of
protein phosphatase-1.

Two-dimensional phosphopeptide mapping of the mid-sized NF subunit
(NF-M) revealed that the OA-induced phosphate moieties on this subunit were
also in the amino-terminal head domain. The Triton-soluble NF fragments were
found, by immunoprecipitation under non-denaturing conditions, to be heteromers
composed of NF-L/NF-M and NF-L/high molecular weight NF subunit. Similar
heteromers were found in the small, naturally occurring Triton-soluble NF fraction
from dorsal root ganglion cultures indicating that OA treatment amplifies a
natural, dynamic process involving NF assembly/disassembly.



Résumé

L'acide okadaique (AO) et la calyculine A sont des inhibiteurs de
phosphatase de protéines qui agissent sur la sérine et la thréonine. Lorsque I'on
utilise 'AO (1 uM) sur des cultures dissociées de ganglions dorsaux chez le rat,
la mobilité électrophorétique des trois sous-unités des neurofilaments (NFs)
diminue, indiquant une augmentation de leur état de phosphorylation. e plus, le
traitement 3 I'AQ solubilise les sous-unités dans le Triton X-100 (Triton) de
maniére non synchronisée. Cette fragmentation s’zccompagne de changements tras
évidents dans le patron de marquage des NFs par immunofluorescence. Le
traitement A I’AO 2 court terme était complétement réversible dans les dix heures
suivant le retrait de I'inhibiteur du milieu de cuiture.

En se basant sur P'effet de I'AO et de la calyculine A 2 des concentrations
différentes, la fragmentation des NFs a été attribuée a Pinhibition de la
phosphatase 2A (PP2A) tandis que la diminution de la mobilité électrophorétique
était attribuée 2 linhibition additionnelle de la phosphatase 1 (PP1). Suite au
traitement 2 'AQ et 2 un clivage chimique, les molécules de phosphate liées 2 1a
sous-unité de faible poids moléculaire (NFL) étaient situées sur le terminal
nitrogéneux de la protéine et pouvaient &tre enlevées in vitro 2 'aide de la sous-
unité catalytique de PP2A plut6t qu'avec PP1.

Le profil bidimensionel de phosphopeptides a révélé que les molécules de
phosphate liées & la sous-unité de poids moléculaire moyen (NFM) suite au
traitement a PAO étaient aussi sitwé sur le termiral nitrogéneux
L'immunoprécipitation sous conditions non-dénaturante des NFs solubles dans le
Triton a démontré que ceux-ci étaient composés d’hétéropolymeres de NFL/NFM
et NFL/NFH (sous unités de haut poids moléculaire). De tels hétéropolymeres ont
aussi €té trouvés dans la fraction de NFs soluble dans le Triton que I'on trouve
naturellement dans les cultures de ganglions dorsaux indiquant ainsi que le
traitement 2 I’AO amplifie un processus dynamique naturel] lié 2 I'assemblage et
au désassemblage des NFs.
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Chapter 1
INTRODUCTION



1.1 The cytoskeleton

The term cytoskeleton is misleading as it implies a static, unchanging
structure. In fact the cytoskeleton is known to be composed of many dynamic
proteins capable of quickly responding to an everchanging external environment.
The major filamentous components of the cytoskeleton are the actin
microfilaments (MFs), microtubules (MTs) composed of tubulin subunits
containing a- and g-tubulin and intermediate filaments (IFs), which are expressed
in a tissue specific fashion. In addition to these components there is a plethora of
associated proteins, some well defined others not. The following sections will
describe the structure and function of the proteins which make up filamentous
elements of the cytoskeleton only briefly touching upon the wealth of information

on the associated proteins.

1.1.1 Microfilaments

MFs are composed of a 43,000 Da subunit referred to as globular (G)-actin
(Korn, 1982). These G-actin subunits assemble into 4-6 nm wide filaments referred
to as filamentous (F)-actin or MFs. The decoration of MFs by heavy meromyosin
in an arrowhead pattern (Huxley, 1963) has led to the designation of the two ends
of the MF as the pointed, or minus, end and the barbed, or plus, end. The rate of
monomer addition at the barbed end is greater than at the pointed end.

Actin was first isolated from muscle cells (Straub, 1942) from which it was
extensively studied. It was therefore assumed that its role was limited to muscle
contraction. However a more general role of MFs was assumed when actin was
subsequently isolated from non-muscle tissue (Hatano and Oosawa, 1966). In
higher mammals six actin genes are expressed (Vandekerchove and Weber, 1984)
including a-actin in muscle cells and 8- and y-actin in non-muscle cells. The ratio
of B to y-actin in nervous tissue varies from 1:1 to 2:1 and decreases postnatally
(Choo and Bray, 1978; Flanagan and Lin, 1979; Pardee and Bamburg, 1979; Otey
et al, 1987). The need for the various isoforms of actin is unclear,

Actin has been shown to undergo a variety of post-translational
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modifications including methylation (Saborio and Palmer, 1981) and removal of the
amino-terminal Met with subsequent acetylation of the resulting Asp residue
(Solomon and Rubenstein, 1985). ADP-ribosylation of actin increases the G-actin
concentration which leads to MF disassembly {Reuner er al, 1987). Actin can also
be phosphorylated (Dunkley and Robinson, 1983) but the significance of this form
of modification is not known.

Actin binding proteins are numerous and regulate various properties of MFs
or the subunits. Several proteins including profilin, depactin and vitamin-D binding
protein bind preferentially to G-actin and prevent MF elongation (Stossel et al,
1985). A 19,000 Da protein isolated from porcine brain called actin depolymerizing

factor binds G-actin and also severs MFs (Bamburg et al, 1980; Giuliano et al,
1988). In addition villin and gelsolin have also been shown to sever MFs as well
as bind to the barbed end of MFs thus preventing further addition of G-actin
(Stossel et al, 1985). The actions of the latter two actin binding proteins seem to
be regulated by the calcium ion concentration (reviewed in Bamburg and
Bernstein, 1991). Proteins which crosslink MFs, such as a-actinin and spectrin, also
interact with other cytoskeletal proteins, such as vinculin, talin and ankyrin which
help link the MF network to the plasma membrane allowing for cell shape
regulation and response to mechanical changes (Stossel ef al, 1985; Lazarides and
Woods, 1989). The abundance of actin binding proteins illustrates the complexity
of this cytoskeletal component.

1.1.2 Microtubules

MTs are composed of tubulin, a heterodimeric subunit containing two
closely related polypeptides referred to as @- and §-tubulin. The tubulin subunits
combine to form a tubule which contains 13 laterally associated protofilaments
(Ledbetter and Porter, 1964; Tilney et al, 1973) and is ~20-25 nm in diameter.
Both a- and B-tubulin bind 1 mole of GTP although hydrolysis of the nucleotide

only occurs on the 8 subunit. Similar to MFs, MTs are also polarized with a



growing (plus) end and a non-growing (minus) end. Since GTP hydrolysis lags
behind polymer formation (Carlier and Pantaloni, 1981) it has been suggested that
a GTP cap consisting of GTP-containing tubulin subunits is present on the growing
ends of MTs and only MTs with such caps are capable of incorperating tubulin
subunits (Hill and Carlier, 1983; Mitchison and Kirschner, 1984).

All mammalian species possess multiple genes encoding the - and f-tubulin
polypeptides (Cleveland et al, 1980). Six classes of both a- (Lewis et al, 1985;
Villasante et al, 1986; Hecht er al, 1988) and S-tubulin (Lee et al, 1983,1984; Hall
et al, 1983; Lewis et al, 1985; Wang er al, 1986; Sullivan and Clevsland, 1986) have
been identified. The differences between the isoforms are not clearly understood
although several biochemical differences have been reported (Ludeiia et al, 1985;
Banerjee and Ludefia, 1987; Joshi et al, 1987) and the cell seems to be capable of
distinguishing which isoform to polymerize (Joshi and Cleveland, 1988).

Post-translational modifications of tubulin include tyrosinylation-
detyrosinylation of the @ subunit (Barra et al, 1973). Removal of the carboxy-
terminal tyrosine residue exposes a glutamic acid residue. Developement of
antibodies specific for modified (Glu) or unmodified (Tyr) tubulin (Kilmartin e a,
1982; Wehland et al, 1984) have shown that high Glu-tubulin MTs are more stable
than high Tyr-tubulin ones (Gundersen and Bulinski, 1986; Sherwin et al, 1987;
Wehland and Weber, 1987; Kreis, 1987; Schulze et al, 1987). Acetylation of lysine-
€-amino groups in tubulin (L'Hernault and Rosenbaum, 1983,1985a) similarly
contributes to MT stabilization (L_Hernault and Rosenbaum, 1985b; reviewed in
Sullivan, 1988). B-tubulin has been shown to undergo phosphorylation (Gard and
Kirschner, 1985) however the physiological significance of this modification is
unknown. Phosphorylation seems to occur in vivo since isoelectric focussing has
revealed up to 12 isoforms of f-tubulin which arise from the six isotypes (Field et
al, 1984).

Many proteins are found associated with MTs prepared from brain including
the family of microtubule associated proteins (MAP) 1 and 2 (MAP1A, MAPIB,



MAP1C, MAP2a, MAP2b and MAP2¢) as well as MAP3, MAP4, MAPS and the
protein family referred to as tau (reviewed in Matus, 1988, Burgoyne, 1991). The
MAPs are very large proteins with molecular sizes ranging from 180,000-350,000
Da while the tau family comprise proteins of 55,000-62,000 Da and 110,000 Da
(Cleveland et al, 1979; Georgieff et al, 1991). Within the neuron MAP1A and
MAPI1B are enriched in the dendrites while MAP2a and MAP2b are found in the
dendrites and cell bodies. MAP2c, MAP3 and tau are found in the axons
(Bernhardt and Matus, 1984; De Camilli e al, 1984; Huber and Matus, 1984;
Binder et al, 1985; Huber et al, 1985).

The expression of individual MAPs is developmentally regulated (see Matus,
1988, figure 2). All of these proteins are phosphorylated and their phosphoryiation
states alter their MT binding capabilities (Murthy and Flavin, 1983). MAPs serve
to link adjaccnt MTs (Kanai ef al, 1989) thus stabilizing the MT network (Gelfand
and Bershadsky, 1991) as well as determining spacing between adjacent MTs (Chen
et al, 1992), In addition, MAPs link MTs to other cytoskeletal elements such as
neurofilaments (NFs) (Leterrier et al, 1982; Heimann et al, 1985) and MFs
(Nishida et al, 1981; Seiden and Pollard, 1983; Sattilaro, 1986). The functions of
tau and MAP1A, at least, may be similar since mice in which tau was knocked out
compensate for its loss by expressing higher amounts of MAP1A (Harada et al,
1994).

One of the best described, and perhaps central, role of MTs in neurons is
their ability to mediate transport of membrane-bound organelles (Grafstein and
Forman, 1930; Koonce and Schliwa, 1985; Schnapp et al, 1985; Vale et al, 1985a).
This transport is achieved in conjunction with so called motor proteins such as
kinesin and dynein (Vale et al, 1985b; Paschel et al, 1987; reviewed in Allan ef al,
1991).

1.1.3 Intermediate filaments

IFs are found in most mammalian cells and form filaments of ~10 nm



diameter (see Steinert and Roop, 1988, for review). IF subunit proteins, expressed
in a tissue specific fashion (Table 1), vary in size from 40,000 Da to 200,000 Da
and share common structural features, The proteins consist of a highly conserved,
310 amino acid long a-helix-rich central rod domain, flanked by an amino-terminal
head domain and a carboxy-terminal tail domain with only two instances of
naturally occurring, tailless IF proteins known (Bader et al, 1986; Merdes et a,
1993). These end domains vary in length and can be further subdivided, based on
homology, into charged (E) subdomains, variable (V) subdomains and high
homology (H) subdomains. The variable length of the two end domains gives rise
to the wide variance in IF subunit sizes.

The rod domain is highly conserved between all IF proteins and conforms
to a so called heptad repeat pattern in which more than 759 of the first and fourth
amino acids in a group of seven are hydrophobic. In the context of an a-helix this
creates a strip of hydrophobic residues allowing for the hydrophobic interaction
between two subunits leading to coiled-coil dimer formation, which represents the
initial stage of IF assembly. The importance of conserving the structural features
of the rod domain is highlighted by the fact that mutations within this region in
keratin-14 lead to the skin blistering disease epidermolysis bullosa simplex (Bonifas
et al, 1991; Coulombe et al, 1991; Rothnagel et al, 1992). The ends of the rod
domain are highly conserved (Parry, 1991) and are essential for IF formation (Chin
et al, 1991; Hatzfeld and Weber, 1991; Letai et al, 1992). This high level of
sequence conservation is reflected by the availability of a2 monoclonal antibody
which recognizes all IF proteins by binding to the carboxy-terminal portion of the
rod domain (Pruss et al, 1981).

All TF proteins have been shown to be phosphorylated in vitro by either
protein kinase A, calcium/calmodulin dependent protein kinase and/or protein
kinase C (Eriksson ef al, 1992). In all cases studied there is a correlation between
phosphorylation of the head domain and IF disassembly. In some cases, these
correlations have been made in vivo (discussed below).



Type

Protein name

Main tissue/cell distribution

Acidic keratin (about 15 proteins)

Neutral-basi¢ keratin
(about 15 proteins)

Vimentin

Desmin

Clial fibrillary acidic protein
Peripherin

Neurofilament (three proteins)
a-intemexin

Nuclear lamins (two types: A and B)

Nestin

Epithelia

Epithelia

fibroblasts, vascular smooth muscle cells
Muscle cells

Clial cells
Neurons of the peripheral nervous system

Most neurons of the central nervous system
Some neurons of the central nervous sysiem

Nuclear lamina

Neurcepithelial stem cells

Table 1: Classification and tissue-specific expression of intermediate filament
subunits Reproduced from Skalli er al (1992)



The role of IFs in the cell is unclear, although they are thought to be
involved in enhancing the mechanical stability of cells. During mitosis both the
nuclear lamins and cytoplasmic IFs disassemble and they reassemble after cell
division has taken place (Ottaviano and Gerace, 1985; Jones et al, 1985; Dessev
and Goldman, 1988; Chou er al, 1989; Nishizawa et af, 1991; Klymkowsky et al,
1991). Since, in some cases, newly assembled or reassembling IFs aggregate around
the nucleus and grow radially from this location (Eckert et al, 1982; Maro et af,
1983; Albers and Fuchs, 1987; Vikstrom et al, 1989; Ckin and Liem, 1989; Soifer
et al, 1991) IFs may also transmit mechanical sigrals to the nucleus allowing the
cell to respond to changes in its environment {Goldman et al, 1986). However the
existence of a cell line devoid of any cytoplasmic IFs (Sarria et al, 1990) and of
axons devoid of NFs (Yamasaki et al, 1991; Eyer and Peterson, 1994) call these
proposed roles of IFs into question. The tissue specific expression of IF subclasses
(Steinert and Roop, 1988) may imply that these proteins serve diverse functions in

different cells.



12 Neurofilaments: Structure and function

Neurofilaments (NFs) are composed of three subunits of low, middle and
high molecular weight referred to as NF-L, NF-M and NF-H, respectively.
Although generally found in neuronal cells, NFs have also been found in
myelinating Schwann cells (Kelly ef af, 1992) and in adrenal chromaffin cells
(Georges et al, 1987) probably due to the chromaffin cells’ neural crest origins
(Trifar6, 1982). The apparent molecular sizes of the subunits in NFs isolated from
spinal cord, as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) are 68,000 Da (NF-L), 145,000 Da (NF-M) and
200,000 Da (NF-H). It was later shown that these proteins migrated anomalously
on SDS-gels (Kaufmann er al, 1984; Georges and Mushynski, 1987).

The actual molecular masses were determined following the direct
sequencing of porcine NF-L (Geisler et al, 1985) and DNA clones from different
species by several groups. NF-L was cloned from mouse (Lewis and Cowan, 1985;
Julien et al, 1986), human (Julien et al, 1987), rat (Chin and Liem, 1989) and rabbit
(Soppet et al, 1991). All sequencing studies predict polypeptides of approximately
62,000 Da which show homologies in the range of >90%. NF-M has been cloned
from mouse (Levy et al, 1987), rat (Napolitano et al, 1987) and human sources
(Myers et al, 1987). The rat and mouse proteins are 96% homologous at the amino
acid level and predict polypeptides of 95,000 Da in size. The human clone encodes
a slightly larger product of 102,000 Da. NF-H has been cloned from mouse (Julien
et al, 1988), rat (Chin and Liem, 1990) and human sources (Lees et al, 1988).
Mouse and rat NF-H show 2 higher degree of homology (88%) than do human and
rat NF-H (72%). Both the rat and mouse clones encode polypeptides of 115,000
Da in size while tue buman clone encodes a polypeptide of 110,000 Da.

The availability of their amino acid sequences has now made it possible to
explain the anomalous migration of all three NF subunits on SDS-PAGE. The
carboxy-terminal tail domain, especially that of NF-M and NF-H, seems to be
responsible for the anomalous migration of these subunits since fusion proteins



consisting of the tail domain of either NF-M or NF-H fused to the trp-E protein
migrated more slowly than expected on SDS-PAGE (Harris er al, 1991). NF-L, NF-
M and NF-H contain high levels of glutamic acid residues in their carboxy-terminal
tail domains. Modification of these acidic groups by glycinamidation increased the
electrophoretic mobility of NF-L, NF-M and NF-H to 60,000 Da, 123,000 Da and
148,000 Da, respectively (Georges and Mushynski, 1987). Both NF-H and NF-M
contain high amounts of lysine in their tail domains and modification of these
amino acids by trifluoroacetylation increased the electrophoretic mobilities of
native NF-M and NF-H. These results indicate that charged amino acids contribute
to the anomalous migration of NFs on SDS-PAGE. Another factor that contributes
to their anomalous migration is the high amounts of phosphate moieties found in
all three subunits (Julien and Mushynski, 1981). NF-L, NF-M and NF-H have been
found to contain 3, 8-25 and 14-50 moles of phosphate per mole of polypeptide,
respectively (Julien and Mushynski, 1982; Jones and Williams, 1982; Carden et al.
1985). Removal of these phosphate moieties by alkaline phosphatase increased the
electrophoretic mobilities of the NF subunits (Julien and Mushynski, 1982: Georges
et al, 1986).

While the function of NFs in neuronal cells is still unclear and may depend
on the location of the phosphate moieties on each subunit (see below), it has been
suggested that NFs regulate axon calibre (Lasek er al, 1983; Hoffman er al,
1984,1987). This hypothesis appears to be supported in the case of large,
myelinated fibres by the recent work of Oblinger er al (1989), Yamasaki et al
(1991) and Eyer and Peterson (1994). It is also thought that NFs serve a structural
role in the neuron. There is evidence to suggest that NFs and MTs interact either
directly (Hisanaga and Hirokawa, 1990; Miyasaka er al, 1993) or via MAP2
(Hirokawa et al, 1988) and/or tau protein (Mivata er al, 1986). NF-L was shown
to interact in vitro with brain spectrin (Frappier et al, 1987) thus possibly linking
NFs to the plasma membrane.

The importance of NFs in neuronal cell survival has been brought into
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question by some recent findings. Several reports have been published on the
existence of mutant Japanese quail referred 1o as "quiver” mutants (Mizutani et al,
1992; Yamasaki et af, 1991,1992). These quail show no differences in fertility,
hatching ability and posthatching mortality as compared to non-mutant quail.
Axons of the central and peripheral nervous system lack 10 nm filaments and axon
calibres are noticeably reduced (Yamasaki et al, 1991). The quail show a mild,
generalized quivering, probably due to a reduction in the conductance velocity of
myelinated axons (Sakaguchi er al, 1993), and lack detectable amounts of NF-L
(Yamasaki er al, 1992). It was subsequently shown that these guail contain a
nonsense mutation at the codon for amino acid residue 114 in NF-L thus
preventing the synthesis of an assembly-competent subunit (Ohara er al, 1993).
Eyer and Peterson (1994) produced transgenic mice expressing an NF-H/g-
galactosidase fusion protein. This fusion protein aggregated in perikaryal regions
and blocked the transport of endogenous NFs into the axon. These NF-deficient
axons were of a small calibre and showed no increased degeneration relative to the
axons in nontransgenic littermates. These studies imply that NFs may be involved
in the determination of axon calibre but are not essential for survival. However,
mice and quail are small in size and the high conductance velocities characteristic
of myelinated axons may not be as important in small animals as in larger species.
In a similar vein Sarria et al (1990) have established a cell line devoid of any
cytoplasmic IF, geaeralizing the question of the necessity for these proteins.
Interestingly two recent reports have shown that overexpression of either NF-L or
NF-H in transgenic mice lead to a condition resembling amyotrophic lateral
sclerosis (Coté et al, 1993; Xu er al, 1993). Therefore more work is needed to
determine the actual function of and necessity for NFs.

