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Abstract

The activation of cyclic AMP-dependent protein kinase (PKA) in rat dorsal root
ganglion (DRG) cultures, treated concomitantly with low concentrations of okadaic acid
that selectively inhibit protein phosphatase-2A, enhanced the disassembly of neuronal
intermediate filaments (IFs). The latter disassembly correlated with phosphorylation of the
peripherin head domain and a novel, identified PKA site, Ser-2, in the low molecular mass
neurofilament (NF) subunit (NFL). On the other hand, insignificant levels of **P were

incorporated into a-internexin under control and experimental conditions that promote

disassembly. These findings indicate that phosphorylation of the latter protein is not
directly involved in the fragmentation of neuronal [Fs. Phosphopeptide mapping of the
mid-size NF subunit (NFM) revealed that **P-labelling of one of its many phosphopeptides
is correlated with neuronal [F fragmentation.

The expression and Triton X-100 (Triton) solubility of neuronal IF proteins were

determined in the developing rat cerebral cortex. The level of expression of a-intemexin

was unchanged from embryonic day 15 (E1S) to postnatal day 15 (P15), whereas
expression of NF subunits increased during this time interval. NFL was largely insoluble
in Triton from the time, PS, when there were sufficient amounts for its solubility to be

assayed. There was a continual reduction in the Triton solubility of NFM and a-internexin

during the E15-P15 developmental period. Similar expression patterns and Triton solubility
profiles were obtained for neuronal [F proteins in cultured neurons from E15 cerebral

cortex. These results suggest that a-intermexin is expressed earlier than NF proteins to

provide a more plastic network in the early developing brain.

Correlative studies and direct, in vivo activation of stress-activated protein kinases
(SAPKs) were used to demonstrate that SAPKs are involved in aberrant phosphorylation
of the perikaryal high molecular mass NF subunit (NFH). It was also shown that
hyperphosphorylation of perikaryal NFH is a reversible process that does not involve p38
kinases or extracellular signal-regulated kinases (ERKs). The use of defined peptide

substrates indicated that SAPKY preferentially phosphorylates KSPXE motifs in NFH.

SAPKy was shown to be located both in the cell body and neurites of cultured DRG

neurons, suggesting that it is likely to be involved in the phosphorylation of cytoplasmic
proteins. Collectively, these findings strongly support the notion that activation of SAPKs



causes the aberrant hyperphosphorylation of perikaryal NFH reported in many neurological
diseases.

Résumé

L’activation de la protéine kinase dépendante de I’AMP cyclique (PKA) dans des
cultures de ganglions dorsaux chez le rat, traitées simultanément avec des concentrations
d’acide okadaique qui inhibitent sélectivement la protéine phosphatase-2A, augmente le
désassemblage des filaments intermédaires (FIs) neuronaux. Ce désassemblage coincide
avec la phosphorylation du “domaine de téte” de la périphérine et un nouveau site de PKA,
sérine-2, dans la sous-unité des neurofilaments (NFs) de faible poids moléculaire (NFL).

Par ailleurs, des niveaux non-significatifs de **P sont incorporés dans I’a-intemexine sous
des conditions de contrdle et des conditions expérimentales qui induisent le désassemblage.
Ceci indique que la phosphorylation de I'a-internexine n’est pas directement impliquée

dans cette fragmentation des IFs. Des profils bidimensionnels de phosphopeptides de la
sous-unité des NFs de poids moyens (NFM) ont révélé que le marquage au **P d’un de ses
nombreux phosphopeptides augmente simuitanément avec la fragmentation des Fls
neuronaux.