12.1 Neurofilament assembly

The initial stage in NF assembly involves the formation of a coiled-coil
dimer by the interaction, paralle! and in axial register, of the hydrophobic strips in
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the a-helix-rich rod domains of two subunits (Party et @/, 1985; Quinlan et al,
1986). It remains unclear as to whether these dimers are homo- or heterodimers
since NF-L can form homopolymers in vitro (Geisler and Weber, 1981) whereas
it cannot do so in vive (Ching and Liem, 1993; Lee et al, 1993). The next stage in
assembly is generally agreed upon to involve the formation of a tetramer from two
dimers although the question of whether the dimers are in axial register or
staggered and paralle! or antiparallel remains unresolved (Geisler er al, 1985;
Stewart et af, 1989; Coulombe and Fuchs, 1990; Hisanaga et al, 1990). While one
group reported the existence of soluble species of NF-M and NF-H in monomeric
form under restricted conditions (Cohlberg et al, 1987) the existence of stable
tetramers consisting of only NF-L has been demonstrated (Tokutake, 1989;
Tokutake and Tanaka, 1989). The formation of octamers, or protofibrils, from two
tetramers is the next step in assembly but the arrangement of units remains
obscure. However one report suggests that the two tetramers are aligned in an
antiparallel fashion (Hisanaga et al, 1990).

Available evidence suggests that there are four octamers, or 32 subunits,
spanning the 10 nm diameter of IFs (Steven er al, 1983; Ip et al, 1985). The
distribution of each of the three NF subunits within the filament is not known. NF-
L is thought to form the core of the NFs for several reasons. It is the only subunit
capable of self-assembling into long, 10 nm wide filaments (Geisler and Weber,
1981; Tokutake et al, 1984; Gardner er al, 1984; Hisanaga et al, 1990; Balin and
Lee, 1991). Furthermore, immunoelectron microscopy revealed that antibodies
against the rod domain of NF-L failed to label NFs implying that this region is
buried within the filaments (Balin e al, 1991) whereas polyclonal antibodies raised
against this same subunit labelled filaments uniformly (Sharp et al, 1982). Finally,
in IF cells NF-H and NF-M are incapable of assembling in the absence of NF-L
(Ching and Liem, 1993; Lee et al, 1993) and in the mutant "quiver” quail, which
fails to express full length NF-L, axons are devoid of NFs (Yamasaki et al, 1991).
In fact, recent data suggest that the basic vuilding blocks of NFs are composed of
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heterooligomers consisting of NF-L in association with either NF-M or NF-H
(Mulligan er al, 1991; Sacher,M.G., Athlan,E.S. and Mushynski,W.E., submitted).

Several electron and immunoelectron microscopy studies have shown that
the tail domains of NF-M and NF-H project laterally from the NF axis (Hisanaga
and Hirokawa, 1988; Balin et al, 1991; Mulligan et al, 1991; Gotow et al, 1992;
Gotow and Tanaka, 1994). These results are supported by the finding that mild
treatment of NFs with chymotrypsin selectively removes the tail domains of NF-M
and NF-H (Julien and Mushynski, 1983; Georges and Mushynski, 1987; Chin et al,
1989).

The influences of the head, rod and tail domains on NF assembly have been
studied both by in vitro reassembly and by expression of full-length and mutated
subunits in heterologous systems. One study, using full length and either amino- or
carboxy-terminally deleted NF-L, concluded that the amino-terminal head domain
promotes the lateral association of tetramers into octamers and, eventually, 10 nm
wide filaments while the carboxy-terminal tail domain assures the termination of
lateral assembly at the 10 nm level (Heins et al, 1993). In a similar study
Nakamura er a! (1993) showed that proteolytic removal of the tail domain of NF-L
led to the formation of ribbon-like structures of greater than 10 nm diameter
following reassembly. The expression of amino- and carboxy-terminal mutants of
mouse NF-M and NF-L in Ltk™ cells showed the dispensibility of parts of these
domains in NF formation (Gill et al, 1990; Wong and Cleveland, 1990; Chin et al,
1991). In addition the ability of transfected NF subunits to co-assemble with the
endogenous IF network in non-neuronal cells (Chin and Liem, 1989,1990; Gill et
al, 1990; Wong and Cleveland, 1990; Chin et al, 1991; Soifer et al, 1991; Nash and
Carden, 1991) illustrates the universality of IF assembly processes.

1.2.2 Neurofilament phosphorylation and its roles

As mentioned above all three NF subunits have been shown to contain a

considerable number of phosphate moieties. The location of these phosphates
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seems to influence the interactions and assembly states of NFs (discussed below).
Much effort, therefore, has been put into identifying the sites of phosphorylation.
Julien and Mushynski (1983) showed that most, if not all, of the phosphates on rat
NF-M and NF-H were localized to a proteolytic fragment encompassing their tail
domains. *P-NMR analysis revealed that the phosphates in NF-H were clustered
(Zimmerman and Schlaepfer, 1986) and sequence analysis of cDNA clones of both
NF-M and especially NF-H revealed a preponderance of Lys-Ser-Pro repeats in
their tail domains with buman (Lees et al, 1988), mouse (Julien et al, 1988) and rat
NF-H (Chin and Liem, 1990) containing 43, 51 and 52 such repeats, respectively.
Mouse (Levy et al, 1987) and rat (Napolitano et al, 1987) NF-M contain 5 copies
of this sequence while human (Myers et al, 1987) NF-M contains 6 tandem repeats
of a thirteen amino acid sequence each containing two copies of the Lys-Ser-Pro
motif. The serine residues in these triplet repeats have been shown to be the major
sites of NF phosphorylation (Geisler et al, 1987; Lee et al, 1988; Xu et al, 1992).
Sihag and Nixon (1990) also showed low levels (5-15%) of phosphate in the head
domain of NF-M. NF-L, containing fewer phosphates, was shown to be
phosphorvlated at one major site in both the tail domain (Xu ef al, 1990) and the
head domain (Sihag and Nixon, 1991).

The phosphate inoieties in NF-M and NF-H were showa to contribute to
their anomalous migration on SDS-PAGE since removal of the phosphates by
alkaline phosphatase increased the electrophoretic mobility of the subunits (Julien
and Mushynski, 1982; Georges et al, 1986). Interestingly, the catalytic subunits of
protein phosphatases-1, -24, -2B and -2C were unable to elicit a similar change
in electrophoretic mobility (Hisanaga er al, 1993) indicating perhaps that subunits
associated with these phosphatases may enhance their ability to act on NF subunits.

Many investigators have tried to identify protein kinases that co-purify with
NFs or phosphorylate NFs in vitro and in vivo. Several regulator-independent
protein kinase activities co-purifying with NFs have been identified (Julien and
Mushynski, 1981; Runge et al, 1981; Shecket and Lasek, 1982; Julien et al, 1983).
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Further fractionation of the regulator-independent protein kinase preparation
revealed 2 casein kinase-1-like activity in rat spinal cord (Julien ef al, 1983; Toru-
Delbauffe and Pierre, 1983), bovine spiral cord (Link et al, 1993) and squid
axoplasm (Floyd et al, 1991). In addition a NF kinase capable of phosphorylating
several other proteins (Toru-Delbauffe et al, 1986) and a NF-specific kinase which
phosphorylates only native, highly phosphorylated NF-H (Wible et al, 1989) have
been identified from this fraction. A NF associated kinase was purified from
chicken spinal cord (Hollander and Bennett, 1992) which phosphorylated some, but
not all, Lys-Ser-Pro sites on the tail domain of NF-M (Hollander et al, 1993),

Calcium/calmodulin-dependent protein kinase II was also found to co-purify
with NFs (Vallano et al, 1985; Caputo et al, 1989; Dosemeci et al, 1990) and may
be involved in their phosphorylation in vivo (Sihag and Nixon, 1989). Both cAMP-
dependent protein kinase (PKA; Caputo et al, 1989; Dosemeci et al, 1990) and
protein kinase C (PKC; Dosemeci et al, 1990) have been shown to co-purify with
NFs. PKC phosphorylated NFs in vitro (Sihag et al, 1988) and may be involved in
their phosphorylation in vivo (Georges et al, 1989; Grant and Aunis, 1990). In vitro
phosphorylation of NF-M and NF-L by PKA occurs in the amino-terminal head
domain (Sihag and Nixon, 1990,1991; Hisanaga et al, 1994) and some of these sites
are phosphorylated in vivo. An association between the catalytic subunit of PKA
and NFs was shown to be blocked by the addition of the regulatory subunit of PKA
and reversal of the block was effected by the addition of cAMP (Dosemed and
Pant, 1992) indicating that the interaction of PKA with NFs may be a second
messenger-regulated event. A novel 115,000 Da protein kinase was recently
identified by its ability to bind to a column composed of the tail domain of NF-H
expressed in bacteria (Xiao and Monteiro, 1994). An in vivo association between
this kinase and NFs was shown by its ability to be co-immunoprecipitated with
NFs.

Several protein kinases which do not co-purify with NFs have been shown
to phosphorylate NFs in vitro including glycogen synthase kinase-3 (GSK-3; Guan

15



et al, 1991), two novel protein kinases from bovine brain (Roder and Ingram,
1991) and cdc2 kinase from both starfish oocytes (Hisanaga et al, 1991) and a
mouse mammary carcinoma (Guan et al, 1992). Subsequently, cdc2-related kinases,
now known to be cdkS, were purified from neuronal tissue (Hellmich et al, 1992;
Lew et al, 1992; Kobayashi er al, 1993) and shown to phosphorylate the consensus
sequence Ser/Thr-Pro-X-Lys (Beaudette et al, 1993; Hisanaga et al, 1993; Shetty
et al, 1993) that is found in both NF-M and NF-H. Recently a proline-directed
casein kinase activity from bovine brain was characterized which, like cdkS, showed
a requirement for a proline residue on the carboxy-terminal side of the
phosphorylated residue (Angelov, 1994). Its size (45,000 Da) distinguishes it from
<dkS (33,000 Da), however its ability to phosphorylate NFs was not determined.

Since all of the protein kinases discussed above seem to phosphorylate
different sites on NF subunits and some, such as GSK-3 and NF-specific kinase,
require prior phosphorylation of NFs, it is possible that complete phosphorylation
of NFs is accomplished by the concerted effort of several protein kinases perhaps
in 2 hierarchical fashion (Roach, 1991).

The ability of protein kinases to co-purify with NFs may be artifactual due
to the highly charged nature of NF subunits. Several studies have shown that the
expression of NF-H ¢DNA in non-neuronal cells yields an unphosphorylated
protein (Chin and Liem, 1990; Nash and Carden, 1991; Soifer et a/, 1991). On the
other hand, NF-M expressed in non-neuronal cells was indeed pbosphorylated on
some Lys-Ser-Pro sites (Chin and Liem, 1989; Pleasure et al, 1990) indicating that
at least some of the protein kinases acting on NFs are either active only in neurons
or are neuron enriched such as cdkS.

Phosphorylated NF subunits are compartmentalized within the neuron with
axonal subunits being more highly phosphorylated than their perikaryal and
dendritic counterparts (Sternberger and Sternberger, 1983). However following
aluminum intoxication (Bizd and Gambetti 1986) and in certain
neurodegenerative diseases (Sternberger et al, 1985; Wiley et al, 1987; Muiioz et
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al, 1988) perikaryal NFs are found to be in a hyperphosphorylated state. Whether
this is a cause or a consequence of the pathological state is unknown.

The once obscure role of NF subunit phosphorylation is now starting to
clear. Available evidence indicates that amino-terminal head domain
phosphorylation of NF subunits regulates their assembly states while
phosphorylation of the carboxy-terminal tail domains of NF-M and NF-H regulates
the interactions of these projections with adjacent filaments and other cellular
components (Fliegner and Liem, 1991; Nixon and Sihag, 1991).

Several reports have shown that phosphorylation by either PKA or PKC
caused homopolymeric filaments composed of NF-L to disassemble and prevented
monomers from assembling past the octamer stage (Gonda et al, 1990; Nakamura
et al, 1990; Hisanaga et al, 1990,1994). In these studies PKA added 24 moles of
phosphate per mole of NF-L polypeptide. The residues in NF-L that were
phosphorylated by PKA were shown to reside in the amino-terminal head domain
with one site at serine-55 (Sihag and Nixon, 1991) and at least one each on amino-
terminal peptides ¢comprising amino acid residues 1-14 and 37-53 (Hisanaga er al,
1994). One study examined the differences between native NFs and reassembled
NFs in terms of their ability to disassemble following phosphorylation by PKA
(Hisanaga et al, 1994). It was found that native NFs are relatively resistant to PKA-
mediated disassembly as compared to reassembled NFs although the native NFs
showed a partial fragmentation as determined by differential centrifugation.
Electron microscopy showed regions of thinning along filaments which may be sites
where the NFs were severed after phosphorylation. These results are interesting
in that they show differences between reassembled and native NFs in addition to
their previously noted differences in length (Balin et al, 1991). In addition the
results of Hisanaga et al (1994) imply that reassembly in vitro differs from that in
vivo it either the structural arrangement of NFs or in factors which hold the
filaments together. In this respect it is noteworthy that many IF-associated proteins
(IFAP) have heea idemiﬁed, some of which seem to link adjacent filaments (Yang
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et al, 1991). These include a neuron-specific protein called NAPA-73 (Ciment et
al, 1986). Interestingly, one of these IFAPs, which is found in BHK-21 cells, is
present at crossover regions along vimentin IFs (Yang ef al, 1991) and may aid in
network stabilization. NF-M was also shown to be phosphorylated in the amino-
terminal head domain by PKA both in vivo and in vitro, The effect of this head
domain phosphorylation on NF-M assembly has not been determined directly since
self assembly of this subunit fails to produce long, 10 nm wide filaments.

It is not clear whether head domain phosphorylation of NFs is
physiologically relevant although a correlation between NF fragmentation and head
domain phosphorylation of both NF-M and NF-L has recently been shown (Sacher
et al, 1994). Since amino-terminal domain phosphorylation of other IFs correlates
with their disassembly both in vitro and in vivo (Inagaki et al, 1987,1988,1989,1990;
Geisler and Weber, 1988; Ando et al, 1989; Geisler et al, 1989; Chou et al,
1990,1991; Heald and McKeon, 1990; Nishizawa et al, 1991) it seems likely that
reversible head domain phosphorylation is a general mechanism in the regulation
of IF assembly/disassembly.

Whether there is 2 need to disassemble the IF network in a non-dividing
cell such as the neuron remains an open question. In dividing cells the disassembly
of IFs is correlated with mitosis (Chou et al, 1989) and phosphorylation is mediated
by effector-independent kinases such as cde2 kinase (Rosevear et al, 1990; Chou
et al, 1991; Eriksson et al, 1992). In the case of NFs head domain phosphorylation
is mediated by second messenger dependent kinases such as PKA and PKC (see
above). The dynamic nature of NFs has been demonstrated both in vitro (Angelides
et al, 1989) and in vivo (Sacher et al, 1992,1994; Okabe et al, 1993; reviewed in
Nixon and Shea, 1992). It is therefore possible that head domain phosphorylation
causes a local disruption of the NF network allowing for an exchange between NFs
and a soluble, unassembled pool of oligomeric subunits. Such phosphorylated,
soluble, NF-H-containing oligomers have been identified in neuroblastoma
NB2a/d1 cells (Shea et al, 1988) as well as in Purkinje and anterior horn cells
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(Gotow and Tanaka, 1994). These NFs may represent a pool of oligomers in
equilibrium with NFs, as opposed to nascent polypeptides, since most phosphates
seem to be added to NF-H after incorporation into the filaments (Nixon et al,
1989). However, the location of the phosphate moieties on these soluble NF-H
oligomers was not determined and may not involve the head domain since the
oligomers were assembly competent (Shea, 1994). In addition, NFs assume a less
random architecture at nodes of Ranvier as compared to myelinated regions of the
axon (Price et al, 1993). Perhaps differences in head domain phosphorylation of NF
subunits throughout the axon allow for such structural changes.

Phosphorylation of the tail domain of both NF-M and NF-H seems to be
effected by second messenger-independent kinases (Vallano et al, 1985; Wible et
al, 1989; Hisanaga et al, 1991,1993; Roder and Ingram, 1991; Lew er al, 1992;
Shetty et al, 1992; Hollander er al, 1993; Xiao and Monteiro, 1994) and may
regulate interactions with surrounding structures such as MTs. Phosphorylation of
the tail domain of NF-H by either c¢dc2 kinase (Hisanaga ef al, 1991) or tau protein
kinase II (Miyasaka et al, 1993) reduced its ability to bind to MTs in vitro and
dephosphorylation of NFs restored this interaction (Hisanaga et al, 1993).
Interestingly, tau protein kinase II was shown to be identical to ¢dkS (Kobayashi
et al, 1993).

It has been suggested that phosphorylation of the tail domains of NF-M and
NF-H causes them to project laterally from the filament axis and thereby increase
the distance between adjacent filaments (Carden et al, 1987). This notion is
compatible with the suggestion that NFs determine axonal calibre (see above),
although Hisanaga and Hirokawa (1989) showed that dephosphorylation of NFs by
alkaline phosphata.se had no effect on the appearance of the projections nor on
their ability to form crossbridges. Shaw (1991) proposed that phosphorylation of
the tail domains of NF-M and NF-H would influence axon calibre by causing a
repulsion between these projections thereby influencing their positions but not their

lengths.
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Several studies examined the interactions of the tail domains of NF-M and
NF-H in attempts to explain the reason for the projections and crossbridges seen
between NFs. Chin et al (1989) showed, by removal of the tail domains of the two
subunits by chymotrypsin, that they do not interact in solution with each other nor
with native or dephosphorylated NFs. Gotow et o/ (1992) take issue with this and
argue that the tails of NF-M and NF-H do interact to form crossbridges. This is
based on the fact that reassembled filaments containing NF-L and NF-H contain
the same density of crossbridges and projections as filaments reassembled from all
three subunits. Since reassembled filaments containing NF-M and NF-L only form
projections these investigators reasoned that in the presence of NF-H the tail
domain of NF-M must form crossbridges. In addition Eyer and Leterrier (1988)
show an increase in the viscosity of a suspension of NFs following phosphorylation
suggesting an increased interaction between filaments. Perhaps the discrepancy
between these studies is due to the use of proteolytically derived tail domains by
Chin et al (1989) while the latter two studies used the intact subunits, A later study
(Gotow and Tanaka, 1994) showed that the NF-H tail domain is highly
phosphorylated when it forms crossbridges with adjacent NFs (in the axon) but is
poorly phosphorylated when the filaments appear singly (in the perikaryon).
Interestingly, these authors point out that axonal MTs are segregated from NFs.
Perhaps phosphorylation of the tail domain of NF-H in the axon allows NF-NF
interactions to take place to the exclusion of NF-MT interactions. The opposite
would occur in the perikaryon since, as mentioned above, NF-MT interactions in
vitro are increased following dephosphorylation of NFs (Hisanaga et al, 1993).