L’expression et la solubilit¢ au Triton X-100 (Triton) des protéines des Fls
neuronaux ont été déterminées dans le cortex cérébral en développement chez le rat. Le

niveau d’expression de I'a-internexine n’a pas changé du jour embryonnaire 15 (E15) au
jour postnatal 15 (P15), mais |’expression des sous-unités des NFs a augmenté durant cet

intervalle. NFL était en gande partie insoluble au Triton A partir du temps, PS5, ol sa
solubilité pouvait étre déterminée. Une réduction continuelle de la solubilité au Triton du

NFM et de I'a-intemexine durant la période développementale E15-P15 a été observée.

Des patrons similaires d’expression et de solubilité au Triton ont été obtenus pour les
protéines des Fls neuronaux dans des cultures de neurones de cortex cérébral E15. Ces

résultats suggérent que I’a-internexine est exprimée avant les protéines des NFs pour offrir

un réseau filamenteux plus flexible durant le développement du cerveau.

Des études corrélatives et I’'induction in vivo des protéines kinases activées par le
stress (SAPKs) ont été utilisées pour démontrer que les SAPKs sont impliquées dans la
phosphorylation de la sous-unité de NFs de haut poids moléculaire (NFH) dans les corps
cellulaires. Il a aussi été demontré que 1’hyperphosphorylation du NFH dans les corps
cellulaires est un processus réversible qui est indépendant des kinases p38 et des kinases
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régulées par des signaux extracellulaires (ERKs). L'utilisation de peptides définis comme
substrats a démontré que les SAPKs préfeérent phosphoryler les motifs KSPXE du NFH. 1l

a aussi été démontré que SAPKYy est localisée dans les corps cellulaires et les neurites des

neurones de ganglions dorsaux en culture, suggérant que cette kinase est impliquée dans la
phosphorylation de protéines cytoplasmiques. Collectivement, ces résultats supportent
fortementla notion que I’activation des SAPKs cause I’hyperphosphorylation aberrante du
NFH dans les corps cellulaires, rapportée dans plusieurs maladies neurologiques.
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2) Discovered that phosphorylation of the head domain of peripherin
correlates with neuronal IF fragmentation in cultured DRG neurons.

3) Demonstrated that phosphorylation of a-internexin is not involved in the

fragmentation of neuronal [Fs caused by PKA activation and PP-2A
inhibition in cultured DRG neurons.
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the predominant neuronal IF subunit expressed in cerebral cortical neurons.
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3) Provided the first experimental evidence to support the notion that a-

internexin is expressed earlier than NF proteins during nervous system
development to provide a more plastic IF network.
Chapter 5: 1) Demonstrated a strong correlation between hyperphosphorylation of the

carboxyi-terminal domain of NFH and activation of SAPKYy in PC12 cells.

2) Demonstrated that ERKs were not involved in the stress-induced
hyperphosphorylation of NFH in PCI2 cells.

3) Demonstrated that treatments causing hyperphosphorylation of NFH in
PC12 cells have a similar effect on perikaryal NFH in cultured DRG

neurons.
4) Demonstrated that SAPKy preferentially phosphorylates KSPXE motifs in

the tail domain of NFH.
Chapter 6: 1) Demonstrated that direct activation of SAPKs by their upstream activator,
MEKK-1, causes NFH tail domain hyperphosphorylation in vivo.
2) Demonstrated that p38 kinases are not involved in the hyperphosphorylation
of perikaryal NFH.
3) Demonstrated that SAPKYy is found in cell bodies and neurites of cultured

DRG neurons. This finding implies that SAPK's also have a cytoplasmic role
rather than acting solely on transciption factors.

4) Demonstrated that hyperphosphorylation of perikaryal NFH is reversible,
thereby suggesting that a phosphatase (s) is likely to be involved in
maintaining perikaryal NFH in a hypophosphorylated state.

5) Demonstrated that neuritic NFH is highly phosphorylated in DRG cultures
devoid of Schwann cells. This observation indicates that induction of NFH



phosphorylation when it enters axons is not due to cues stemming from
Schwann cell-axon contacts.