Finally, NF phosphorylation has been suggested to influence diverse
processes such as the protection uf NFs from proteolysis (Goldstein et al, 1987;
Pant, 1988) and influencing their structure (Otvos et al, 1988). The ability of native
and dephosphorylated NFs to bind calcium bas also been reported (Lefebvre and
Mushynski, 1987) but its significance is still unclear. However, Holly et af (1993)
reported that calcium binding influences NF-M secondary structure,
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1.3 Protein phosphatases

The most common method for controlling the structure and function of
cellular proteins is reversible phosphorylation. The phosphorylation state of any
phosphoprotein is dictated by the balance between the activities of protein kinases
and protein phosphatases. For a long time it was thought that protein phosphatases
comprised a relatively small group of proteins whose activity was not regulated as
tightly as that of protein kinases. Research in the protein phosphatase field
therefore lagged behind that of protein kinases. The recent discovery of various
isozymes of serine/threonine protein phosphatase catalytic subunits, targeting
subunits and associated proteins (for reviews see Cohen, 1989; Shenolikar and
Naimn, 1991; Bollen and Stalmans, 1992) and the rapid expansion of protein
tyrosine phosphatase families (Charbonneau and Tonks, 1992) represents an
explosion of knowledge that has aided in the answering of old questions and the
generation of new ones in this area of research. The following sections deal with
the major serine/threonine protein phosphatases of eukaryotic cells, their
classification, functions and inodes of regulation. Emphasis is placed on the type-1
and type-2A phosphatases (see below) due to their apparent involvement in NF
metabolism (Sacher et al, 1992,1994).

1.3.1 Classification and structure of protein phosphatases

The most widely accepted method for classifying protein phosphatases is
that of Ingebritsen and Cohen (1983). This method tests the ability of the
phosphatase to dephosphorylate the a and 8 subunits of phosphorylase kinase and
measures its response to the thermostable protein phosphatase inhibitors 1 and 2
(I1 and I2, respectively; note that 12 is sometimes referred to as "modulator”)
(Huang and Glinsmann, 1976). Protein phosphatases of the type-1 (PP-1) class
preferentially dephosphorylate the B-subunit of phosphorylase kinase and are
inhibited by I1 and 12 whereas those of the type-2 (PP-2) class are resistant to
inhibition by I1 and I2 and preferentially dephosphorylate the a-subunit of
phosphorylase kinase. The PP-2 class can be further subdivided on the basis of
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requirement for divalent cations. The A subclass (PP-2A) requires no cations for
activity, the B subclass (PP-2B) requires calcium and the C subclass (PP-2C)
requires manganese. Furthermore, the non-phorbol tumour promoter, okadaic acid
(OA), has been shown to inhibit PP-2A (K, 0.2 nM) with a higher potency than PP-
1 (K, 20 nM) (Bialojan and Takai, 1988) thus allowing a further means of
distinguishing between these two enzymes. An inactive species consisting of PP-1
and 12 is occasionally referred to as the ATP-magnesium dependent protein
phosphatase (Merlevede and Riley, 1966) or F, (Goris et al, 1979), due to its
requirement for these two substances (discussed below). Since polycations such as
poly-lysine and protamine stimuiate PP-2A (Pelech and Cohen, 1985) this subclass
is often referred to as the polycation stimulated protein phosphatase or PCS. The
fact that PP-2B requires calcium and is localized predominantly in neural tissue
(Kiee and Cohen, 1988) led to the neuronal species of this phosphatase being
named calcineurin.

A structural comparison of protein phosphatases reveals a high degree of
conservation of catalytic subunits throughout evolution indicating that the enzymes
play an essential role in cell viability. For example, the catalytic subunits of PP-1
(PP-1)) from fungi, fruit flies and humans share over 86% sequence identity while
PP-2A catalytic subunits (PP-2A)) from fruit fliec and mammals share 93%
sequence identity (Shenolikar and Nairn, 1991). PP-1, and PP-2A, share 41%
sequence identity (Berndt ef al, 1987) which may explain the cross-reactivity of
certain monoclonal aatibodies with both proteins (Brautigan et al, 1986). In
addition, PP-1,, PP-2A_ and the catalytic subunit of PP-2B (PP-2B,) share six highly
conserved regions which may form part of the catalytic domain. These enzymes are
thought to have evolved from a common lineage. PP-2B, may haves arisen as the
result of fusion with a gene encoding a calmodulin binding protein (Ito ef al, 1989).
The catalytic subunit of PP-2C shows little homology with the aforementioned
enzymes and is thought to have diverged early in evolution. Recently five distinct
protein phosphatases termed PP-V, PP-X, PP-Y, PP-Z and PP-2B, were cloned
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from a drosophila ¢cDNA library (Cohen et al, 1990). PP-X and PP-V are more
similar to PP-2A (57-69% homology) than to PP-1 (45-49% homology) while PP-Y
and PP-Z are more similar to PP-1 (66-68% homology). PP-2B, is a
calcium/calmodulin dependent protein phosphatase with 54% homology to PP-2B
(da Cruz e Silva and Cohen, 1989).

1.32 Protein phosphatase-1: Structure and properties

PP-1_ has a molecular mass of 37,000 Da. Two isoforms of PP-1_termed PP-
1. and PP-18 have been cloned from rabbit skeletal muscle (Cohen, 1989; Barker
et al, 1994). The dis2 gene of the fission yeast shows strong homology with rabbit
skeletal muscle PP-1_a. Screening of 2 mouse fetal brain cDNA library with a dis2
probe yielded two distinct clones, termed dis2ml! and dis2m2 which are 90%
identical (Ohkura et al, 1989). These cDNAs were subsequently found in both rat
liver and testis and were called PP-1y1 and PP-14, respectively (Sasaki et al,
1990). A fourth clone, called PP-1_v2 and abundant in rat testis, was also identified
and found to be an alternatively spliced form of PP-1.y1. The human forms of PP-
1.a, PP-18 and PP-1_y have all been cloned (Barker ef al, 1990,1993,1994). All of
the isoforms of PP-1, are sensitive to inhibition by 12 and okadaic acid (see below)
(Zhang et al, 1993).

PP-1, is found associated with several regulatory components which
determine subcellular localization as well as activity against various substrates. In
skeletal muscle, liver, brain and kidney more than 70% of the PP-1 activity was
sedimented by centrifugation at 100,000xg (Cohen, 1989). In rabbit skeletal muscle
30-60% of the PP-1 activity was associated with glycogen particles (Ingebristen et
al, 1983; Hubbard et al, 1990) where PP-1, was found in a 1:1 complex with a
161,000 Da protein called the glycogen binding subunit or G subunit (Strdlfors et al,
1985). The G subunit binds both glycogen and PP-1_ with high affinity (k, of 8 nM
and 4 nM, respectively) (Hubbard and Cohen, 1989). The G subunit is found in
skeletal muscle, heart and diaphragm but not in kidney, liver, lung or brain (Bollen
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and Stalmans, 1992). This indicates that these other tissues contain similar proteins
which link PP-1 activity with the particulate fraction. Interestingly, Wera et al
(1991) purified a 161,000 Da protein thought to be the rat liver homologue of the
G subunit.

Another form of PP-1 termed PP-1M can be found associated with skeletal
muscle myofibrils. This complex, with a molecular mass of 110,000 Da, binds
specifically to actomyosin (Chisholm and Cohen, 1988). The binding of the M
subunit to actomyosin is weaker than that of the G subunit to glycogen since 300
mM NaCl will release the former but not the latter.

The most extensively studied form of PP-1, first identified in bovine adrenal
cortex (Merlevede and Riley, 1966), has been termed the ATP-magnesium
dependent form, since preincubation with these additives is required to generate
phosphatase activity. It is also referred to as F_ since an activating factor, termed
F,. was found to be required for activating the phosphatase (Goris et al, 1979).
The activating factor was found to phosphorylate the enzyme glycogen synthase
(Vandenheede et al, 1980) and was later shown to be glycogen synthase kinase-3
(GSK-3) (Hemmings et al, 1981). It was subsequently shown that F, was composed
of a 1:1 complex between PP-1, and I2 (Yang et al, 1981,1983) and phosphorylation
of 12 led to the activation of PP-1_ (discussed in detail below) (Ballou ez al, 1983;
Jurgensen et al, 1984).

PP-1 activity has also been identified in the nucleus of rat liver cells (Kuret
et al, 1986), HeLa cells (Friedman, 1986) and Xenopus oocytes (Jessus et al, 1989).
The concentration of enzyme in liver nuclei is 5-fold higher than extranuclear
levels (Kuret et af, 1986). Between 40% and 80% of the nuclear PP-1 (PP-1N) is
particulate which may be explained by its apparent association with chromosomes
(Fernandez er al, 1992). PP-1. in nuclei is complexed with a 16,000-18,000 Da
polypeptide called Nuclear Inhibitor of PP-1, or NIPP-1.
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13.2.1 Regulation of protein phosphatase-1

It is now well established that extranuclear PP-1 activity is regulated by
second messengers. As mentioned above, skeleia! muscle PP-1. can be found
complexed to the G subunit thus binding the enzyme to glycogen. This form of the
enzyme, PP-1G, is active. However, several phosphorylation sites exist on the G
subunit which, when phosphorylated, cause the release of PP-1. Phosphorylation
by PKA (Caudwell et al, 1986; Hubbard and Cohen, 1989) causes PP-1; to
dissociate from the G subunit, which remains bound to glycogen (Hubbard and
Cohen, 1989). Phosphorylation by insulin-stimulated protein kinase does not lead
to a similar dissociation of the catalytic subunit but does increase PP-1G activity
toward certain substrates (Dent et al, 1990). GSK-3 phosphorylates two different
sites in vitro (Fiol et al, 1988; Dent et al, 1989) one of which is phosphorylated in
vivo as well. In addition casein kinase-2 acts on the G subunit in vitro (Bollen and
Stalmans, 1992).

PP-1_released into the cytosol by PKA phosphorylation of the G subunit can
be complexed to and inhibited by I1 after the latter is phosphorylated by the same
protein kinase (discussed below) (Foulkes et al, 1983). Thus the dual action of
PKA on the G subunit and I1 results in the inactivation of PP-1.. Injection of
adrenalin into rabbits causes a reduction in PP-1 activity by this mechanism
(Hiraga and Cohen, 1986). The injection of insulin leads to an increase in G
subunit phosphorylation by insulin-stimulated protein kinase which causes an
increased phosphatase activity toward glycogen synthase and phosphorylase kinase
(Dent et al, 1990). There is also 2 decrease in I1 phosphorylation resulting in a
further increase in PP-1 activity (Chang and Huang, 1980).

Regulation of hepatic PP-1G differs from that of skeletal muscle PP-1G
since dissociation of liver PP-1_ from the glycogen binding subunit does not occur
in the presence of PKA nor has it been shown that the subunit can even be
phosphorylated (Wera et al, 1991). In addition rat and mouse liver are devoid of
I1 and its brain homologue DARPP-32 (discussed below) (Huang et al, 1977;
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MacDougall et al, 1989; Elbrecht et al, 1990). Instead the phosphorylation states
of phosphorylase and phosphorylase kinase regulate the activity of hepatic PP-1G
(Alemany and Cohen, 1986). Furthermore, agents which increase intracellular
calcium levels, such as vasopressin and angiotensin, act to increase phosphorylase
a levels thus inhibiting PP-1G (Cohen, 1989).

Beullens er al (1992) showed that the activity of PP-1N is controlled by its
association with NIPP-1 and that an inactive complex of NIPP-1:PP-1, could be
isolated from bovine thymus nuclei (Beullens et al, 1993). This inactive species
could be activated up to 4-fold by phosphorylation with either PKA or casein
kinase-2 (Beullens et al, 1993; “7an Eynde et al, 1994) with an additive 8-fold
activation after treatment with both protein kinases (Van Eynde et al, 1994). It was
not determined whether phosphorylation caused a dissociation of PP-1, from NIPP-
1 or merely an activation of the complex as is seen with the ATP-magnesium
dependent form of PP-1 (see below).

Cytoplasmic inhibitory proteins of PP-1_ exist as well. Two of these, the
thermostable and acid stable inhibitors 11 and the dopamine and cAMP regulated
phosphoprotein (DARPP-32} are closely related (Shenolikar and Nairn, 1991) and
inhibit PP-1_ in a similar fashion. I1 and DARPP-32 have molecular masses of
18,700 Da and 22,600 Da respectively (Aitken et al, 1982; Williams et al, 1986).
While mouse and rat liver contain neither I1 nor DARPP-32 (Huang et al, 1977;
MacDougall et al, 1989; Elbrecht er af, 1990) 11 is found in mammalian skeletal
muscle, heart, kidney, uterus and adipose tissue (Huang and Glinsmann, 1976;
Huang et al, 1977; MacDougzall et al, 1989). DARPP-32 is present in brain regions
with dopaminergic neurons, brown adipose tissue, adrenal medulla and pineal
gland (Hemmings and Greengard, 1986; Meister et al, 1988). Since the
concentration of I1 is 34 times higher than that of PP-1, (Nimmo and Cohen,
1978; Ingebritsen et al, 1983) phosphatase activity can be quickly regulated. Both
I1 and DARPP-32 are inhibitory towards PP-1_ only after phosphorylation by PKA
(Hemmings et al, 1984a,b). Additionally, DARPP-32 can be phosphorylated by
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casein kinase-2, which does not increase its potency as an inhibitor of PP-1, but
does promote phosphorylation by PKA (Girault ef al, 1989). The inhibitory domain
of both DARPP-32 and I1 was determined to reside in their extreme amino-
terminal portions (Aitken and Cohen, 1982; Hemmings et al, 1990).

Dephosphorylation of both I1 and DARPP-32 is catalyzed by PP-2A and PP-
2B (Hemmings er al, 1984ab,c; King er al, 1984). Activation of N-methyl-D-
aspartate (NMDA) receptors counteracts forskolin-induced DARPP-32
phosphorylation. NMDA increases intracellular calcium which may activate PP-2B
allowing it to dephosphorylate DARPP-32 (Halpain et a/,1990). This supports a
model of antagonism between calcium and cAMP (see Cohen, 1989, figure 1).
DARPP-32 phosphorylated by casein kinase-2 is a poor substrate for PP-2B but is
dephosphorylated by both PP-1 and PP-2A suggesting a complex regulation of its
function (Cohen, 1989). Finally it is noteworthy that PP-1 found in the particulate
fraction of rat brain has a significantly lower specific activity compared to the
soluble form (Sim et al, 1994). The basis for this observation is unclear since brain
specific regulatory subunits of PP-1 (other than DARPP-32 which is soluble) are
not known.

Another heat and acid stable inhibitor of PP-1, was isolated together with
I1 and is called 12 or modulator (Huang and Glinsmann, 1976). 12 has been found
in all tissues examined including those in which I1 and DARPP-32 are lacking.
Like I1 and DARPP-32, 12 is also phosphorylated although phosphorylation, by
GSK-3, abolishes the protein’s inhibitory effect (Vandenheede et al, 1983). I2 is
also phosphorylated in vitro by casein kinases-1 and 2 as well as by PKA (DePaoli-
Roach, 1984; Holmes et al, 1986; Agostinis et al, 1987). Phosphorylation by PKA
has no effect on the F_ complex and is probably not physiologically relevant. The
sites phosphorylated by casein kinase-2 also occur in vivo and, while not
deinhibitory by themselves, increase the rate of phosphorylation by GSK-3
(DePaoli-Roach, 1984).

Although initially it was thought that I2 phosphorylation by GSK-3 caused
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it to dissociate from PP-1_ this is now known to be false. 12 remains bound
throughout the entire activation process. Phosphorylation of I2 by GSK-3 causes
a conformational change in I2 exposing a metal ion binding site on PP-1_ (Li et al,
1985; Price and Li, 1985; Price et al, 1986). The subsequent binding of magnesium
to PP-1_ causes it to dephosphorylate the associated 12 polypeptide resulting in the
formation of an active complex (Li et al, 1985; Price and Li, 1985). Subsequent loss
of magnesium allows the complex to revert back to the ATP-magnesium dependent
form (Abeele et al, 1987). Recently Villa-Moruzzi (1992) showed that cdc2 kinase
was capable of replacing GSK-3 in the activation of F.

Recently the role of 12 was proposed to be that of a chaperone (Alessi e
al, 1993) assisting in the proper folding of PP-1. The basis for this suggestion was
that three recombinant PP-1_ isoforms (PP-1_a, -8 and -y1), expressed in bacteria,
showed several striking differences to PP-1_ from rabbit skeletal muscle. Namely,
the bacterially expressed isoforms were less sensitive to inhibition by okadaic acid,
I1 and microcystin-LR and showed increased activity in dephosphorylating histone
H1 than did¢ muscle PP-1. Association of these isoforms with 12 inhibited their
activity and subsequent phosphorylation of I2 by GSK-3 (see above) altered their
properties to those of skeletal muscle PP-1. Furthermore, I2 was required to
restore the activity of PP-1y1 which was denatured in 6 M guanidine. The G
subunit was capable of displacing phospho-12, but not unphosphorylated 12, from
PP-1. These results led these authors to conclude that the formation of an I12:PP-1_
complex may be an intermediate in the production of all forms of active PP-1.
Subsequently, PP-1_y2 was found to be associated with a 78,000 Dz protein and a
55,000 Da protein. The larger protein was identical to the 78,000 Da glucose-
regulated protein, a member of the 70,000 Da heat shock protein (HSP-70) family
(Chun et al, 1994) and a putative molecular chaperone. It was suggested that the
78,000 Da protein may serve to target PP-1y2 to the nucleus since this
phosphatase has no nuclear localization signal (Chun et al, 1994). However, it may
serve a function not unlike that described above for I2 since it was also shown in
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vitro that purified HSP-70 activates PP-1 in rabbit reticulocyte lysates (Mivechi et
al, 1993). Recently Bollen et al (1994) purified a spontaneously active PP-1.:12
complex which could not be further activated by GSK-3. Therefore, while more
work is needed to clarify the role of 12, it is clear that this protein has a role more
complex than as a PP-1 inhibitor.

1.3.2.2 Physiological roles of protein phosphatase-1

PP-1 activity was shown to be involved in maintaining the structural
organization of MTs, IFs (Eriksson et al, 1992) and MFs (Fernandez er al, 1990),
thereby influencing processes such as organelle movement and phagocytosis.

In skeletal and cardiac muscle PP-IM has been implicated in muscle
contraction because of its role in controlling the state of myosin-p light chain
phosphorylation (Hoar et al, 1985).

The involvement of PP-1 in protein synthesis has been suggested since it is
the major S6 phosphatase in mouse 3T3 cells (Olivier et al, 1988). Also, addition
of 12 to rabbit reticulocyte lysates increases the extent of phosphorylation of the
a-subunit of initiation factor eIF-2 and inhibits peptide chain initiation (Ernst et
al, 1982).

Protein phosphatases in fission yeast and Aspergillus nidulans with high
homology to PP-1 ¢« are involved in chromosomal disjoining during mitosis (Ohkura
et al, 1989; Doonan and Morris, 1989). In Drosophila the loss of one isoform of PP-
1., representing 80% of PP-1 activity, is lethal and larvae show defects in mitosis
(Dombradi et al, 1990). A testis-specific isoform of PP-1,, PP-1_y2, was found to
localize to the nucleus of meiotic spermatocytes (immature spematozoa) and
spermatids (mature spermatozoa) (Shima ef al, 1993) suggesting that it plays a role
in meiosis.

Several other roles for PP-1 have been suggested including calcium transport
(Klumpp et al, 1990; MacDougall ef al, 1991) and, as described above, glycogen
metabolism. In addition, PP-1 activity was shown to be significantly lower in
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Alzheimer's diseased brain than in control brain (Gong et al, 1993) and the
phosphatase was shown to dephosphorylate 4 sites on the microtubule-associated
protein tau which are abnormally phosphorylated in Alzheimer disease brain (Gong
et al, 1994).

1.33 Protein phosphatase-2A: Structure and properties

As mentioned above protein phosphatases of the type 2 class can be
subdivided based on their requirements for divalent cations. PP-2A shows no
requirement for divalent cations (Ingebritsen and Cohen, 1983). Since its activity
is stimulated by polycations such as poly-lysine, histone H1 and protamine
(Waelkens et al, 1987), it is also referred to as polycation stimulated protein
phosphatase or PCS. PP-2A consists of a catalytic subunit with one or more
associated subunits which presumably dictate localization and substrate specificity.
Prior to discussing the various holoenzyme forms of the phosphatase the catalytic
subunit (PP-2A,) will briefly be described.

Two isoforms of PP-2A termed PP-2A a and PP-2A $, have been cloned
from rabbit skeletal muscle and porcine kidoey (da Cruz e Silva et al, 1987; da
Cruz e Silva and Cohen, 1987; Stone et al, 1987). The 35,600 Da proteins show
97% amino acid identity. Most of the differences are located in the amino-terminal
40 residues and at the nucleotide level the 3’ noncoding regions are completely
different. PP-2A a from rabbit skeletal muscle and porcine kidney were identical
whereas PP-2A 8 differed at a single amino acid. PP-2A a has also been cloned
from bovine adrenal cortex (Green et al, 1987), rat liver (Kitagawa et al, 1988) and
human liver (Arino et al, 1988). PP-2A 8 has been cloned from rabbit liver (da
Cruz e Silva et al, 1988) and human liver (Arino et al, 1988). All isoforms of PP-
2A_ are almost completely conserved at the amino acid level indicating an essential
role for this phosphatase.

Three forms of the PP-2A holoenzyme can be purified from rabbit skeletal
muscle referred to as PP-2A,, PP-2A, and PP-2A, based on their elution from
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DEAE-cellulose (Ingebritsen er al, 1983). All three forms contain a cataiytic (C)
and a 60,000-65,000 Da (A) subunit but PP-2A, and PP-2A, each contained one
additional subunit called B’ (54,000 Da) and B (55,000 Da), respectively. The A
and C subunits are tightly bound to one another (Kobayashi et al, 1975; Imazu et
al, 1978; Imazu et al, 1981). Various other forms of high molecular weight enzymes
have been purified from mammalian tissue and shrimp (Table 2; Waelkens er al,
1987; Mumby et al, 1987, Usui et al, 1988; Hermann et al, 1988). Generally
speaking the core of these PP-2A phosphatases consists of the catalytic subunit and
a 65,000 Da subunit which can associate with either 54,000 Da, 55,000 Da, 72,000
Da or 74,000 Da subunits (Hendrix et af, 1993).

The core structure of PP-2A, consists of the catalytic subunit, the 60,000 Da
subunit and the B subunit (55,000 Da). Mayer et a/ (1991) cloned the B subunit
from human and rabbit fetal brain and discovered two isoforms called PR55a and
PR55p8. These two isoforms showed 86% homology. Subsequently a third isoform
was identified (Pallas et al, 1992). Northern blot analysis showed high levels of
PRS58 in the neuroblastoma cell line LA-N-1 with much lower amounts in the
other cell lines examined. These results suggest that PR558 may be part of a brain
specific holoenzyme of PP-2A.

Hendrix et a? (1993) cloned the 72,000 Da subunit of PCS,, from several
tissue and cell line cDNA libraries. The human heart ¢cDNA clone encoded a
protein with a2 deduced molecular size of 62,000 Da. while that from brain
predicted, and in vitro transcription and translation yielded, a protein of 130,000
Da. This protein was identical to the 72,000 Da heart protein from amino acid 45
to the carboxy-terminus with a unique 665 amino acid amino-terminal extension.
As the 3’ noncoding region of both clones are identical the two proteins are
thought to arise from the same gene by the use of different promoters. mRNA for
the 72,000 Da protein was found only in heart and muscle while that of the 130,000
Da protein was more widely distributed. The need for two isoforms of the 72,000
Da subunit is unclear although both isoforms contain nuclear localization signals
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TABLE 2. Structure of type-2A protein phosphatases

Proposed

Name Tissue Ref. Subunit content M, structure
H-1It Liver 376 a,-35 B-65 260
" Liver 461 a,-35 p-89 160 af

Shrimp 470  a,40 B,-75 225 a.f,
PCS,, Skeletal muscle 513 35 65 108
2A, Skeletal muscle 484 C36 A-60 107
v Erythrocyte 490 a-34 B-63 104 ap
PCS, Skeletal muscle $13 35 65 109
PT.2 Heart 351 38 63 87
2A, Skeletal muscle 4484 C, 36 A60 B-55 202
B Liver 461 o35 P69 y-58 260 afy
PCS,,, Skeletal muscle 513 35 65 55 136
m Erythrocyte 490 a-34 g-63 ¥-53 177 afy
PT-1 Heart 351 38 63 55 137
2A, Skeletal muscle 484 C,36 A60 B’-54 181 e.py
PCS,, Skeletal muscle 513 35 65 72 162
1 Erythrocyte 490 a-34 p-63 574 180 afd

Table 2: Structure of type 2A protein phosphatases Reproduced from Shenolikar
and Nairn (1991)
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(Hendrix et al, 1993) and PP-2A has been found in rat liver and Xenopus cocyte
nuclei (Jakes er al, 1986; Jessus er al, 1989).

Two isoforms of the 65,000 Da subunit have also been identified (Walter
et al, 1989; Hemmings et al, 1990). It is therefore apparent that the possible
combinations between the many subunits can give rise to a large number of PP-2A

holoenzymes. The variation in subunit composition may influence subcellular

distribution and substrate specificity.

1.3.3.1 Regulation of protein phosphatase-2A

The regulation of PP-2A is not well understood. Generally speaking the
associated subunits mentioned above seem to inhibit the activity of PP-2A_. For
example selective degradation of the 55,000 Da subunit from turkey gizzard by
trypsin increased phosphatase activity (Pato and Kerc, 1986). A reduction in
activity was noted upon the reassociation of a 60,000 Da subunit of reticulocyte PP-
2A with the catalytic subunit (Chen et al, 1989). The 65,000 Da subunit was shown
to decrease phosphorylase a and histone H2B phosphatase activity but increase
histone H1 phosphatase activity (Imaoka et al, 1983; Tsuiki et al, 1985). The v
subunit of erythrocytes (Table 2) was shown to suppress phosphatase activity
towards all substrates examined (Usui er al, 1988). PP-2A, was shown to have a
lower activity towards myosin and phosphorylase a than PP-2A, (Mumby et a/,
1987; Tamura and Tsuiki, 1980). The activity of PP-2A, is extremely low, indicating
that the B’ subunit (54,000 Da) suppresses dephosphorylation more strongly than
the B subunit (Ingebritsen et al, 1983).

Contrarv to most situations, histone H1, phosphorylated by cdc2 kinase, and
the microtubule associated protein tau, phosphorylated by p42 MAP kinase, were
found to be dephosphorylated more readily by PP-2A, than by PP-2A, (Sola et 4,
1991; Goedert et al, 1992). This result was unexpected because the presence of a
proline residue C-terminal to a phosphorylated residue prevents dephosphorylation
by all serine/threonine protein phosphatase catalytic subunits (Donella-Deana et
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al, 1990; Agostinis et al, 1990). Since this motif represents a part of the consensus
sequence for cdc2 and MAP kinase phosphorylation, the associated subunits must
make this dephosphorylation possible.

PP-2A is almost completely soluble following centrifugation at 100,000xg
(Cohen, 1989). However, Sim et al (1994) recently showed significant amounts of
the enzyme in the particulate fraction of rat forebrain, indicating that the
associated subunits may serve to target the phosphatase to specific subcellular
regions of the neuron and thus -egulate its activity.

Since PP-2A activity can be stimulated ir vitro by basic proteins and
polyamines, Cornwell et al (1987) determined the intracellular concentration of the
polyamine spermine and found it to be within the range at which it can regulate
PP-2A. However, it remains to be determined whether spermine is in fact a
physiological regulator of this protein phosphatase.

The phorbol ester TPA was found to stimulate PP-2A activity when applied
to mouse skin (Gschwendt et al, 1989) whereas PKA inhibited PP-2A activity
toward the enzyme acetyl CoA carboxylase by an unknown mechanism (Haystead
et al, 1990). The cerebellum contains a protein known as G-substrate which is
phosphorylated by cGMP-dependent protein kinase (Aswad and Greengard, 1981)
and is dephosphorylated by the calcium/calmodulin-dependent protein
phosphatase, PP-2B (King et al, 1984). When phosphorylated, G-substrate inhibits
PP-2A and, to a lesser degree, PP-1. Finally, ceramide, a potential second
messenger and the product of sphingomyelin catabolism, activates PP-2A, but not
PP-2A, nor PP-ZAE' (Dobrowsky et al, 1993) further indicating the inhibitory nature
of the 55,000 Da subunit. These data suggest that, similar to PP-1, PP-2A may be
regulated in response to second messengers. In addition to the preceding example,
the 55,000 Da subunit was showa to have a regulatory function on PP-2A activity
since PP-2A, was found to be more active on phosphorylated tau protein than were
PP-2A, or PCS, (Drewes et al, 1993).

A phosphorylation site which may regulate the association of the 65,000 Da
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subunit with PP-2A_ has been identified (Hemmings er al, 1990) and the 72,000 Da
subunit is a substrate for both casein kinases-1 and -2 (Hendrix et al, 1993). One
interesting but ill-defined mode of regulation of PP-2A activity is by
phosphorylation of the catalytic and 60,000 Da subunits of PP-2A,. Guo and
Damuni (1993) showed that a protein kinase in bovine kidney thus phosphorylated
and inactivated PP-2A, by 80%. The mechanism of inhibition was not determined
but the protein kinase is itself activated by autophosphorylation, which could be
reversed by either PP-2A, or PP-1_ (Guo et al, 1993).

13.3.2 Physiological roles of protein phosphatase-2A

Several regulatory enzymes involved in amino acid catabolism, fatty acid
synthesis and glycolysis/gluconeogenesis are excellent substrates for PP-2A
suggesting a role for this protein phosphatase in these areas of metabolism. The
enzymesinclude pyruvate kinase, 6-phosphofructo-1-kinase, acetyl CoA carboxylase,
ATP citrate lyase and phenylalarine hydroxylase (Cohen, 1989).

The B-adrenergic receptor from erythrocytes is dephosphorylated by a
protein phosphatase in the subcellular compartment referred to as light membrane
vesicles which is known to contain PP-2A (Sibley et al, 1986). Since the B,-
adrenergic receptor is dephosphorylated in vitro by PP-2A and dephosphorylation
is thought to regulate receptor recycling this suggests a physiological role for PP-2A
in this process.

A physiological role for PP-2A in the regulation of photoreception is
implied by the finding that PP-2A is the major rhodopsin phosphatase and that the
binding of the protein arrestin to rhodopsin prevented its dephosphorylation by PP-
2A (Fowles et al, 1989).

An in vivo role for PP-2A in protein synthesis was indicated because low
concentrations of the protein phosphatase inhibitor okadaic acid (see below)
inhibited protein synthesis in reticulocyte lysates (Redpath and Proud, 1989). In
addition PP-2A has been shown to dephosphorylate eukaryotic initiation factor elF-
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4E, although the significance of this action remains unknown (Bu and Hagedorn,
1992).

PP-2Aa was shown to be an essential component for the in vitro
transcription of the SV40 large T-antigen (Virshup and Kelly, 1989) and may also
function in the regulation of cell growth and division since a related protein
phosphatase, called PP-X (see above), is found in all tissues examined and is
localized to centrosomes in the nucleus (Brewis et al, 1993). PP-2A negatively
regulates cdc2 kinase activity (Félix et al, 1990) and dephosphorylates histone H1,
one of the substrates of this protein kinase (Sola et al, 1991).

PP-2A also dephosphorylates B-50, a presynaptic membrane-associated
protein whose phosphorylation state is related to release of noradrenaline, the
activity of phosphatidylinositol 4-phosphate kinase and long-term potentiation (Han
et al, 1992).

In addition PP-2A was capable of dephosphorylating abnormally
phosphorylated tau protein found in Alzheimer disease brain (Goedert et al, 1992;
Drewes et al, 1993). In a related study, dephosphorylation of MAP2 and tau
protein released the inhibition of microtubule polymerization by the
phosphorylated isoforms of these proteins (Yamamoto et al, 1988). It is unclear,
however, if this was a PP-2A or PP-1 mediated event since the PP-2A preparation
contained low (10%) amounts of PP-1. This same group also reported that the PP-
2A from rat brain which dephosphorylates tau protein is inhibited by aluminum
(Yamamoto et al, 1990) thus raising the possibility that the abnormal
phosphorylation of certain cytoskeletal proteins after aluminum administration
(Johnson and Jope, 1988) may be due to the inhibition of protein phosphatase
activity.

PP-2A purified from rat liver nuclei dephosphorylated the cAMP regulatory
element binding protein (Wadzinski et al, 1993). This finding is significant since, in
most other in vitro studies, cytoplasmic PP-2A is used.

Finally, PP-2A, as well as PP-1, were recently shown to regulate NMDA
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currents in cultured hippocampal cells (Wang ef al, 19%4). NMDA channels allow
calcium ions, the divalent cation required by PP-2B (see below), into the cell. Both
DARPP-32, a PP-1 inhibitor, and G-substrate, a PP-2A inhibitor, are excellent
substrates for PP-2B (see below). These data suggest a complex interplay between

several protein phosphatases in the regulation of NMDA currents.

1.3.4 Protein phosphatase-2B: Structure, regulation and physiological roles

All forms of PP-2B are heterodimers consisting of a 1:1 complex between
a 61,000 Da (A) polypeptide and a 15,000-16,000 Da (B} polypeptide. The A
subunit possesses the catalytic activity (Winkler er al, 1984; Tallant and Cheung,
1984) and contains the calmodulin binding site (Sharma et al, 1979) while the B
subunit contains the calcium binding site (Aitken et al, 1984). Two forms of the A
subunit from human brain have been cloned which are the products of alternate
splicing of a common transcript (Guerini and Klee, 1989). A third isoform of the
A subunit cloned from Drosophila encodes a protein, termed PP-2B,,, with 54%
homology to the brain isoforms (da Cruz e Silva and Cohen, 1989). The B subunits
from bovine (Aitken et al, 1984) and human (Guerini et af, 1989) brain have been
cloned and differ in only three amino acids. Interestingly, the B subunit was shown
to be myristoylated on its amino-terminal glycine residue (Aitken er af, 1982) which
may explain its localization in both the particulate and soluble fractions in brain
whereas in other tissues the enzyme is almost completely soluble (Klee and Cohen,
1988). In some cases the particulate form of PP-2B cannot be extracted with non-
ionic detergents leading to the suggestion that the enzyme may be associated with
the cytoskeleton (Alexander et al, 1988).

PP-2B is highly concentrated in brain with levels approaching 1% of total
brain protein. In other tissues it is present at just 0.03% of total protein. PP-2B
activities in brain and skeletal muscle extracts are similar (Ingebritsen ef al, 1983)
indicating that the brain form of the enzyme has a lower specific activity than that
of skeletal muscle. Due to its high concentration in brain, this species of PP-2B is
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the best studied and is referred to as calcineurin,

A model for the synergistic activation of calcineurin by calcium and
calmodulin has been developed (see Ballou and Fischer, 1986, Klee and Cohen,
1988, for details). Briefly, the AB dimer is inactive in the absence of calcium.
Binding of calcium to the B subunit partially activates the enzyme which is further
activated by the binding of calmodulin. Complete activation of the enzyme occurs
in the presence of nickel or manganese ions (Stewart et al, 1983) which are thought
to exert their effects by inducing a slow conformational change in the A subunit
(Pallen and Wang, 1984).

PP-2B in brain is thought to dephosphorylate DARPP-32, I1 and G-
substrate (King et al,1984), hence influencing the activities of PP-1 and PP-2A (see
above). Depolarization of synaptosomes leads to the rapid dephosphorylation of
several proteins including dephosphin which is thought to be the trigger in
neurotransmitter release (Robinson, 1992). The phosphorylation state of
dephosphin is thought to be controlled by PP-2B (Sim et al, 1991). Calcineurin has
been shown to dephosphorylate abnormally phosphorylated tau protein in
Alzheimer’s disease brain (Drewes et al, 1993). In vitro, calcineurin was capable of
dephosphorylating the muscarinic acetylcholine receptor from rat brain restoring
ligand binding (Rosenbaum ez al, 1987). PP-2B has zlso been implicated in the
regulation of sodium (Rossie and Catterall, 1989) and calcium (Armstrong, 1989)
channels. Finally, PP-2B was shown to dephosphorylate the synaptic membrane
protein B-50 (Liu and Storm, 1989).

1.3.5 Protein phosphatase-2C: Structure, regulation and physiological roles

PP-2C is a monomeric enzyme of 43,000 Da which requires magnesium or
manganese for activity (Cohen, 1989; Shenolikar and Nairn, 1991). Two isoforms
of the enzyme, PP-2Ca and PP-2C§, have been cloned from rabbit muscle and liver
and show a limited degree of homology (McGowan and Cohen, 1987; Wenk ef al,
1992).
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Besides the requirement for magnesium or manganese, other factors that
may be involved in the regulation of the activity of this protein phosphatase are not
known. Recently PP-2Ca was shown to be a phosphoprotein wi:ose phosphorylation
in vivo by casein kinase-2 may be physiologically relevant (Kobayashi ef af, 1993).
Since PP-2C8 does not contain a casein kinase-2 consensus sequence (Wenk et al,
1992) perhaps the two isoforms of this protein phosphatase are regulated by
separate mechanisms.

The physiological roles of PP-2C remain to be elucidated. Higher levels of
the protein phosphatase are found in brain and liver than in skeletal muscle
(Cohen, 1989). In this respect it is noteworthy that PP-2C was capable of
dephosphorylating tau protein phosphorylated by PKA but not abnormally
phosphorylated tau found in Alzheimer’s disease brain (Gong ef al, 1954) implying
that this phosphatase may be involved in the regulation of the phosphorylation
state of tau under non-pathological conditions.

1.3.6 Non-protein inhibitors of protein phosphatases

Several cytotoxic compourds have recently been identified which inhibit PP-
1, PP-2A and PP-2B. Okadaic acid (OA), a tumour promoter found in the marine
sponge Halichondria okadat, is a polyether fatty acid which inhibits PP-2A and PP-1
with ICg, values of 0.1-1 eM and 10-500 nM, respectively (Bialojan and Takai,
1988; Ishihara ef al, 1989). OA was also shown to inhibit PP-2B at high
concentrations (IC, 4-5 uM; Bialojan and Takai, 1988). Since OA does not inhibit
a protein phosphatase encoded by the bacteriophage lambda genome which is
homologous to both PP-1, and PP-2A_ but lacks the carboxy-terminal 100 amino
acids (Cohen and Cohen, 1989), OA is thought to inhibit these protein
phosphatases by binding to the carboxy-terminal third of the catalytic subunits
(Bollen and Stalmans, 1992).

Another marine sponge compound, calyculin A (clA), was found to be a
potent inhibitor of both PP-1 and PP-2A with a similar IC,, of 0.5-1 nM (Ishihara
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et al, 1989). Interestingly, clA contains a phosphate monoester (Kateo et al, 1986)
which may be involved in the mechanism of inhibition.

Tautomycin, a compound structurally similar to OA, is found in the
bacterium Streptomyces verticullatus and inhibits PP-1 more potently than PP-2A
(ICys of 0.16 oM and 0.4 nM, respectively; MacKintosh and Klumpp, 1990). PP-2B
was inhibited by this compournd only at extremely high concentrations (IC;,>30
uM).

Phenothiazines and derivatives such as trifluoperazine at 100 zM inhibit PP-
2B specifically (Stewart e al, 1983). Aside from the general protein phosphatase
inhibitor orthovanadate, no specific inhibitors of PP-2C are presently known. Use
of combinations of the inhibitors mentioned above, therefore, can help determine
(or eliminate) the protein phosphatase(s) regulating a particular function.

1.3.7 Protein phos;}hatases and neurofilaments

A limited number of studies have been carried out which examine the
actions and the effects of protein phosphatases on NFs. Hisanaga and Hirokawa
(1989) showed that treatment of bovine NFs with alkaline phosphatase had no
effect on the number of projections on the filaments nor on the ability of the
filaments to form crossbridges. Minami and Sakai (1985) showed that
dephosphorylation of NFs, and in particular NF-H, suppressed the activity of NFs
in promoting tubulin polymerization. Neither PP-1, PP-2A, PP-2B nor PP-2C were
capable of inducing the dephosphorylation-dependent interaction between NFs and
microtubules (Hisanaga et al, 1993).