6) Demonstrated that cdk-5 is inactive in cultured DRG neurons. Since neuritic
NFH is highly phosphorylated in these neurons, these findings provide the
first evidence indicating that cdk-5 activity is not required for NFH to attain a
highly phosphorylated state.

7) Results presented in chapters 6 and 7 strongly suggest that activation of
SAPKSs is responsible for the aberrant phosphorylation of perikaryal NFH
reported in many disease states.
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1. Introduction

1.1 The cytoskeleton

The cytoskeleton is the system of fibrillar structures in the cytoplasm of eukaryotic
cells. Microfilaments, intermediate filaments and microtubules are the three major types of
polymeric filaments which, in association with numerous binding proteins, constitute the
cytoskeleton. The term cytoskeleton is undoubtedly appropriate since these filamentous
elements form the supporting internal framework of cells. However, inclusion of the word
“skeleton” in this term has an unfortune connotation since it implies that the cytosketeton is
a static structure. It is actually a highly dynamic matnx involved in intracellular transport,
determination of cell shape, cellular motility, cell division and many other essential
functions.

The following sections will highlight only the major characteristics of
microfilaments and microtubules. The remainder of this introduction will be dedicated to a
review of the literature on intermediate filaments, especially aspects pertaining to neuronal
cells.

1.1.1 Microtubules

Microtubules (MTs) are 23-24 nm wide filaments consisting of 13 laterally
associated, longitudinal rows of globular subunits encircling a hollow-appearing center
(Amos and Baker, 1979). The MT subunit, known as tubulin, is a heterodimer containing

one a-tubulin and one f-tubulin polypeptide. Tubulin assembles with a specific

directionality which endows MTs with a defined polarity, such that the two ends display
different assembly kinetics (Kirschner and Mitchison, 1986). In most higher eukaryotic
cells, the majority of MTs are nucleated at their so-called minus or stow growing end by
MT organizing centers so that only the rapidly growing, plus end is involved in
polymerization (Bergen et al., 1980). In neurons, axonal MT arrays run parallel to the
axonal axis with the minus end oriented towards the cell body and the plus end towards the
axon terminus (Burton and Paige, 1981; Heidemann etal., 1981).

In mammals, six a-tubulin and six P- tubulin genes have been identified
(Villasanteet al., 1986; Littleand Seehaus, 1988). The six a~tubulin genes are more than
94% homologous (Little and Seehaus, 1988). Five of the f-tubulin genes (B2-p6), are
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more than 90% homologous, with the greatest variability occurring in the C-termini
(Burgoyne et al., 1988; Little and Seehaus, 1988). The expression of tubulin isogenes

varies between different tissues. Noteworthy is the finding that the expression of B4 is

restricted to the brain although this organ also expresses §2, B3, B5 and f6 (Lewis et al.,

1985; 1987; Lewis and Cowan, 1988). The functional differences between the different
tubulin isotypes are poorly understood, although biochemical differences have been
reported (Luduena etal., 1985; Banerjee and Luduena, 1987; Joshi etal., 1987).

a-tubulin and fB-tubulin are both modified post-translationally by two rare, if not
tubulin-specific, processes, polyglutamylation and polyglycylation. Polyglutamylation
occurs at Glu 445 in a-tubulin (Eddé et al., 1990) and Glu 438 in B-tubulin (Alexander &

al., 1991). In the latter modification, the first glutamic acid residue is attached to the y-
carboxyl group, but more distal units may be linked by amide bonds involving either the
a- or y-carboxyl group. Up to 40-50 % of a-tubulin (Edde et al., 1990) and 85 % of

class III B-tubulin (Alexander et al., 1991) in the brain are polyglutamylated.
Polyglycylation is a potentially bulky modification wherein 3 to 34 glycl units can be
convalently attached to the y-carboxyl group of Glu 445 in a-tubulin or Glu 437 in -
tubulin (Redekeret al., 1994).

a-ubulin is modified by two additional, relatively unusual post-translational

modifications. The C-terminal tyrosine is subject to cyclical removal and religation by
tubulin carboxypeptidase and ligase enzymes, respectively (Barra et al., 1988). Based on
the enzymatic properties of tubulin ligase (Beltramo., 1987) and carboxypeptidase (Kumar

and Flavin, 1981), a model has been formulated which proposes that a-tubulin is

detyrosinated following its assembly into MTs and re-tyrosinated when tubulin is released
during the course of MT disassembly (Barra et al., 1988). The physiological role of

tyrosination/detyrosination is poorly understood. The tyrosination state of a-tubulin does

not alter the assembly/disassembly properties of tubulin (Paturle et al., 1989).
Detyrosinated tubulin is found in stable MTs (Cambray-Deakin, 1987; Kreis, 1987), but
the modification is a consequence rather than the cause of stabilization (Khawaja et al.,

1988; Webster et al., 1990). Acetylation of the &€ amino group of lysine-40 is another post-

translational modification that occurs on a-tubulin (L’Hemalt and Rosenbaum, 1985;
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LeDizet and Piperno, 1987). Acetylated a-tubulin is frequently co-localized with

detyrosinated a-tubulin (Cambray-Deakin, 1987) and MTs containing the former may also
turn over more slowly (Webster and Borisy, 1989).

The latest addition to the tubulin gene family is y-tubulin. It was discovered in the
fungus Asperillus nidulans as a suppressor of a temperature-sensitive mutation in the f-

tubulin gene (Oakley and Oakley, 1989). y-tubulin is localized at the centrosome and is not

detected within the MT latticeitself (Stearns et al., 1991; Zheng et al., 1991). It is involved
in the initation of MT assembly and in the anchorage of MTs to MT organizing centers
(Stearns et al., 1991; Baas and Joshi, 1992).

MTs are involved in many types of movement, including chromosome segregation
and ciliary or flageliar molility. They also serve as tracks for the transport of small vesicles
within the cytoplasm. Similarly in neurons, they are involved in anterograde and retrograde
axonal transport. Kinesin is the the ATP-dependent, microtubule-based motor invoived in
anterograde transport (Lasek and Brady, 1985; Vale et al., 1985). Cytoplasmic dynein,
also known as MT associated protein (MAP)-1C is the protein motor involved in retrograde
transport (Paschal and Vallee, 1987; Paschal etal., 1987).

MAP:s are a heterogeneous group of molecules that co-purify with MT's and are
particularly abundant in the brain. Tau MAPs comprise a group of six polypeptides, with
molecularmasses of 55,000 to 62,000 in the adult rat brain, that were first discovered as
promoters of tubulin polymerization in vitro (Cleveland etal., 1977a, b). Tau was initially
reported to be present only in axons (Binder et al., 1985), although it was subsequently
shown to also be found in the neuronal cell body and dendrites (Papasazomenos and
Binder, 1987). Tau molecules form side-arms that project from the MT surface and appear
to cross-link adjacent MTs (Hirokawa et al., 1988). Tranfection studies with tau cDNA
demonstrated that tau caused bundling of MTs (Kanai et al., 1989).

Other MAPs expressed in the nervous system include MAPs-1A, -1B, -1C, -2a, -
2b, -2c, -3, 4 and -5. MAPs-2a, -2b and -2c are proteins with approximate molecular
masses of 280 kD, 280 kD and 70 kD, respectively, which are generated by alternative
splicing of a single gene transcript (Gamer and Matus, 1988). MAP-2, MAP-1A and MAP-
1B are expressed in neuronms, although MAPs-1A and -1B are also present in neuroglia
(Bloom et al., 1984; 1985). MAP-1A and MAP-1B are found in axons, cell bodies and
dendrites (Bloom et al., 1984; 1985) while MAP-2a and MAP-2b are localized to cell
bodies and dendrites (Bernhardt and Matus, 1984; Burgoyne and Cumming, 1984; De
Camilli et al., 1984). In contrast to the other MAP-2 species, MAP-2c is also present in
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axons (Tucker et al., 1988). MAPs-3,-4 and -5 are less abundant than the other MAP
species mentioned above. They were identified following the production of antibodies
using MT preparations for immunization (Parysek etal., 1984; Huber et al., 1985; Riederer
et al., 1986). Most of the MAPs have been shown to promote tubulin polymerization in
vitro (Sloboda et al., 1976; Cleveland et al., 1977a, b; Kuznetsov et al., 1981; Huber et
al., 1986; Riedereretal., 1986).