Activation of kainic acid receptors in vivo caused a decrease in NF-H
phosphorylation (Wang et al, 1992,1994). Since this treatment also causes an influx
of calcium jons it would be of interast to determine whether PP-2B is involved in
this effect.

Identification of protein phosphatases in meural tissue has led to more
questions than answers. Rats which were chronically fed ethanol showed an
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increase in NF phosphorylation as well as a decrease in protein phosphatase
activity in spinal cord extracts (Guru ef al, 1991). Since ethanol was not inhibitory
to spinal cord protein phosphatase activity in vitro (Shetty er al, 1992) it was
suggested that protein kinase activity was raised and phosphorylation of modulators
of protein phosphatases caused inhibition of phosphatase activity (see above). The
phosphatase activity in rat spinal cords was shown to be inhibited by aluminum
and, interesting'y, trifluoperazine, which may indicate a PP-2B-like activity (Shetty
et al, 1992). However, since PP-2B is not inhibited by aluminum, several protein
phosphatases may be found in spinal cord. In this respect it is noteworthy that NF
phosphorylation is increased following aluminum intoxication (Bizzi and Gambetti,
1986) and in perikaryal regions in Alzheimer’s disease brain (Sternberger et al,
1985), a disease in which Gong et al (1993) showed a decrease in PP-1 and PP-2A
activity. Since Honkanen et al (1991) identified a protein phosphatase, distinct from
the aforementioned classes, which they called PP-3 it would be of interest to
determine the activity of this enzyme in the presence of aluminum and
trifluoperazine. It is, therefore, clear that more work is needed to examine the
involvement of protein phosphatases on NF phosphorylation under normal and
pathological conditions.
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Chapter 2
OKADAIC ACID INDUCES THE RAPID AND REVERSIBLE DISRUPTION

OF THE NEUROFILAMENT NETWORK IN RAT DORSAL ROOT
GANGLION NEURONS
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Summary

Treatment of dissociated cultures of rat dorsal root ganglia with 1 uM
okadaic acid caused a reduction in the mobilities of neurofilament subunits on
SDS-polyacrylamide gels, signifying an increase in their phosphorylation levels.
When cultures were exposed to okadaic acid for 0.5 hrs. and harvested in buffer
containing Triton X-100, NF-H was nearly completely redistributed to the
detergent- soluble fraction while NF-M and NF-L required a longer exposure to
the drug before undergoing a similar shift. This redistribution of subunits
corresponded with striking changes in the immunofluorescence staining pattern for
neurofilaments. Upon removal of okadaic acid from the culture medium following
a 0.5 hr. treatment, NF-L and NF-M returned to the Triton X-100 insoluble
fraction within 2 hrs. while NF-H required 10 hrs. for recovery.



Introduction

Neurofilaments (NFs} belcng to the class of cytoskeletal proteins known as
intermediate filaments and are expressed specifically in neurons. Mammalian NFs
consist of three phosphoprotein subunits, NF-H, NF-M and NF-L, whose apparent
molecular weights on SDS-polyacrylamide gels (SDS-PAGE) are 200 kDa, 145 kDa
and 68 kDa, respectively, for the highly phosphorylated forms (Hoffman and Lasek,
1975; Julien and Mushynski, 1982). The role of phosphorylation in NF function
remains unclear, although it has been implicated in a variety of processes (Minami
and Sakai, 1985; Goldstein et al, 1987; Pant, 1988; Nakamura et al, 1950; Hisanaga
et al, 1990; Gonda et al, 1990). Since phosphate moieties undergo turnover as NFs
are transported down the axon (Nixon ot al, 1987) it appears that some aspect(s)
of NF metabolism may be modulated by cyclical phosphorylation and
dephosphorylation events.

Okadaic acid (OA) is a complex fatty acid derivative found in dinoflagel-
»ates which specifically inhibits protein phosphatase 1 (PP-1) and protein
phosphatase 2A (PP-2A) with IC, values of 10 nM and 0.1 nM, respectively
(Bialojan and Takai, 1988). The effects of this tumour promotor on different cell
types is varied (see Hardie et al, 1991, for review). In fibroblasts, OA has recently
been shown to increase phosphorylation of another intermediate filament protein,
vimentin (Yatsunami ef al, 1991). We therefore set out to determine what effect
OA would have on the three NF subunits in the neurons of cultured rat dorsal root
ganglia (DRG). We show that OA caused a disruption of the NF network
characterized by the hyperphosphorylation of NF subunits and disassembly of NFs.
These effects were reversible within 10 hrs. after removal of OA.
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Materials and Methods
Materials: OA was purchased from LC Services Corp. (Woburn, MA). Insulin,
progesterone, selenium, putrescine ang all monoclonal antibodies (antiNF-H, N52;
antiNF-M, NN 18; antiNF-L, NR4) were purchased from Sigma Chemical Co. (St.
Louis, MO). Transferrin was from ICN, Canada,

Cell Culture: Rat DRG were dissected from E15 embryos, dissociated with trypsin
(Wood and Bunge, 1986) and maintained in defined medium (Bottenstein and
Sato, 1979). Where indicated, Triton buffer contained 1% Triton X-100, 50 mM
TrisHCl pH 7.5, 100 mM NaCl, 2 mM EGTA, 2 mM levamisole, 50 mM NaF, 1
mM phenylmethylsulfonyl fluoride, 25 4M leupeptin and 40 U/mL aprotinin.

Gel Electrophoresis and Western Blotting: Proteins were solubilized in SDS sample
buffer and fractionated on 5% SDS-poiyacrylamide slab gels (Laemmli, 1970).
Proteins were electrophoretically transferred to Immobilon-P membranes
(Millipore Corp.) in buffer containing 25 mM Tris, 192 mM glycine and 20%
methanol. The membrane was blocked with 0.5% gelatin in TBS-Tween (20 mM
TrisHCl pH 7.6, 137 mM NaCl and 0.1% Tween-20), incubated with primary
antibody and detected using the ECL. Western Blotting Detection Kit (Amersham)
following the manufacturers instructions. Two-dimensional gel electrophoresis was
performed by the method of O’Farrell et al (1977).

Immunofluorescence microscopy: Cells were rinsed, fixed with ethanol/acetic acid
(90:10), blocked with goat serum for 1 hr., incubated with primary antibody for 1
hr., washed and incubated with antimouse-Texas Red conjugated antibody for 1 hr.

and mounted on coverslips.



Results

To begin elucidating the role of phosphorylation in NF organization and
distribution we chose to treat rat DRG with OA, an inhibitor of PP-1 and PP-2A.
Various concentrations of OA were tested for their effects on the behaviour of the
three NF subunits on SDS-PAGE as increased phosphorylation of NF-M and NF-H
is known to reduce their mobilities (Julien and Mushynski, 1982). The least
phosphorylated form of NF-H did not shift noticeably until 0.1uM OA and
continued to increase in apparent molecular weight at OA concentrations up to 1
uM (data not shown). Slower migrating forms of NF-L and NF-M were seen at a
concentration of 0.54M OA and persisted at 1 uM OA. We chose to use 1 uM OA
for all subsequent experiments, as this concentration is recommended for intact
cells (Haystead et al, 1989; Hardie et al, 1991; Hernandez-Sotomayor et al, 1991).

Fig.1 shows the distribution of the three NF subunits in Triton-soluble (S)
and insoluble (P) fractions. After treatment with OA, cells were harvested in buffer
containing Triton and centrifuged at 15,000xg for 20 minutes. In control cells all
three subunits were found in the Triton-insoluble pellet fraction, signifying their
association with the NF network. Within 0.5 hrs. of OA treatment almost all of the
NF-H was redistributed to the Triton-soluble supernatant along with smaller
proportions of NF-M and NF-L. By 3 hrs. all of the NF-M was redistributed to the
supernatant fraction while it took 6 hrs. for NF-L to disappear completely from the
pellet. An increase in the apparent molecular weights of NF-M (to pM) and NF-L
(to pL) was seen after 6 hrs. of exposure to OA whereas the mobility of NF-H was
seen to decrease as early as 1 hr. Furthermore, 2-dimensional gel electrophoresis
showed an acidic shift in the pl values for slower migrating NF-M (pM) and NF-L
(pL) consistent with their increased phosphorylation states (data not shown). Since
all three NF subunits were detected in the Triton-soluble fraction within 0.5 hrs.
we used immunofluorescence microscopy to determine whether this shift was
accompanied by changes in the cytoskeletal organization of NFs. Although no
changes in electrophoretic mobility of NF subunits were seen after 0.5 hrs. of OA

treatment, there were marked changes in the immunofluorescerice staining patterns
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Figure 1; Western blot analysis of Triton X-100 extracts from okadaic acid-treated
dorsal root ganglion cultures DRG cultures were treated with OA for the stated
periods of time and extracted with buffer containing 1% Triton X-100. Pellets (P)
and supernatants (S) were obtained by centrifugation, fractionated by SDS-PAGE,
transferred to Immobilon-P membrane and detected using antibodies specific to
the three NF subunits. H, M and L refer to the native NF subunits containing low
phosphate levels while pH, pM and pL refer to the more highly phosphorylated
forms of the suburiits.



for all three polypeptides. A representative micrograph of cultures treated with
antiNF-L is shown in Fig.2. The smooth axonal stuining of control cultures differed
markedly from the punctate staining seen in OA-treated samples.

In light of the rapid disruption of NFs by OA, we wished to determine
whether the process was reversible after removal of OA from the culture medium.
DRG cultures were treated with OA for 0.5 hrs., washed three times with OA-free
medium and allowed to recover for various times in OA-free medium containing
10% horse serum and 5% fetal bovine serum. To determine the distribution of NF
subunits during recovery, cells were harvested with Triton-containing buffer at
various times after removal of OA and Triton-soluble (S) and insoluble (P)
fractions were separated as described for Fig.1. As seen in Fig3, NF-L and NF-M
returned 1o the Triton-insoluble fraction within 2 hrs. while NF-H was seen in the
insoluble fraction within 10 hrs. after removal of OA from the medium.

These results indicate that QA causes an increase in phosphate content of

NF subunits resulting in the rapid and reversible disruption of the NF network.



Figure 2: Immunofluorescence microscopy of control and okadaic acid-treated
dorsal root ganglion cultures DRG cultures were untreated (a) or treated with OA
(b) for 0.5 hrs,, fixed and stained with an antiNF-L monoclonal antibody followed
by an antimouse IgG conjugated to Texas Red.



Figure 3: Western ‘blot analysis of Zorsal root ganglion cultures recovering from
okadaic acid treatment DRG cultures were treated with 1 uM OA for 0.5 hrs,,
washed and grown in OA-free medium containing serum for the times shown. Cells
were separated into Triton X-100 soluble (S) and insoluble (P) fractions for
immunoblot analysis using antibodies specific for the three NF subunits. The NF
subunits are designated as described in the legend to Fig. 1.



Discussion

The present results indicate that phosphorylation plays a major role in the
dynamics of NF organization. The sequential appearance of NF subunits in the
Triton-soluble fraction (Fig.1) follows the order expected from one of the proposed
schemes of NF organization in which NF-L is suggested to form the filament core
while NF-M and NF-H have a more peripheral association (Sharp er al, 1982;
Tokutake, 1990). If the NFs were merely being fragmented in the presence of OA
one would expect them to appear in the Triton-soluble fraction simultaneously
rather than in the order seen in Fig.1. This result also suggests that the subunits
are incorporated as homo- rather than heterooligomeric units during NF assembly.
Fig.3 shows that the effects of short term OA treatment of DRG cultures can be
reversed, with signs of recovery being apparent as early as 2 hrs. post-treatment for
NF-L and NF-M and 10 hrs. for NF-H. The order of NF subunit reappearance in
the Triton-insoluble fraction again lends support to the notion of an ordered
assembly of homooligomeric units. In light of the extensive nature of the NF
network in DRG neurons it is likely that a large proportion of the original subunits
are reincorporated into the filamentous network.

The punctate immunofluorescence staining pattern seen in OA-treated cells
is intriguing considering that much of NF-L and NF-M still remairied in the
Triton-insoluble fraction at 9.5 hrs. (Fig.1). This feature was seen even with
antiNF-M suggesting that solubilization of NF-H and/or increased subunit
phosphorylation disrupts the NF network.

Tryptic phosphopeptide mapping of NF subunits labelled with 2P in the
presence of OA may show which phosphorylated region is responsible for NF
disassembly. Previous studies on other intermediate filaments, as well as on NF-L,
bave shown that in vitro phosphorylation of the amino terminal head domain
disrupts the filaments and prevents their reassembly (Geisler and Weber, 1988;
Ando et al, 1989; Gonda et al, 1990). Furthermore, protein kinase A has recently
been shown to phosphorylate the head domain of NF-M (Sihag and Nixon, 1990),
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although its effect on NF-M assembly has not yet been studied. Whether OA-
induced disassembly of the NFs in vivo is due to head domain phosphorylation
remains to be determined.

A decreased mobility on SDS-PAGE was seen for all three NF subunits
(Fig.1). The appearance of a second form of NF-L (pL) was unexpected as only the
68 kDa species has been reported to date. This shift in mobility was due to
phosphorylation of the protein as the pl for the slower migrating form was more
acidic than that of the native form (data not shown). The lack of intermediate
forms between the two NF-L species (L and pL in Fig.1) may indicate that the shift
in mobility is due to one specific phosphorylation event rather than the end result
of a series of phosphorylations. While phosphorylation variants of NF-M are well
known (Georges et al, 1989), the physiological relevance of the slower migrating
form of NF-L is unknown.

It is not clear whether the increased phosphorylation states of NF subunits
in OA-treated neurons was cue to the activation of protein kinase(s) and/or
inhibition of NF dephosphorylation. Phosphorylated Lys-Ser-Prossites in histone H1
analagous to the sites found in the tail domains of NF-M and NF-H have been
shown to be dephosphorylated by PP-2A (Sola et al, 1991). It should be noted that
PP-2A has also been reported to negatively regulate cdc2 kinase (Félix et al, 1990)
and in vitro studies have shown this kinase to be capable of phosphorylating the
repeated Lys-Ser-Pro sites in dephosphorylated NF-H (Hisanaga ef a/, 1990; Guan
et al, 1992). Perhaps a related kinase under similar regulation is involved in
phosphorylating these sites in vivo.
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Chapter 3

INCREASED PHOSPHORYLATION OF THE AMINO-TERMINAL DOMAIN
OF THE LOW MOLECULAR WEIGHT NEUROFILAMENT SUBUNIT IN
OKADAIC ACID-TREATED NEURONS



Summary

Treatment of rat dorsal root ganglion cultures with 1 uM okadaic acid leads
to a fragmentation of neurofilaments and a reduction in the electrophoretic
mobilities of the three subunits on SDS-polyacrylamide gels (Sacher et al, 1992).
Based on the observed response to varying concentrations of okadaic acid,
fragmentation was inferred to be due to inhibition of protein phosphatase-2A
activity and reduction in electrophoretic mobility to inhibition of protein
phosphatase-1. Okadaic acid treatment led to an increase in amino-terminal,
relative to carboxy-terminal, domain phosphorylation in the low molecular weight
(NF-L) subunit in the Triton-soluble and -insoluble fractions. The purified catalytic
subunit of protein phosphatase-2A dephosphorylated ®P-labelled NF-L and the
middle molecular weight subunit from okadaic acid-treated cultures while the
catalytic subunit of protein phosphatase-i1 had no effect. In the case of NF-L,
phosphate moieties were preferentially removed from the amino-terminal domain.
These results show that the amino-terminal domain of NF-L can be phosphorylated
in situ and implicate protein phosphatase-2A in the turnover of phosphate

moieties in this domain.

95



Introduction

Neurofilaments (NFs) are components of the cytoskeleton of most neurons
and are composed of three subunits belonging to the type IV subclass of
intermediate filament (IF) proteins (Steinert and Roop, 1988). The three subunits
have apparent molecular weights on SDS-polyacrylamide gels of 68,000 (NF-L),
145,000 (NF-M), and 200,000 (NF-H) (Hoffman and Lasek, 1975) although the
deduced molecular weights of the subunits from rats are 61,000 (NF-L; Chin and
Liem, 1989), 95,000 (NF-M; Napolitano et al, 1987), and 115,000 (NF-H; Chin and
Liem, 1990). All three subunits contain multiple phosphate moieties (Julien and
Mushynski, 1982) and are rich in charged amino acid residues. Both the phosphate
moieties (Julien and Mushynski, 1982) and glutamic acid residues (Georges and
Mushynski, 1987) have been shown to contribute to the anomalous migration of NF
subunits on SDS-polyacrylamide gels.

Much of the work to date on NF subunit phosphorylation has focussed on
identifying the protein kinases responsible for phosphorylating the subunits. For
example, many protein kinases have been shown to copurify with NF preparations
(Julien et al, 1983; Toru-Delbauffe and Pierre, 1983; Vallano et al, 1985; Caputo
et al, 1989; Wible et al, 1989; Dosemeci et al, 1990) and to phosphorylate NF
subunits in vitro. Recently, cdc2-kinase from starfish oocytes was shown to
phosphorylate the dephosphorylated form of NF-H, returning its mobility on SDS-
gels to that of the native form (Hisanaga et al, 1991). Subsequently, several
laboratories have identified and cloned cdc2-like protein kinases from nervous
tissue (Helimich et al, 1992; Lew et al, 1992; Shetty e al, 1993) These kinases are
capable of phosphorylating peptides containing the sequence Lys-Ser-Pro, which
occurs in multiple copies in both NF-M and NF-H. Furthermore, F,-kinase, the
component required for protein phosphatase-1 (PP-1) activation, was also shown
to phosphorylate NFs in vitro (Guan et al, 1991). NFs were also shown to be in
vitro (Sihag et al, 1988) and in vivo (Georges et al, 1989; Grant and Aunis, 1990)
substrates for protein kinase C.
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Conversely, very little is known about the protein phosphatases involved in
maintaining the phosphorylation state of NF subunits. Shetty ef al (1992)
characterized a protein phosphatase activity which copurifies with NF preparations
from both bovine and rat spinal cord and is inhibited by aluminium, vanadate, and
fluoride. Another in vitro study, involving the four major mammalian
serine/threonine protein phosphatases (see Cohen, 1989, for review), showed that
none of these enzymes were capable of promoting microtubule binding to NF-H
in a manner similar to that observed after NF-H is treated with either acid or
alkaline phosphatase (Hisanaga et al, 1993). Recent studies have shown that the
PP-1 and protein phosphatase-2A (PP-2A) inhibitor okadaic acid (OA; Bialojan
and Takai, 1988) causes a disruption of the NF network in rat dorsal root ganglion
(DRG) neurons (Sacher et al, 1992) and an increased deposition of NF subunits
in nb2a/d1 neuroblastoma cells (Shea et al, 1993).

The functional role of NF phosphorylation is unclear and may depend on
the location of the phosphate moieties within the subunits (see Nixon and Sihag,
1991, for review). Previous work in our laboratory has shown that treatment of rat
DRG cultures with 1 uM OA causes a rapid disruption of the NF network (Sacher
et al, 1992). Other studies have shown that phosphorylation of the amino-terminal
head domain of NF-L in vitro causes the subunit to dissociate from a preexisting
network and prevents its assembly (Nakamura et al, 1990; Gonda et al, 1990).
Similarly, head domain phosphorylation of the type III IF subunits vimentin,
desmin and glial fibrillary acidic protein (GFAP), has been correlated with filament
breakdown in vitro and in vivo (Geisler and Weber, 1988; Geisler er al, 1989;
Inagaki et al, 1990; Chou et al, 1991; Matsuoka et al, 1992). We therefore set out
to determine the distribution of phosphorylation sites in NF-L subunits after OA
treatment by chemical cleavage analysis. Our results show an increase in amino-
terminal domain p'hosphorylation in NF-L following OA treatment. Inhibition of
PP-2A activity was implicated in OA-induced NF fragmentation and the catalytic
subunit of PP-2A was shown to be capable of removing phosphate moieties from
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the amino-terminal domain of NF-L in vitro.
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Materials and Methods
Materials: Okadaic acid and Calyculin A were purchased from LC Services
(Woburn,MA). Carrier-free **P, was from ICN Biomedicals
(Mississauga,ON,Canada).