1.1.2 Microfilaments

Microfilaments (MFs) are 4-6 nm diameter filaments present in all eukaryotic cells
(Pollard and Cooper, 1986). These filaments play major roles in many basic cellular
functions such as cytokinesis (Schroeder, 1973), endocytosis (Larsen et al., 1979),
secretion (Cheek and Burgoyne, 1986; Bernstein and Bamburg, 1989), motility
(Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996) and cell adhesion
(Jones, 1996). In neurons, MFs are especially important for guidance of axonal elongation.
They are by far the major cytoskeletal component at the leading edge of the neuronal
growth cone since only occasional MT's enter this MF-rich domain (Letourneau, 1983;
Bridgeman and Daily, 1989). Experiments with the inhibitor of MF assembly, cytochalasin
B, demonstrated the importance of MFs in axonal guidance. Cytochalasin B causes a
cessation of filopodial activity, accompanied by the withdrawal of filopodia (Forscher and
Smith, 1988). Neurite outgrowth continues in the absence of filopodia, although it
becomes undirectional (March and Letourneau, 1984; Bertley and Taroion-Raymond,
1986).

MFs are assembled from monomeric, globular (G)-actin (Korn, 1982). The
structure of MFs has been determined based on image reconstruction from crystalline actin
sheets (Egelman and DeRosier, 1983) and X-ray crystallographic analysis (Holmes et al.,
1990). Actin monomers have a dumbbell structure and they interact to form a helical
filament. Decoration of MFs with proteolytic fragments of myosin has demonstrated that
they have a defined polarity (Huxley, 1963), which is due to the head-to-tail polymerization
of subunits (Korn, 1982).

Atlease six different actin genes are expressed in higher vertebrates and the various
actins show greater than 94% sequence identity (Vanderckhove and Weber, 1984; Pollard

and Cooper, 1986). Two of these genes encode the B and y non-muscle actins which are

expressed in the nervous system. The ratio of B to y actin isoforms varies from 1:1 to 6:1
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depending on the tissue (Otey et al., 1987). The functional basis for the existence of
multiple actins isoforms is not clearat present.

Many types of posttranlational actin modification have been reported. Removal of
the N-terminal methionine residue and acetylation of the resulting N-terminal aspartate
residue (Vanderckhove and Weber, 1984; Solomon and Rubenstein, 1985) as well as
methylationof a single histidine residue (Garrels and Gibson, 1976; Saborio and Palmer,
1981) appear to occur in all nonmuscle actins. Phosphorylation and ADP-ribosylation have
also been observed (Dunkley and Robinson, 1983; Ohishi and Tsuyama, 1986). The
functional significance of most of these post-translational modifications in not known,
although ADP-ribosylation increases the monomeric actin concentration in cells and
disorganizes the MF network (Reuner et al., 1987).

A large number of proteins bind to G-actin and to MFs. For example, myosin, the
thick-filament protein of muscle, is responsible for energy transduction in muscle
contraction (Warrick and Spudick, 1987). Numerous accessory proteins have been
reported to affect MF dynamics by sequestering actin monomers, or by severing, capping,
stabilizing, or bundling MFs. Actin binding proteins are also involved in anchorage of MFs
to the plasma membrane (see Pollard and Cooper, 1986; Bamburg and Bernstein, 1991 for
reviews).