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE): Gel electrophoresis and
Western blotting were performed as previously described (Laemmili, 1970; Sacher
et al, 1992). Polypeptides used for chemical cleavage analysis (see below) were
obtained from gels run in the presence of 0.025% thioglycolic acid to prevent
protein oxidation. Protein on Western blots was quantified using a MicroVision
SCSI camera followed by analysis using ihe Millipore Bio-Image analyzer.
Radioactivity was quantified with the Fuji BAS2000 Phosphorimager.

Immunoprecipitation: Cells were harvested in cytoskeleton extraction buffer (CSK
buffer) consisting of 1% Triton X-100 (Triton), 150 mM NaCl, 50 mM TrisHCl pH
7.5, 50 mM NaF, 2 mM EGTA, 2 mM levamisol, 1 mM phenylmethylsulfonyl
fluoride (PMSF) and centrifuged for 15 min. at 13,000xg. SDS was added to the
supernatant to a concentration of 0.1% followed by heating in a boiling water bath
for 2 min. The pellet was suspended in 2% SDS, 50 mM TrisHC), pH 6.8, heated
for 2 min. and then the SDS was diluted to 0.1% with CSK buffer.
Immunoprecipitation was carried out as described previously (Lindenbaum et al,
1987) using either affinity purified antibody or immune serum. Iz vitro phosphatase
treatment of the immunoprecipitates was carried out prior to elution from the
protein A-sepharose beads (see below).

Cell Culture: Rat DRG were dissected and maintained in defined medium as
previously described (Sacher er al, 1992). For metabolic labelling cells were
incubated with 0.5 mCi of carrier-free ®P;, per mL P-free medium (Flow
Laboratories, McLean, VA) for 3 hrs. prior to OA treatments.
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Phosphatase treatment of immunoprecipitated proteins: For phosphatase treatment
of **P-labelled immunoprecipitates, samples were incubated for 5 hrs. at 30°¢, prior
to elution from the protein A-sepharose beads (see above), in 65 mM TrisHCI pH
7, 1 mM MgCl,, 0.5 mM EGTA, 1 mM PMSF + /- PP-2A_, PP-1_ (1.5 ug/mL) and
OA as described in the figure legends.

Chemical cleavage of polypeptides: Immunoprecipitated ¥P-labelled NF-L was
resolved by SDS-PAGE, located by autoradiography and excised. The gel slice was
rehydrated in N-chlorosuccinimide (NCS)-buffer (1 g Urea:1 mL water:1 mL acetic
acid) (Lischwe and Ochs, 1982) and incubated at room temperature for 1.5 hrs. in
the same buffer containing 2 mg/mL NCS. The slices were washed extensively in
water, equilibrated in SDS-PAGE sample buffer, and loaded vertically onto an
SDS-12% polyacrylamide gel. Digested products were visualized by
autoradiography using a Dupont Lightning-plus intensifying screen (Swanstrom and
Shank, 1978) and quantified as described above.

Preparation of protein phosphatase-1 and protein phosphatase-2A: The catalytic
subunits of PP-1 and PP-2A (PP-1, and PP-2A,, respectively) were purified from
rabbit skeletal muscle following the procedure of Cohen et al (1983).

Phosphorylated amino acid analysis: Inmunoprecipitated NF-L and NF-M were
resolved by SDS-PAGE, located by autoradiography, excised and processed as
previously described (Julien and Mushynski, 1982). Unlabelled phosphoaminoacid
standards were detected by ninhydrin staining (Cooper et al, 1983).
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Results

To determine which phosphatase(s) plays a role in maintaining the integrity
of NFs DRG cultures were treated with increasing concentrations of OA or
calyculin A. OA is a more potent inhibitor of PP-2A than of PP-1 whereas
calyculin A inhibits both PP-1 and PP-2A with similar potencies (Ishihara et a/,
1989). As shown in Fig. 1A, treatment of cultures with 100 nM OA for 4 hrs. led
to NF fragmentation with no changes in the electrophoretic mobilities of any of the
three NF subunits (Fig.1A,lanes 7 and 8). As the OA concentration was raised to
500 nM and 1000 nM fragmentation was accompanied by decreases in the
electrophoretic mobilities of all three subunits (Fig.1A, compare lanes 7 and 8 with
lanes 9 and 10). This would imply that fragmentation at the lower OA
concentration was due to inhibition of PP-2A while the concomitant decrease in
electrophoretic mobility of subunits at the higher OA concentration (Sacher et
al,1992) was due to the additional inhibition of PP-1. This inference is supported
by the results in Fig.1B showing that both NF fragmentation and decreases in
subunit electrophoretic mobility occur at the same calyculin A concentration (lanes
9 and 10). _

Since consensus sequences have not been established for PP-1 and PP-2A
(Ingebritsen and Cohen, 1983; Agostinis et al, 1987) it is not possible to predict
where the additional phosphate moieties would be found in the NF subunits when
the phosphatases are inhibited. However, phosphoamino acid analysis shows a
similar lack of phosphothreonine in NF-L and no change in the proportions of
phospheserine to phosphothreonine in NF-M after OA treatment (data not shown).
These phosphoamino acid profiles correspond to those of in vivo ¥P-labelled NF-L
and NF-M (Julien and Mushynski, 1982).

We examined the distribution of phosphorylation sites in NF-L by chemical
cleavage with NCS (Lischwe and Ochs, 1982). Rat NF-L contains one tryptophan
residue at amino acid 280 (Chin and Liem, 1989) and the two halves of the protein
migrate differently on SDS-PAGE (Mahboub et al, 1986). Determining the ratio
of carboxy-terminal to amino-terminal 2P-phosphorylation (C/N ratios) provides
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Figure 1: West-ern blot analysis of the effects of increasing OA and calyculin
A concentrations on NF subunits in DRG neurons. DRG cultures were
fractionated into Triton X-1J0-insoluble (odd numbered lanes) and -soluble
fractions (even numbered lanes) after a 4 hr. exposure to either QA (A) or
calyculin A (B). Samples were resolved by SDS-PAGE and the NF subunits
detected by Western blotting as described in Materials and Methods. (A) OA
concentrations used were 0 (lanes 1 and 2), 1nM (lanes 3 and 4), 10nM (lanes 5
and 6), 100nM (lanes 7 and 8), 500nM (lanes 9 and 10) and 1000nM (lanes 11 and
12). (B) Calyculin A concentrations used were 0 (lanes 1 and 2), 0.1nM (lanes 3
and 4), 0.5nM (lanes 5 and 6), 1nM (lanes 7 and 8), 10aM (lanes 9 and 10) and
100nM (lanes 11 and 12). NT--H, NF-M and NF-L refer to the positions of the
three NF subunits. pNF-L refers to the slower migrating, hyperphosphorylated
form of NF-L.
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a means for assessing the location of phosphorylation sites on NF-L following OA
treatment. DRG cultures were labelled with ¥P; followed by a 1 hr. treatment with
1 uM OA. Samples were fractionated into Triton-soluble and -insoluble fractions
and immunoprecipitated NF-L was treated with NCS. As shown in Fig. 2 the C/N
ratio of Triton-soluble and -insoluble NF-L from QA-treated cells was reduced by
about 6-fold in comparison to that of the untreated control. It is interesting to note
that the C/N ratios of both the Triton-soluble and -insoluble NF-L from OA-
treated cultures were the same. These results indicate that while OA treatment
causes a preferential increase in amino terminal domain phosphorylatica in NF-L
the Triton soluble subunit shows no further increase in phosphorylation of this
domain.

Although enhanced phosphorylation of the amino-terminal domain in NF-L
from OA-treated cultures was seen in both the Triton-soluble and -insoluble
subunits, the Triton-soluble subunits were phosphorylated to a higher degree than
their insoluble counterparts. The increase ranged from 2-fold for NF-L to 3-fold
for NF-M (data not shown).

Since inhibition of PP-2A had already been implicated in the fragmentation
of NFs (cf. Fig.1A,B), we examined whether PP-2A_ was capable of acting on NF-
M and NF-L from OA-treated cultures. ¥P-labelled NF-L and NF-M were
immunoprecipitated from control and OA-treated DRG cultures. Prior to their
elution from the protein A-sepharose beads the subunits were treated either with
purified PP-2A_ or purified PP-1, in the absence or presence of OA as indicated
above each lane. Equal amounts of protein were fractionated by SDS-PAGE. The
autoradiograph in Fig.3A shows that PP-2A_ caused a reduction of about 50% in
the amount of *P in both NF-M and NF-L relative to non-phosphatase treated
subunits from OA-treated cultures, while OA, at 10 nM, inhibited this PP-2A -
deperdent decrease (Fig3B, compare lanes 3 and 4). Purified PP-1_ had no effect
on the P content of either subunit (compare lanes 2 and 5).

Since PP-2A had been implicated in the maintenance of NF integrity
(Fig.1), we wished to determine whether PP-2A_ could remove the phosphate
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Figure 2: Gel electrophoretic analysis of the amino- and carboxy-terminal
halves of chemically cleaved NF-L from untreated and okadaic acid treated DRG
cultures. DRG cultures were labelled with *P; for 3 hrs. and either untreated (lane
1) or treated with 1uM OA for 1 hr. (lanes 2 and 3). NF-L was
immunoprecipitated from the Triton-insoluble (lane 2) or Triton-soluble (lane 3)
fractions. Protein was resolved by SDS-PAGE and digested with NCS (see
Materials and Methods). C and N refer to the carboxy-terminal and amino-terminal
portions, respectively; of NF-L after NCS treatment. NF-L refers to the migration
of uncleaved NF-L subunit and the M, (x10?) of molecular weight standards are
shown to the left of the autoradiograph. C/N ratios are shown at the bottom of

each lane,
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Figure 3:  Gel electrophoretic analysis of NF subunits from QA treated DRG
cultures after in vitro treatment with PP-1_ and PP-2A_. ¥*P-Labelled NF-L and NF-
M were immunoprecipitated from control or OA-treated (1 hr.) DRG cultures
(OA). Protein phosphatase treatment (PP-1, and PP-2A) was carried out prior to
elution of the subunits from the protein A-sepharose beads as described in
Materials and Methods. Addition of OA during phosphatase treatment at either
10nM or 1zM is indicated above each lane. Equal amounts of the proteins were
fractionated by SDS-PAGE and the positions of the 2 subunits are shown to the
left of the autoradiograph (panel A). Panel B shows a histogram obtained by
quantifying the autoradiograph from panel A. Lanes 1-6 in B correspond to the 6
lanes of the autoradiograph in A. Data pertaining to NF-L are indicated by
stippled bars while those for NF-M are represented by solid black bars.
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moieties seen in the amino-terminal domain of NF-L after OA treatment. NF-L
bands from the gel in Fig.3A were excised, subjected to NCS digestion and the
C/N ratios were determined (Fig.4). Again it can be seen that OA treatment led
to an increase in amino-terminal phosphorylation of NF-L, as indicated by the 4.5-
fold reduction in the C/N ratio following OA treatment (Fig 4, compare lanes 1
and 2). Treatment of NF-L from OQA-treated cultures with PP-2A_ led to an
increase in the C/N ratio as compared to untreated subunit, to almost the same
level as was seen in NF-L from cultures not treated with OA (Fig.4, compare lanes
1,2 and 3). OA at low concentrations prevented this PP-2A -dependent reversal of
the C/N ratio (Fig.4, lane 4) and PP-1, had no effect on the ratio indicating that

PP-2A, preferentially removed the OA-induced phosphate moieties from the
amino-terminal portion of NF-L.

108



OA TREATED CELLS - + + + +* +
PP-2A I T
PP-1 - - - - + ¢+
10 nM OA - - - + - -
1 pM OA - - - - - +
M, (kD)
205-
116-
$7- -NF-L
6§-
45- .c
29. -N
CIN 6.0 1.342 14 16 1.4

Figure 4: Gel electrophoretic analysis of chemically cleaved NF-L following in
vitro treatment with PP-1_ and PP-2A. The NF-L subunit from the gel shown in
Fig3 was excised and digested with NCS (see Materials and Methods). Treatments
are the same as in Fig.3 and are shown above each lane. C, N and NF-L are as
indicated in the leéend to Fig2. C/N ratios are shown at the bottom and the M,
(x10°) of molecular weight standards are shown at the left.
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Discussion

The fragmentation of NFs that occurs in DRG cultures treated with OA
(Sacher et al, 1992) may represent the amplification of a mechanism normally
involved in modulating the local reorganization of NFs in a variety of situations,
including axonal transport. In this respect it is interesting to note that Okabe ef al
(1993) showed a recovery in NF-L fluorescence following photobleaching with no
movement of the photobleached zone. Additionally they showed that biotin-
labelled NF-L was incorporated into numerous, discrete sites along the axon
indicating that soluble oligomers of NF subunits can be transported along the axon
faster than the bulk movement of NFs. It is possible that amino-terminal
phosphorylation/dephosphorylation allows a transient release of oligomers to occur
during the transport of NFs down the axon. The abundance of protein
phosphatases in the cell (Hardie et al, 1991) would ensure that any local disruption
of NFs be of a short duration and fully reversible. Treatment with OA may allow
for the accumulation of phosphorylated species which normally have a transient
existence.

This model implies that the fragmented NFs should be in a form which is
readily re-incorporated into Triton-insoluble structures upon restoration of protein
phosphatase activity. Indeed, we have found that the early, reversible stages of OA-
induced NF fragmentation give rise to a heterogeneous population of very large
oligomers (M.G.S., ES.A. and W.E.M, in preparation) thus allowing for a rapid
recovery of the NF network after OA is removed (Sacher et al, 1992).

A major reason for speculating that increased phosphorylation was
responsible for the OA-induced fragmentation of NFs was because recent in vitro
studies showed that IFs composed of vimentin (Geisler et al, 1989), GFAP (Inagaki
et al, 1990), desmin (Geisler and Weber, 1988) or NF-L (Nakamura et al, 1990;
Gonda et al, 1990) were all disrupted upon phosphorylation of the amino-terminal
head domain. In addition, second messenger-dependent protein kinases were shown
to be involved in phosphorylation of the head domain of NF-L (Sihag and Nixon,
1989) and NF-M (Sihag and Nixon, 1990) leading to the suggestion that head

110



domain phosphorylation of NFs influences filament assembly states (Nixon and
Sihag, 1991).

NCS cleavage of NF-L (Fig.2) showed a correlation between OA treatment
and increased amino-terminal domain phosphorylation. Since phosphorylation in
the a-helical rod domain of NF subunits has not been reported {Steinert et al,
1982), we suspect that the phosphate moieties in the amino-terminal segment of
NF-L are located in the head domain.

The OA-induced fragmentation of NFs was attributed to inhibition of PP-2A
based on the concentration response data for OA and calyculin A (Fig.1). A similar
approach was used to implicate PP-1 in the disruption of the IF network in BHK-
21 cells (Eriksson et al, 1992). We also showed that PP-2A, but not PP-1,
preferentially removed the OA-induced amino-terminal domain phosphorylation
sites in vitro (Fig.4), further suggesting that inhibition of this enzyme is responsible
for the fragmentation of NFs that accompaniés OA treatment. However, this result
does not exclude the involvement of PP-2A in maintaining the phosphorylation
state of the tail domain of NF subunits since the heterotrimeric form of PP-2A was
shown to be the most effective form for acting on microtubule-associated protein
tau following its phosphorylation by p42 MAP kinase (Goedert et al, 1992).

Hisanaga et al (1993) showed that PP-2A can dephosphorylate NF-M which
had been phosphorylated in vitro with protein kinase A. This implies that PP-2A
can remove phosphate moieties from the head domain of NF-M since it is this
domain which is phosphorylated by protein kinase A in vitro (Sihag and Nixon,
1990). Our results showing that PP-2A, removes phosphate from OA-treated NF-M
(Fig.3) indicate that OA treatment also leads to an increase in phosphorylation of
the head domain of NF-M, although this remains to be determined directly. We
also show a similar dephosphorylation pattern for NF-L.. The removal by PP-2A_
of ~50% of the ¥P from OA-treated NF-M implies that the enzyme may also
dephosphorylate sites in the carboxy-terminal tail domain. The demonstration by
Sola et al (1991) that PP-2A removes pﬁosphate from Lys-Ser-Pro sequences in
histone H1 is consistent with this deduction because similar tripeptide repeats are
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found in the tail domain of NF-M (Napolitano ¢t al, 1987).

The fact that PP-1_ had no effect on the =P levels in both NF-L and NF-M
is corsistent with our studies implicating inhibition of PP-1 in the appearance of
electrophoretic variants of all three subunits (Fig.1). These variants were not
present in the PP-1 -treated subunits which were obtained from cells treated with
OA for 1 hr. (Fig4 and Sacher et al, 1992). Alternatively, PP-1_. may require
additional subunits to be active against NF subunits.

Any attempt to explain the OA-induced fragmentation of NFs in DRG
cultures must take into account the similar increase in amino-terminal domain
phosphorylation in the Triton-insoluble and soluble subunits {Fig3), and the higher
specific radioactivity of the latter as compared to the former (data not shown). We
suggest that hyperphosphorylation of subunits in their amino-terminal domains
leads to a relatively slow fragmentation of NFs. The time frame for the disruption
of the NF network after OA treatment contrasts with that of the GFAP network,
found in the Schwann cells of the DRG cultures, which was shown to be complete
within 1 hr. (unpublished observation). The dynamic nature of NFs has been
demonstrated by several investigators in recent years (Angelides et al, 1989; Okabe
et al, 1993). These reports have suggested that NFs are in equilibrium with a pool
of soluble subunits or oligomers. Phosphorylation of NFs following OA treatment
of DRG neurons may lead to a slow accumulation of these soluble oligomers due
to amino-terminal domain phosphorylation.

There have been some recent reports suggesting that domain-specific
phosphorylation may not be involved in modulating the assembly states of IFs.
Chou et al (1993).recently showed that there were no differences between the
phosphopeptide maps of the soluble and insoluble forms of keratin 8 and keratin
18. One important difference between the soluble keratins in their study and the
Triton-soluble NFs in this report is that the keratins were found in 2 naturally
occurring soluble pool made up of tetramers while the OA-induced soluble pool
in this study was composed of large oligomers (M.G.S., ES.A, and WE.M, in
preparation). Nevertheless, these authors proposed a mechanism similar to the one
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we invoked above suggesting that phosphorylation may shift the solubility
equilibrium constant.

Klymkowsky et al (1991) suggested that fragmentation of the cytokeratin
network observed during Xenopus oocyte maturation may be due to a severing
activity similar to the one seen for microtubules (McNally and Vale, 1993). They
speculated that phosphorylation may serve to target a severing activity to the
filament network giving rise to a heterogeneous population of relatively large
oligomers similar to those seen in DRG neurons following OA treatment. In view
of the diversity of potential mechanisms that could render IFs Triton-soluble,
further studies are required to define the role of domain-specific phosphorylation
in NF dynamics.
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Chapter 4

CHARACTERIZATION OF FRAGMENTED NEUROFILAMENTS FORMED
IN NEURONS TREATED WITH OKADAIC ACID
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Summary

Treatment of rat dorsal root ganglion cultures with the protein phosphatase
inhibitor, okadaic acid (OA), leads t0 a fragmentation of neurofilaments (NFs) as
well as a reduction in the mobilities of all three NF subunits on SDS-
polyacrylamide gels (Sacher,M.G., Athlan,E.S. and Mushynski,W.E. (1994) J. Biol
Chem. 269, 14,480-14,484 ). Treatment of the slower migrating form of the low
molecular weight subunit (NF-L) with the catalytic subunit of either protein
phosphatase-1 or protein phosphatase-2A restored its mobility to that of native NF-
L indicating that phosphate moieties regulated by both enzymes may be involved
in the reduction in electrophoretic mobility. In addition, OA treatment led to an
increase in amino-terminal domain phosphorylation of the mid-sized subunit (NF-
M) similar to that previously observed for NF-L. Immunoprecipitation under non-
denaturing conditions of Triton X-100-soluble NF fragments from OA-treated
neurons demonstrated the existence of oligomers consisting of NF-L and NF-M or
NF-L and the high molecular weight subunit (NF-H). A similar
immunoprecipitation pattern was observed with the small, naturally occurring
Triton X-100-soluble pool of NFs in untreated DRG neurons. These results
indicate that intermediates involved in NF assembly may be heterooligomers
composed of NF-L associated with either NF-H or NF-M.
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Introduction

The intermediate filament (IF) composition of the neuronal cytoskeleton
changes during development (Nixon and Shea, 1992). Neurofilaments (NFs), the
IF class expressed in mature neurons, are composed of three phosphoprotein
subunits referred to as NF-L (62,000 Da), NF-M (95,000 Da), and NF-H (115,000
Da). NF-M and NF-H are two of the most highly phosphorylated proteins known,
with the rat subunits containing 8 and 14 moles of phosphate per polypeptide,
respectively (Julien and Mushynski, 1982). As members of the IF family of
proteins, NF subunits contain several identifiable structural features. In addition
to the amino-terminal "head" domain and carboxy-terminal "tail” domain, ali IF
proteins contain a central "rod” domain rich in a-helical content (see Steinert and
Roop, 1988, Weber and Fuchs, 1994, for review). While most of the phosphate
moieties on NF-M and NF-H reside in the tail domain (Julien and Mushynski,
1983) low levels of phosphate have been detected outside of this region as well
(Pleasure et al, 1990; Sihag and Nixon, 1990).

The initial stage of IF assembly involves the formation of a coiled-coil dimer
consisting of two identical (eg. vimentin) or non-identical (eg. basic/acidic keratins)
subunits. These dimers then go on to form tetramers, octamers and eventually a
10 nm wide filament (see Weber and Fuchs, 1994, and Heins and Aebi, 1994, for
review). A cross-section of an IF is thought to contain as many as 3241 subunits
(Albers and Fuchs, 1992; Heins er al, 1993).

All three NF subunits have been shown to be capable of assembling into
homopolymeric filaments in vitro (Tokutake et al, 1984; Balin and Lee, 1991). The
"tail" domains of NF-M and NF-H project laterally from the filament axis and
appear to contact adjacent filaments (Hisanaga and Hirokawa, 1988; Gotow er al,
1992). NF-L is thought to form the core of NFs as deduced from immunoelectron
microscopic data (Sharp et al, 1982) and the observation that it is the only subunit
capable of forming long, 10 nm-wide filameants in vitro (Geisler and Weber, 1981;
Tokutake et al, 1984; Balin and Lee, 1991). In addition, NF-M and NF-H were
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unable to co-assemble in an IF-deficient (IF") cell line (Ching and Liem, 1993) or
in the absence of assembly competent NF-L in neurons of a quail mutant known
as "quiver” (Ohara et al, 1993). NFs were recently shown to be obligate
heteropolymers in vivo (Lee et al, 1993) and substoichiometric amounts of NF-M
were sufficient to drive the formation of a NF network when co-expressed with NF-
L in IF cells. Although these studies have elucidated some important general rules
governing NF assembly there is still much to be learned about the actual
mechanism of assembly and the distribution of the individual subunits within NFs.

Recently we showed that the treatment of cultured rat dorsal root ganglion
(DRG) neurons with the protein phosphatase-1 and -2A (PP-1 and PP-2A,
respectively) inhibitor, okadaic acid (OA), led to a fragmentation of the NF
network (Sacher er al, 1992,1994) as evidenced by the increased Triton X-100
(Triton) solubility of all three NF subunits. The present study is directed at the
further characterization of these Triton-soluble NF fragments. Our results show the
presence of heterooligomers of NF-L associated with either NF-M or NF-H. Such
heterooligomers were also observed in the small, naturally occurring pool of
Triton-soluble NFs suggesting that OA amplifies a naturally occurring process. QA
treatment led to the initial release of large NF fragments which were Triton-
soluble at 13,000xg but insoluble at 100,000xg. Finally, the catalytic subunits of both
PP-1 and PP-2A were capable of restoring the gel electrophoretic mobilities of
slower migrating forms of NF subunits induced by OA treatment (Sacher et al,
1992) back to the mobilities of NF subunits from untreated neurons.
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Materials and Methods
Materials: ¥P-Orthophosphoric acid was from ICN (Mississauga,ON). The catalytic

subunits of PP-1 and PP-2A were prepared as described by Cohen er af (1988). OA
was from LC Services (Woburn,MA).

Cell Culture: Rat DRGs were dissected, dispersed and maintained in defined
medium as previously described (Sacher et al, 1992). For metabolic labelling cells
were incubated with 0.5 mCi of carrier-free P, per mL P;free medium (Flow
Laboratories, McLean, VA) for 3 hrs. prior to QA treatment.

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE): Gel electrophoresis and
Western blotting were performed as previously described (Laemmli, 1970; Sacher
et al, 1992). Polypeptides used for analysis by chemical cleavage (see below) were
obtained from SDS-polyacrylamide gels run in the presence of 0.025% thioglycolic
acid to minimize protein oxidation.

Two-dimensional phosphopeptide mapping: Immunoprecipitated, *P-labelled NF-
M, resolved by SDS-PAGE, was located by autoradiography, excised and the gel
slice was washed with 20% methanol. Gel slices were digested in 0.5 mL of 50 mM
ammonium bicarbonate with 10 ug TLCK-a-chymotrypsin (Sigma Chemical Co.,St.
Louis,MO) for 18 hrs. followed by 10 ug TPCK-Trypsin for 6 hrs. Gel slices were
removed and the digest was lyophilized and dissolved in H,O. Equal *P-counts
were  spotted onto 20cm X 20cm  cellulose sheets (MN-300, 0.Imm;
Brinkman, Westbury,NY). Electrophoresis was performed for 40 min. at 1 kV in
water:acetic acid:formic acid (80:15:5). Chromatography in the second dimension
was performed in butanol:pyridine:acetic acid:water (75:50:15:60) as described
previously (Sihag and Nixon, 1990). Phosphopeptides were visualized by
autoradiography using a Dupont Lightning-plus intensifying screen (Swanstrom and
Shank, 1978).
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Cleavage of NF-M with Nitrothiocyanobenzoic acid (NTCB): Immunoprecipitated,
%P-labelled NF-M was resolved by SDS-PAGE, located by autoradiography and
excised. The gel slice was washed extensively with water, equilibrated in 2-nitro-5-
thiocyanobenzoic acid (NTCB)-buffer (6M urea, 50 mM TrisHC] pH 8.0), then
incubated for 1 hr. at room temperature in NTCB-buffer containing 6 mM NTCB
at which time the pH was raised to 9.5 by addition of Tris base. The slices were
then incubated at 37°%c overnight followed by extensive washing in water and
equilibration in SDS-PAGE sample buffer and were then loaded vertically onto an
SDS-10%-polyacrylamide gel. Polypeptides were localized and subjected to two-
dimensional phosphopeptide mapping as described above.

Immunoprecipitation: Cells were harvested in cytoskeleton extraction buffer (CSK
buffer) containing 1% Triton X-100 (Triton), 150 mM Na(l, 50 mM TrisHCl pH
75, 50 mM NaF, 2 mM EGTA, 2 mM levamisol, 1 mM phenylmethylsulfonyl
fluoride. Immunoprecipitation was carried out as described previously (Sacher et
al, 1994). The following monoclonal antibodies from Sigma Chemical Co. (St.
Louis, MO) were used: NE14 (anti-NF-H), NN18 (anti-NF-M), and NR4 (anti-NF-
L). For immunoprecipitating radiolabelled NF-M a rabbit polyclonal 2atiserum was
used. Immunoprecipitation under non-denaturing conditions was carried out
essentially as described by Sacher et al (1994) except that SDS was not added to

the samples.

Phosphatase treatment of immunoprecipitated proteins: DRG cultures were
treated with 1 uM OA for 6 hrs. and NFs were immunoprecipitated as described
above. Samples were incubated for § hrs. at 30°, prior to elution from the protein
A-sepharose beads, in 65 mM TrisHCI pH 7, 1 mM MgCl,, 0.5 mM EGTA, 1 mM
PMSF with or without PP-2A_ (1.5 ug/mL), PP-1_ (1.5 ug/mlL) and OA as
described in the figure legend.

Gel Filtration: DRG cultures were treated with 1zM OA for 1 hr. and harvested
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in CSK buffer as described above. 300 4L sampies were loaded onto a 5.5 mL
Biogel ASOM (BioRad,Hercules,CA) column (8.5 cm X 0.9 cm), fractions of 250
uL were collected and NF subunits were detected by Western blotting as described
above.
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Results

Previous studies in our laboratory have shown an increase in Triton-soluble
NFs following treatment with 1uM OA. To begin characterizing these soluble
species we examined their relative sizes by differential centrifugation. DRG
cultures were treated with 1uM OA for increasing times, harvested in buffer
containing 1% Triton, and centrifuged at either 13,000xg or 100,000xg. The Triton-
insoluble pellets and Triton-soluble supernatants were then examined for the
presence of the three NF subunits (Fig.1). At 13,000xg most of the subunits were
found in the Triton-soluble fraction within 3 hrs. of OA treatment. The NF
fragments that remained in the supernatant following centrifugation of Triton
extracts at 13,000xg were almost completely pelleted at 100,000xg. The presence of
a significant proportion of NF proteins in the supernatant fraction obtained after
centrifuging Triton extracts at 100,000xg was seen only after 6 hrs. of OA
treatment. It is interesting to note that the slower migrating form of NF-L seen
after 6 hrs. of OA treatment was found only in the Triton-soluble fraction at both
13,000xg and 100,000xg.

To assess whether NFs were being fragmented in a random fashion or
broken into fragments of a more defined size DRG cultures were treated with 1uM
OA for 30 min. and 60 min. and the Triten-soluble extracts were fractionated on
a BioGel ASOM gel filtration column baving a size exclusion limit of 50x10°
daltons. In both cases all three NF subunits were found distributed over a wide
range of fractions indicating that the oligomers were heterogencous in size and
implying a random fragmentation of NFs during OA treatment (data not shown).

We have previously shown an increase in phosphorylation of the amino-
terminal domain of NF-L from DRG cultures exposed to 1uM OA (Sacher et al,
1994). To determine whether OA treatment caused the appearance of new
phosphorylation sites in NF-M duplicate DRG cultures were pre-labelled with 2P,
for 3 hrs. and incubated in the presence or absence of 1uM OA for 1 hr. Fig. 2
shows the two-dimensional phosphopeptide maps of NF-M from untreated
(Fig.2A), OA treated, Triton-insoluble (Fig.2B) and OA treated, Triton-soluble
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Figure 1: Differential solubility of NFs from OA-treated neurons. DRG cultures
were treated with 1uM OA for the times indicated, harvested in CSK buffer and
centrifuged at either 13,000xg or 100,000xg. Pellets (P) and supernatants (S) were
fractionated by SDS-PAGE and detected by Western blotting. NF-L, pNF-L, NF-
M, and NF-H refer to the low, hyperphosphorylated low, middle, and high
molecular weight NF subunits, respectively.
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Figure 2: Two-dimensional phosphopeptide mapping of NF-M. DRG cultures were
pre-labelled with *P, for 3 hrs. ard were either left untreated (A) or were treated
with 1uM QA for 1 hr. (B-D). NF-M was immunoprecipitated, resolved by SDS-
PAGE and subjected to two-dimensional phosphopeptide mapping as described in
Materials and Methods. Panels B and C represent NF-M from Triton-insoluble and
Triton-soluble fractions, respectively. Panel D represents the phosphopeptide map
of the carboxy-terminal portion of NF-M obtained by NTCB cleavage. The origin
is indicated by O and the arrowheads point to the 4 prominent phosphopeptides
seen in the full length subunit after OA treatment. (E) The location of the two
cysteine residues in NF-M as well as the expected fragments are shown. The curved
line indicates the amino-terminal head domain, the stippled box represents the a-

helical rod domain and the open box represents the carboxy-terminal tail domain.
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(Fig.2C) fractions. Four species, designated as phosphopeptides 1, 2, 3 and 4, were
seen in the peptide maps of NF-M from both the Triton-insoluble and -soluble
fractions of OA-treated cultures. Although phosphopeptides 1 and 2 seem to
appear faintly in the untreated sample (Fig.2A) they are more apparent after
cultures were treated with OA. The location of these four phosphopeptides in NF-
M was determined using ¥P-labelled NF-M immunoprecipitated from OA-treated
DRG cultures and subjected to NTCB digestion (Fig.2E). Two-dimensional
phosphopeptide mapping of the carboxy-terminal fragments (Fig.2D), which extend
from either cysteine-278 or cysteine-293 to the carboxy-terminus, showed that they
lacked all 4 phosphopeptides seen in the phosphopeptide maps of full length NF-M
from OA-treated cultures (compare Fig.2D with Fig.2B and Fig.2C). These results
indicate that the latter are located in the amino-terminal domain of NF-M. The
amino-terminal fragments, extending from the amino-terminus to either cysteine-
278 or cysteine-293 (Fig.2E), were too weakly labelled following NTCB digestion
and could not be used for two-dimensional phosphopeptide mapping.

Treatment of DRG cultures with 1uM OA for a minimum of 3 hrs. leads
to the appearance of slower migrating forms of all three NF subunits (Fig.1; Sacher
et al, 1992,1994). We previously inferred from the response to varying
concentrations of OA that inhibition of PP-1 activity caused the appearance of
these slower migrating forms. To directly test this notion DRG cultures were
treated with 1uM OA for 6 hrs. and both NF-L and NF-M were
immunoprecipitated. The subunits were dephosphorylated with either the catalytic
subunit of PP-1 (PP-1.) or PP-2A (PP-2A)) (Fig.3). Surprisingly, either PP-2A_ or
PP-1_ caused the disappearance of the slower migrating form of NF-L (pNF-L) and
sharpening of the broad band formed by NF-M (Fig.3, compare lane 1 with lanes
2 and 4).

The OA-induced fragmentation of NFs allowed us to examine the
organization of the NF network, in DRG neurons, by analyzing subunit interactions
under non-denaturing conditions. To this end DRG cultures were treated with 1uM
OA for 1 hr., harvested in CSK buffer, and the Triton-soluble NFs were either
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Figure 3: Treatment of hyperphosphorylated NFs with PP-1_ and PP-2A. DRG
cultures were treated with OA for 6 hrs. at which time NF-L and NF-M were
immunoprecipitated. Prior to elution of the subunits from the protein A-sepharose
beads samples were untreated (lane 1) or treated with either PP-1_ (lanes 4 and
5) or PP-2A_ (lanes 2 and 3) with (lanes 3 and S) or without (lanes 1, 2 and 4) OA
as indicated above each lane. NF-L, pNF-L, and NF-M are as indicated in the
legend to figure 1.
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boiled in the presence of SDS or left untreated. Samples were then
immunoprecipitated with one of three monoclonal antibodies (see Materials and
Methiods) which immunoprecipitate specific NF subunits (data not shown). In the
presence of SDS each antibody immunoprecipitated its specific subunit (Fig.4, lanes
L/+, M/+ and H/+). In addition the anti-NF-M and anti-NF-H antibodies
immunoprecipitated small amounts of NF-L (Fig.4, lanes M/ + and H/ +), perhaps
due to the partial removal of SDS by Triton micelles and the subsequent
reassociation of some of the subunits. In the absence of SDS the anti-NF-M and
anti-NF-H antibodies each immunoprecipitated much larger amounts of NF-L in
addition to the corresponding subunit (Fig.4, lanes M/- and H/-). The anti-NF-L
antibody immunoprecipitated both NF-M and NF-H (Fig.4, lane L/-) yielding a
pattern similar to that of the anti-NF-M and anti-NF-H lanes combined. These
results indicate the existence of units consisting of NF-L associated predominantly
with either NF-M or NF-H.

We then wished to determine whether the NF subunit associations seen
after 1 hr. OA treatment reflected the early fragmentation pattern as well as the
later pattern. Immunoprecipitation under denaturing and non-denaturing conditions
was carried out, following 1uM OA treatment for increasing times, with 13,000xg
Triton-soluble NFs. The association of NF-L with NF-M or NF-H was seen for all
time points examined (data not shown) implying that these heterooligomers may
constitute intermediates in NF assembly and disassembly in rat DRG neurons. If
this is true then we would expect to see a similar immunoprecipitation pattern
using NFs in a much smaller oligomeric state. DRG cultures treated with 1uM OA
for 6 hrs. give rise to a large pool of 100,000xg Triton-soluble subunits (cf. Fig.1).
These small, oligomeric units were then subjected to immunoprecipitation as
described above. Once again the pattern seen under non-denaturing conditions was
indistinguishable from that obtained using 13,000xg Triton-soluble NFs (Fig.5)
implying that these small oligomers were composed of heteromers of NF-L with
eitber NF-M or NF-H.
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Figure 4: Inmunoprecipitation of OA-induced, 13,000xg Triton soluble NFs. DRG
cultures were treated with 1uM OA for 1 br. and barvested in CSK buffer.
Supernatants treated with SDS (indicated above each lane) were boiled in the
presence of 0.3% SDS for 2 min. prior to immunoprecipitation. NF-L, NF-M, and
NF-H refer to the migration of the three NF subunits. H, M, and L above each
lane indicate the NF subunit antibody used for immunoprecipitation (see Materials
and Methods).
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Figure 5: Inmunoprecipitation of OA-induced, 100,000xg Triton soluble NFs. DRG
cultures were treated with 1uM OA for 6 hrs., harvested in CSK buffer at
100,000xg and immunoprecipitated in the presence or absence of SDS (indicated
above each lane) as described in Materials and Methods. NF-L, NF-M, NF-H, H,
M, and L are as described in the legend to figure 4.
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Previously (Sacher er al, 1994) we speculated that the OA-induced
fragmentation of NFs may represent the amplification of a mechanism for localized
NF disassembly. A small pool of 13,000x¢ Triton-soluble NFs is present in
untreated DRG cultures (Sacher et al, 1992, 1994). Using the immunoprecipitaion
procedure described above we examined whether the same NF subunit associations
existed in these untreated oligomers. Under non-denaturing conditions we noticed,
as with OA treated Triton-soluble NFs, an association between NF-L and the
larger subunits, although some NF-H co-immunoprecipitated with NF-M and NF-L
when using anti-NF-M antibody and some NF-M co-immunoprecipitated with the
two other subunits when using anti-NF-H antibody (Fig.6). Note, however, that the
ratio of NF-H to NF-M was higher in the immunoprecipitate obtained with anti-
NF-H antibody (Fig.6).
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Figure 6;: Immunoprecipitation of Triton soluble NFs from untreated neurons.
DRG cultures were harvested in CSK buffer at 13,000xg and immunoprecipitated
in the presence or absence of SDS (indicated above each lane) as described in
Materials and Methods. NF-L, NF-M, NF-H, H, M, and L are as described in the
legend to figure 4.
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Discussion

Treatment of DRGs with OA caused an increase in the phosphorylation of
the amino-terminal domain of NF-M (Fig.2) similar to that seen in NF-L (Sacher
et al, 1994) as well as a fragmentation of NFs (Sacher er al, 1992). The appearance
of two faint phosphopeptides in the sample obtained from untreated cultures
(Fig.2A) probably reflects the low amount of phosphate previously reported in this
region of the protein (Sihag and Nixon, 1990). It is apparent, however, that QA
treatment causes an increase in amino-terminal head domain phosphorylation.
Since NF-L appears to be the subunit responsible for allowing NF formation to
proceed (Ching and Liem, 1993; Lee et al, 1993; Ohara et al, 1993) the significance
of head domain phosphorylation in NF-M is unclear,

A fragmentation of native NFs similar to that seen in QA-treated DRGs
was recently reported following &1 vitro phosphorylation by cAMP-dependent
protein kinase (Hisanaga et al, 1994). In this case as well NF-L was shown to be
phosphorylated in the amino-terminal head domain. The same study showed that
NFs reassembled in vitro were broken into smaller oligomers than were native NFs
indicating that other proteins may be involved in maintaining NFs in an assembled
state or in mediating NF assembly in vivo.