1.2 Intermediate filaments

Intermediate filaments (IFs) are 10 nm-wide fibers expressed in all higher
eukaryotic cells. Their name derives from their intermediate diameter, which falls between
those of MFs (4-6 nm) and MTs (23-24 nom). IFs are composed of subunits belonging to
the superfamily of IF proteins. IF subunits are expressed in a cell-type specific manner and

they have been divided into different types based on sequence homologies in their a-helical
rod domain (Table. 1)Steinert and Roop, 1988; Fuchs and Weber, 1994). Not included in
Table 1 is filensin, a novel IF-like protein (Gounari et al., 1993). Filensin is a component
of the membrane-skeleton expressed during differentiation of vertebrate lens epithelial cells
(Merdes et al., 1991). It can form short 10 nm fibrils in vitro and it binds to vimentin
(Merdesetal., 1991).

The functions of IFs are poorly understood, although they are believed to regulate
cell shape, affect cell adhesion and provide intracellular mechanical strength (Goldman et

al., 1996). It has also been proposed that I[Fs may target specific mRNAs to specific
intracellular compartments (Skalli and Goldman, 1996).
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Size (kDa) | Cell"type specific
expression
Acidic Keratins o
Basic Keratins 40-70 i _
(~12 proteins) - Epithelial cells

| Mesenchymal cells
Muscle cells

Glial cells and

Vimentin
Desmin

Glial fibrillary
acidic protein

50

Peripherin 53(56-57)

Most neurons

Neurofilament-H 110-115 (200)

Most neurons

95-100 (150)
62 (68)
55 (66)

Neurofilament-M

Most neurons

Neurofilament-L

Most neurons

a-intemexin

Nuclear lamina
of all higher
eukaryotes

Lamins
(A, B81,B2and C)

Neuronal and glial
progenitors of the
CNS and developing
skeletal muscle

Table 1. The IF protein family. IF proteins have been divided into different types
according to sequence homologies in the a-helical rod domain (Steinert and Roop., 1988).

The sizes correspond to the predicted molecularmasses of the subunits deduced from their
cDNA sequences. The sizes of neuronal IF proteins indicated in parentheses correspond to
the apparent molecular masses determined by SDS-PAGE. The information in this table

was obtained from Fuchs and Weber, 1994 and Lee and Cleveland, 1996.
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1.2.1 IF protein structure

All IF proteins have a highly conserved central a-helical rod domain which is

flanked by nonhelical amino-terminal head and carboxy-terminal tail domains (Fig. 1A).
These proteins differ from each other biochemically and antigenically mainly due to
differences in the sequence and length of their head and tail domains. The rod domains of
types I-IV and type VI IF proteins are approximately 310 amino acids in length, while the
corresponding domains of type V IF proteins are 42 amino acid longer (Steinert and Roop,
1988; Fuchs and Weber, 1994). Filensin has a shorter rod domain consisting of 281 amino
acids (Gounari etal.,1993). The rod domain posseses a heptad repeat sequence pattern of
the form (a-b-c-d-e-f-g), (Parry et al., 1977; Steinert and Roop., 1988), important for I[F
assembly (see section 1.2.2). In most IF proteins, the rod domain is interrupted by three

short linkers designated as L1, .12 and L2. L1 and L12 are non- a-helical; L2 is a-helical

but does not conform to to a heptad sequence and usually contains a tryptophan residue
(Schneidner et al., 1988; Steinert and Roop, 1988). These three interuptions divide the rod

domain into four a-helical tracts designated as 1A, 1B, 2A and 2B (Steinert and Roop.,

1988; Fuchs and Weber, 1994). The heptad repeats in the mid-sized and heavy molecular
mass neurofilament (NF) subunits, NFM and NFH, respectively, are in phase across their
L1 linker (Levy etal.,1987; Myers et al., 1987; Napolitano et al., 1987; Lees et al., 1988;
Schneidman et al., 1988; Chin and Liem, 1990). These two subunits also lack the proline
residue which is found in the L1 linker of many IF proteins (Scheidman et al., 1988).