The ability of both PP-2A, and PP-1_ to cause the disappearance of the
slower migrating forms of NF-L (pNF-L) and NF-M (Fig.3} may be due to0 a
removal of the same phosphate moieties, as the two enzymes have been shown to
have a broad and overlapping range of substrate specificities (Cohen, 1989). For
example, a brain-specific inhibitor of PP-1 (DARPP-32) that has been
phosphorylated by casein kinase-2 is a substrate for both PP-1 and PP-2A (Girault
et al, 1989). It is not clear whether the same phosphate moieties are removed from
this protein by the two phosphatases, although Agostinis ef al (1987) showed that
both PP-2A and PP-1 were capable of dephosphorylating the same mono-
phosphorylated peptide, albeit at different rates. An alternative explanation for
these results is that several phosphate moieties, some regulated by PP-1 others by
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PP-2A, may be involved in reducing the mobilities of the NF subunits and that
removal of either type of phosphate causes a return to the mobilities seen for
native subunits. This could be verified by selectively inhibiting PP-1 in vivo using
the heat stable inhibitors I1 and I2 (Aitken et al, 1982; Holmes et al, 1986) and
looking for the appearance of slower migrating NF subunits. It is interesting to
note that chronic treatment of rat DRGs with 10-20 nM OA does not cause the
appearance of slower migrating forms of NF subunits yet the amino-terminal
phosphorylation patterns for both NF-L. and NF-M are identical to those of
subunits from cultures treated with 1 uM OA (M.G.S., unpublished observations).
Since low OA concentrations inhibit PP-2A more effectively than PP-1, this result
implies that inhibition of PP-2A alone is not sufficient to cause a reduction in NF
subunit mobilities.

It has long been known that NF subunits can co-assemble with other IF
proteins in transfected cells (Chin and Liem, 1989,1990; Gill et al, 1990; Wong and
Cleveland, 1990; Soifer et al, 1991; Nash and Carden, 1991). However, in IF cells
neither of the three NF subunits could form homopolymers (Ching and Liem, 1993;
Lee et al, 1993) suggesting that NFs are obligate heteropolymers in vivo. The co-
immunoprecipitation studies show an association between NF-L and either NF-M
or NF-H (Figd4). Our failure to observe individual subunits after
immunoprecipitation under non-denaturing conditions, even when working with
oligomers soluble in Triton at 100,000xg, implies that these heterooligomers may
represent intermediates involved in the assembly and disassembly of NFs. These
data may explain the results of Ching and Liem (1993) and Lee ef af (1993):
namely, that NF formation cannot proceed in the presence of NF-L alone.
Moreover, the importance of NF-L in driving NF formation is demonstrated by the
inability of NF-M and NF-H to co-assemble in vivo (Ching and Liem, 1993; Ohara
et al, 1993). Consistent with this finding, we were able to detect increased levels
of associated NF-L following immunoprecipitation under non-denaturing conditions
using either anti-NF-M or anti-NF-H antibodies (Figs.4-6).
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Heterooligomers of NF-L and NF-M or NF-L and NF-H have never
previously been reported in vivo. Carden and Eagles (1986) did report the presence
of heterodimers of NF-I. and NF-M following disassembly of NFs at low pH and
low jonic strength conditions. Mulligan er al (1991) suggested that heterooligomers
consisting of NF-L with either of the two larger NF subunits could explain all
reassembly and immunoelectron microscopic data. Our co-immunoprecipitation
studies now provide biochemical evidence for the existence of such heteromers in
vivo.

Untreated DRG cultures contain a small pool of NF oligomers soluble in
Triton at 13,000xg. Immunoprecipitation under non-denaturing conditions using an
anti-NF-M antibody revealed the presence of oligomers containing NF-H and NF-L
in addition to NF-M (Fig.6). However, the ratio of NF-M to NF-H changed when
an anti-NF-H antibody was used instead (Fig.6). The presence of NF-H in addition
to NF-L and NF-M in the sample from untreated cultures immunoprecipitated with
an anti-NF-M antibody contrasts with its absence in OA treated DRGs (Figs.4 and
5). Perhaps the discrepancy is simply due to a difference in the size range of the
NF fragments in the two populations. In addition repulsive forces due to charged
amino acid residues and phosphorylation of the tail domains of NF-M and NF-H
may be further increased by hyperphosphorylation of the Triton-soluble NF
fragments from OA treated cultures rendering them more fragile and increasing
the likelihood that the peripherally associated NF-H subunit wiil dissociate. The
increased ratio of NF-H to NF-M seen using the anti-NF-H antibody (Fig.6)
implies that, while some of the NF-H subunit is associated with NF-L/NF-M
heterooligomers, NF-H/NF-L heterooligomers are also present.

The present results provide the first in vivo biochemical evidence for the
existence of heterooligomers consisting of NF-L associated predominantly with
either NF-M or NF-H. Clearly, this tissue culture system can be further exploited
to clarify the unresolved question of a cause and effect relationship between head
domain phosphorylation of NF subunits and NF assembly.
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Chapter 5
GENERAL DISCUSSION
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Previous work had led to the conclusion that phosphate moieties on NF
subunits were relatively stable. They were found to undergo turnover of up to 50%
of the initially incorporated phosphates over a five day period during transport
along the axon in situ (Nixon and Lewis, 1986). In addition Clark and Lee (1991)
showed that in cultured sympathetic neurons a similar percentage of phosphates
are turned over during a three day period. However, the demonstration that a
small amount of phosphate is found in regions outside the tail domain of NF-M
and NF-L (Sihag and Nixon, 1989,1990; Pleasure et a/, 1990), indicated that more
transient phosphorylation events were taking place.

In order to examine this possibility we chose to treat rat DRG cultures with
the serine/threonine protein phosphatase inhibitor OA. Surprisingly, we noted
differences in both the Triton solubility and phosphorylation state of NF subunits
in treated as compared to untreated cultures within 30-60 min. (Chapter 2, fig.1;
Chapters 3 and 4, figs.2). These results indicate that some phosphate moieties do
indeed undergo rapid turnover and explain the earlier difficulty in identifying them
against a high background of the more stable tail domain phosphorylation.
Alternatively, OA may serve to increase protein kinase activity by interfering with
regulatory mechanisms through the inhibition of PP-1 and PP-2A (Sassa et al,
1989).

The fact that phosphate moieties in the tail domain of both NF-M and NF-
H turn over slowly may be explained by the results of several groups studying other
systems. Agostinis et al (1990) and Donella-Deana et al (1990) reported that a
phosphoserine residue was poorly dephosphorylated by the catalytic subunits of all
four of the major serine/threonine protein phosphatases when it was followed by
a proline residue. Subsequently, Xu et al (1992) showed that a phosphoserine
residue carboxy-terminal to a lysine residue was poorly dephosphorylated by
alkaline phosphatase. Taken together these results would indicate that a
phosphosery! sandwiched between an amino-terminal lysine residue and a carboxy-

terminal proline residue (ie. Lys-Ser-Pro), as is found in multiple copies in the two
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higher molecular weight NF subunits, would be more resistant to
dephosphorylation. A sequence analysis of rat NF-M and NF-L showed that NF-L
contained one serine residue preceded by a lysine residue within its head domain.
In addition, while NF-L does not contain a serine residue followed by a proline
residue, NF-M does contain two such sequences in its amino-terminal portion at
amino acids-31 and -45. It would be of interest to determine whether these serines
in NF-M are among the transiently phosphorylated residues seen following OA
treatment as such phosphoserines would be expected to be relatively stable .

Further evidence for the presence on NF subunits of phosghate moieties
which turn over rapidly stems from the observation that QA-induced Triton
solubility was fully reversible for NF-L and NF-M within 2 hrs. of removing the
inhibitor from the culture medium and within 10 hrs. for NF-H (Chapter 2, fig.3).
The time frame for the reversibility of this OA-induced effect is much shorter than
the turnover rate noted in previous studies (Nixon and Lewis, 1986; Clark and Lee,
1991).

We have shown directly for NF-L and indirectly for NF-M that the OA-
induced phosphorylation of these subunits occurs predominantly in their amino-
terminal head domain (Chapters 3 and 4, figs.2). The amino-terminal fragment of
NF-M was too weakly *P-labeled foliowing cleavage with NTCB to allow for two-
dimensional phosphopeptide mapping. Although the C/N ratios for NF-M were not
determined as they were for NF-L (cf. Chapter 3), they appeared to be extremely
low indicating that the amino-terminal head domain was not highly phosphorylated
to begin with as has been reported previously (Sihag and Nixon, 1990). In addition
the low efficiency of NF-M cleavage obtained with NTCB further hindered our
ability to obtain sufficient amounts of the head domain fragment for two-
dimensional phosphopeptide mapping.

The correlation between NF fragmentation seen after 30-60 min. of OA
treatment and the appearance of head domain phosphorylation in both NF-L and
NF-M suggests that there may be a cause and effect relationship between the two

events. This suggestion is consistent with observations that amino-terminal
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phosphorylation of subunits in other IFs, including homopolymers composed of NF-
L, caused their fragmentation both in vitro and in vivo (Inagak e« al,
1987,1988,1989,1590; Geisler and Weber, 1988; Ando er al, 1989; Geisler et al,
1989; Chou et al, 1990,1991; Heald and McKeon, 1990; Nishizawa er al, 1991).

A similar fragmentation of NFs was recently reported by Hisanaga et al
(1994). These authors showed that reassembled NFs were broken into small,
100,000xg soluble oligomers following treatment with PKA. However, native NFs
were more resistant to such treatment and soluble fragments were detected only
at reduced centrifugation speeds. In addition, an unravelling of the PKA-treated
filaments was observed by electron microscopy. Our results are more comparable
with those obtained for the native NFs in the latter study and imply the
involvement of PKA in the fragmentation of NFs seen in vivo. This suggestion
conforms with the recent demonstration in our laboratory that PKA is involved in
the appearance of Triton-soluble forms of all three NF subunits following OA
treatment (B. Giasson and W.E. Mushynski, personal communication). Since PKA
is known to phosphorylate the head domain of NF-L and NF-M (Sihag and Nixon,
1990; Hisanaga et al, 1994) this would imply that NF assembly/diassembly may be
regulated by second messengers thus allowing for structural changes of the NF
network in response to external stimuli Direct testing of the cause and effect
relationship suggested above hinges upon identification of the OA-induced
phosphorylation sites in the head domain of both NF-L and NF-M. Point mutations
of tkese residues could then be effected and the assembly of the mutant proteins
could be examined both in vitro and in vivo.

The fragmentation of NFs seen at low OA concentrations and the reduction
in gel electrophoretic mobility of all three NF subunits seen at higher OA
concentrations (Chapter 3, fig.1) suggested that ighibition of PP-2A was responsible
for the former while the added inhibition of PP-1 caused the latter. Similar
treatment of BHK-21 cells with OA led to the suggestion that PP-1 was involved
in maintaining the organization of the IF and MT networks in those cells (Eriksson
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et al, 1992). The fact that PP-2A_ but not PP-1_ could remove these OA-induced
amino-terminal domain phosphates in vitro would appear to support the above
suggestion concerning PP-2A (Chapter 3, fig.4). It would however be necessary o
test the various forms of PP-2A (Chapter 1, table 2) for their ability to remove
these OA-induced phosphates before conclusively implicating this enzyme in the
regulation of NF dynamics since the various subunits seem to alter the activity and
specificity of PP-2A (Imaoka et al, 1983; Tsuiki er al, 1985; Mumby er al, 1987,
Chen et al, 1989; Sola et al, 1991; Goedert et al, 1992).

It is now well established that phosphorylation of NF-M and NF-H retards
their gel electrophoretic mobility (Julien and Mushynski, 1982). However, the
appearance of a slower migrating form of NF-L was never reported previous to our
studies (Chapter 2, fig.1). More recently Hisanaga er al (1994) also reported the
appearance of a slower migrating form of this subunit following in vitro
phosphorylation although the mobility was not perturbed to the same degree as by
OA. While it is not clear whether these slower migrating forms of NF-L arise from
similar phosphorylation events it is noteworthy that both are found exclusively in
the supernatant fraction following high speed centrifugation (>90,000xg), implying
that highly phosphorylated forms of NF-L cannot assemble properly.

There are three possible explanations for the observation that both PP-1,
and PP-2A_ caused the disappearance of the slower migrating forms of NF-L and
NF-M. First, these results may simply be due to the use of unregulated catalytic
subunits of the protein phosphatases. Once again use of the various forms of the
protein phosphatases may provide further insight into their involvement in the
generation of these electrophoretic variants. Alternatively, phosphate moicties
acted on by either PP-1 or PP-2A may together be involved in generating these
electrophoretic variants and removal of either type of phosphate will cause the
disappearance of these slower migrating forms of the NF subunits. Finally, PP-1,
and PP-2A_ may show overlapping specificity in vitro for the phosphate moieties
responsible for producing these electrophoretic variants (Cohen, 1989). The
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streptolysin-mediated introduction of I1, I2 or DARPP-32 into DRGs might
provide sume insight into whether inhibition of PP-1 alone is sufficient to produce
these electrophoretic variants, We have shown that low OA concentrations cause
the fragmentation of NFs but even prolonged treatment under these conditions did
not cause a change in the electrophoretic mobility of any of the NF subunits (data
not shown). Using a rationale similar to that stated above, this would suggest that
inhibition of PP-2A alone is not sufficient to generate these electrophoretic
variants.

Immunoprecipitation of OA-induced, Triton-soluble NF fragments under
denaturing and nor-denaturing conditions revealed that these soluble species are
heterooligomers composed of NF-L associated with eithzr NF-M or NF-H
(Chapter 4). It has long been assumed that NF-L forms the core of the NFs (Sharp
et al, 1982) as NF-L is ti.e only subunit capable of forming long, 10 nm wide
filaments in vitro (Geisler and Weber, 1981; Tokutake et al, 1984; Balin and Lee,
1991). This notion was bolstered by recent findings that NF-M and NF-H cannot
co-assemble in an IF cell line (Ching and Liem, 1993), and that neurons from
mutant quail which do not produce assembly competeat NF-L do not contain IFs
(Yamasaki et al, 1991). Lee et al (1993) showed that NF-M expressed to a level of
just 10% of that of NF-L was sufficient to drive NF assembly in an IF cell line.
This result is significant since it helps explain why both NF-L and NF-M are co-
expressed during development with NF-H appearing later (Shaw and Weber, 1982;
Pachter and Liem, 1984; Carden er al, 1987). In this respect it is interesting to note
that filaments assembled in vitro from NF-L and NF-M were longer than those
assembled from NF-L and NF-H (Balin and Lee, 1991).

Our data provide the first i vivo biochemical evidence that intermediates
involved in the assembly and disassembly of NFs are composed of heterooligomers
consisting of NF-L associated predominantly with either NF-M or NF-H. The
existence of similar oligomers under normal conditions was shown by performing

the same immunoprecipitation experiments with the Triton-soluble pool of NFs
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from untreated DRG. Soluble NF oligomers have been reported previously in
other systems (Shea er al, 1988; Gotow and Tanaka, 1994) and may represent the
units that are incorporated along the length of the NFs (Okabe er al, 1993). The
naturally occurring pool of Triton-soluble oligomers in DRGs differs somewhai
from the OA-induced pool since the former can be pelleied at 100,000xg whereas
the latter cannot after prolonged OA-treatment. In addition, the naturally occurring
soluble pool contains small amounts of NF-M or NF-H bound to the NF-L/NF-H
and NF-L/NF-M oligomers, respectively. The reason for this discrepancy is unclear,
although it may simply reflect differences in the relative size distributions of the
oligomers in the two soluble pools. Previously Carden and Eagles (1986) provided
in vitro evidence for the existence of an NF-L/NF-M heterodimer following
disassembly of ox NFs under low ionic strength and low pH conditions. However
such a2 dimer was not detected at similar levels by cross-linking whole NFs.

Recently, Mulligan et al (1991) performed immunoelectron microscopic
studies on reassembled NFs using monoclonal antibodies to known epitopes of the
three NF subunits. These anthors suggested that all reassembly and
immunolabeling resuits could be explained if it was assumed that the basic building
blocks of NFs were tetramers composed of homodimers of NF-L or heterodimers
containing NF-L and either NF-M or NF-H. These authors suggested that
heterodimers of NF-L/NF-M and NF-L/NF-H would be energetically more
favourable than homodimers of NF-M or NF-H due to the relatively neutral tail
domain of NF-L. In addition this model would predict a higher molar ratio of NF-
L to both NF-M and NF-H as has been reported (Scott et al, 1985) and would
imply that NF-H can be incorporated into pre-existing filaments as heterooligomers
also containing NF-L.

Previously we speculated that NF subunits were released as homooligomers
(Chapter 2). This was based upon the observed fragmentation and asynchronous
Triton-solubilization of NF subunits following OA treatment. However, the further
studies in Chapter 4 allowed us to conclude that the NF subunits are released and,
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by implication, incorporated as heterooligomers. The most plausible explanation
for the apparent asynchronous solubilization of the three NF subunits is to assume
that the NFs are fragmenting along their lengths rather than across their widths.
That is, since NF subunits (presumably in oligomeric states} are incorpora’.d along
the length of NFs (Angelides et al, 1989; Okabe et al, 1993) we can assume that
NF disassembly would most easily be accomplished by a reversal of this process
rather than by a severing of the NFs across their widths. This would explain the
appearance of differing proportions of all three NF subunits in the Triton-soluble
fraction. Of course, this model implies the existence of a gradient of each subunit
across the diameter of NFs, with NF-H being more highly concentrated in the
outer regions of the filament. NF-L would be found in these peripheral regions as
well since it is required to permit the incorporation of NF-H. NF-L, however,
would be more concentrated towards the core of the filaments since this subunit
is expres.ed earlier in development than NF-H and a complete re-organization of
the NF network following the appearance of NF-H has not been reported.

Our studies using the serine/threonine protein phosphatase inhibitor OA
1ave ailowed us to gain insight into the arrangement of the individuai NF subunits
within the NF. Besides providing in vivo biochemical evidence for the existence of
heterooligomers of NF-L associated predorainantly with either NF-M or NF-H we
have also been able to show a correlation between amino-terminal domain
phosphorylation of NF-L and NF-M and the fragmentation of NFs. The possibility
remains that phosphorylation of the amino-terminal domain of NF subunits
disrupts interactions between NFs and other cytoskeletal elements (Frappier et al,
1987; Hirokawa et al, 1988; Miyasaka et al, 1993) thus leading to Triton-solubility.
However, it is unlikely that such an event was responsible for the OA-induced
fragmentation since NFs reassembled in the absence of any other cytoskeletal
component are insoluble at 13,000xg. It therefore appears that phosphorylation of
the amino-terminal head domain of NF subunits regulates their assembly states as
is the case with other IFs.
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b]

Original contributions to knowledge
Treatment of primary cultures consisting of dissociated rat dorsal root
ganglia with the serine /threonine protein phosphatase inhibitor okadaic acid
(OA) was shown to:
cause a fragmentation of neurofilaments (NFs) as evidenced by the
appearance of subunits in the Triton-soluble fraction and a disruption of the
NF network as shown by immunofluorescence microscopy. The disruption
of the NF network was manifested as a punctate staining of the axons.
an increase in amino-terminal domain phosphorylation of both NF-L and
NF-M.
a reduction in the gel electrophoretic mobilities of all three NF subunits

signifying an increase in carboxy-terminal domain phosphorylation.

Based on the response to varying OA concentrations fragmentation was
inferred to be the result of protein phosphatase-2A inhibition whereas
phosphorylation leading to a reduction in gel electrophoretic mobility was
inferred to be due to inhibition of protein phosphatase-1.

Treatment of the OA-induced Triton-soluble NF fragments with either the
catalytic subunit of protein phosphatase-1 (PP-1)) or protein phosphatase-2A
(PP-2A) showed that:

PP-2A, removed the OA-induced amino-terminal domain phosphate
moieties in NF-L.

either PP-1, or PP-2A_ was capable of removing phosphate moicties
responsible for altering the gel electrophoretic mobilities of NF subunits.

Immunoprecipitation of Triton-soluble NFs demonstrated the existence of
heterooligomers consisting of NF-L associated predominantly with either
NF-M or NF-H. These oligomers were present in the 100,000xgTriton
supernatant and may represent intermediates involved in the dynamic
assembly and disassembly of NFs.
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