Consequently, the 1A and 1B a-helical tracts of NFH and NFM are continuous.

1.2.2 IF assembly

The first step in IF assembly involves the left-handed intertwining of the rod
domains of two subunits to produce a coiled-coil dimer. Coiled-coil dimer formation was
originally predicted from X-ray diffraction data (Crick, 1953; Pauling and Corey, 1953).
Predictions based on computer analysis of partial IF protein sequences concluded that the
most favourable polypeptide interactions would lead to the formation of an in register,
parallel dimer (Parry et al., 1977; McLachlan 1978; Steinert et al., 1984). Results of
chemical cross-linking at the single cysteine residue of vimentin, desmin, glial fibrillary
acidic protein (GFAP) and the low molecular mass NF subunit (NFL.) in intact IFs have
also been interpreted as supporting the in register, parallel arrangement (Quinlan and
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HEAD ROD TAIL
N Tl ]aale]  Jc

Figure 1. (A) Schematic diagram of IF protein domain organization. Head, rod and tail
domains are indicated. The a-helical rod domain is subdivided into 4 segments (1A, 1B,
2A and 2B) due to the presence of 3 linker regions. The amino- and carboxy-termini are
labelled N and C, respectively. (B) End-on view of two a-helices interlocking to form a

coiled-coil dimer. The sequences have a heptad repeat pattern of residues of the form (a-b-
c-d-e-f-g) ; a and d are usually apolar, while e and g are frequently of opposite charge and
can form a salt bridge.
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Franke, 1982; 1983; Carden and Eagles, 1983; Parry etal, 198S). The ability to cross-link
homodimeric desmin, vimentin and NFL, dissolved in 3 M guanidine hydrochloride, via
their unique cysteine residue also supported this dimer arrangement (Quinlan et al., 1986).

The types of interactions driving coiled-coil dimer formation pertain to the nature of
amino acid residues in the heptad repeats. Positions a and d are usually occupied by apolar
residues, while b, ¢, e, f, and g often contain polar or charged residues (Parry etal., 1977;
Steinert and Roop, 1988). The a and d residues in two adjacent polypeptides form
hydrophobic strips, while e and g residues on adjacent polypeptides and of opposite
charge may form salt bridges to further stabilize dimers (Fig. 1B) (Cohen and Parry.,
1990).

The second stage of IF protein interaction is at the tetramer level. This progession is
supported by evidence such as the isolation of tetrameric cytokeratin complexes in solutions
of 4 M urea or 2 M guanidine hydrocloride (Quinlan et al., 1984; Ward et al., 1985) and
tetrameric GFAP and NFL in low ionic strength solutions (Rueger et al., 1979; Cohlberg et
al., 1987). Furthermore, a small pool of tetrameric vimentin is observable in cells lysed
with near-physiological buffer (Soeliner et al., 1985). The structure of [F protein tetramers
is still controversial. Dimer units have been reported to form paraliel (Hisanaga et al.,
1990a) or anti-parallel associations (Geisler et al., 1985a; Coulombe and Fuchs, 1990;
Steinert and Parry, 1993; Steinert et al., 1993a, b) with each other. Furthermore, two
dimers can form tetramers by associating in a close to register arrangement (Coulombe and
Fuchs, 1990; Hisanaga et al., 1990a; Steinert and Parry, 1993a, b; Steinert et al., 1993) or
in a staggered arrangement (Ip et al., 1985; Coulombe and Fuchs, 1990; Potschka et al.,
1990; Steinert and Parry, 1993a, b; Steinertetal., 1993;).

Information concerning higher-order interactions involved in IF structure has been
obtained by electron microscopy. Two- to three-nm wide protofilaments are believed to
consist of tetramers associated end to end (Aebi et al., 1983; Ip et al., 1985). Two
protofilaments appear to associate laterally to form 4.5 nm wide protofibrils (Aebi et al.,
1983) and four protofibrils twisted in a right-handed sense appears to form the mature [F
(Aebietal., 1983).

Cytoplasmic IF proteins such as purified cytokeratins, desmin, vimentin, GFAP
and NF subunits are capable of forming morphologically normal IFs in the absence of other
proteins or co-factors (Steinert et al., 1976; Huiatt et al., 1979; Ruegeretal., 1979; Geisler
and Weber, 1980; 1981a, b; Zackroff et al., 1982; Liem and Hutchison, 1982; Aebi et al.,
1983). Keratin subunits can form homodimers, but they appear to be incapable of forming '
homo-polymeric filaments (Hatzfeld and Franke, 1985; Hatzfeld and Weber, 1990; Steinert
1990). Rather, keratin polymerization requires a 1:1 ratio of acidic (Type I) to basic (Type
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H) keratin subunits (Hatzfeld and Franke, 1985; Coulombe and Fuchs, 1990; Hatzfeld and
Weber, 1990; Steinert, 1990). Type III IF proteins such as vimentin, GFAP and desmin
can form homopolymers in vitro and in vivo (Huiatt et al., 1979; Rueger et al., 1979;
Geisler and Weber, 1980; 1981a; Sarria et al., 1990; Raats et al., 1991). Type III IFs do
not coassemble with keratins as evidenced by the finding that two distinct IF networks are
formed in cells expressing both vimentin and keratins (Osborn et al., 1980; Tolle et al.,

1985).
1.2.3 IF dynamics

IFs are generally presumed to be the most stable component of the mammalian
cytoskeleton. One of the major reasons for this notion was the finding that IFs are largely
insoluble when cells are lysed in buffers containing non-ionic detergents. However, a
variety of biophysical methods have been used to demonstrate that IFs are actually dynamic
entities. Fluorescence resonance energy transfer studies with fluorescently labelled NF
proteins or desmin revealed that unpolymerized IF proteins exist in a steady-state
equilibrium with intact IFs (Angelides et al., 1989). Photobleaching studies with
rhodamine-labelled vimentin, NFL. or NFH also demonstarted that IFs can accept and
exchange subunits along their entire surface (Vikstrom et al.,1992; Okabe et al., 1993,
Takeda et al., 1994). Finally, experiments with peptides derived from the helix 1A tract
demonstrated their capacity to exchange and cause the disassembly of vimentin IFs both in
vitro and invivo (Goldman et al., 1996).

1.2.4 Regulation of IF assembly

The finding that IFs rearrange during cell division (Aubin et al., 1980) gave rise to
the notion that [F assembly must be regulated. Some of the eariest studies implicating
phosphorylation in the regulation of IF assembly were performed in vitro using purified
type III IF proteins and protein kinases. Phosphorylation of vimentin with protein kinase
A/cAMP-dependent kinase (PKA) or protein kinase C caused filament disassembly and
blocked assembly (Inagaki et al., 1987; 1988; Geisler et al., 1989). These regulatory
phosphorylation events occurred within the head domain of vimentin (Evans 1988; Ando et
al., 1989; Geisler et al., 1989). Furthermore, direct injection of PKA into fibroblasts
caused the collapse and tight bundling of vimentin IFs around the nucleus (Lamb et al.,
1989). Phosphorylation of the head domain of desmin and GFAP was also shown to
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regulate the assembly of these filaments in vitro (Geisler and Weber, 1988; Inagaki et al.,
1988; 1990; Kitamuraetal., 1989).

P34°** kinase was identified as one of the major protein kinases involved in the
phosphorylation of vimentin during mitosis (Chou et al., 1990). Phosphorylation by this
kinase is associated with the depolymerization of vimentin IFs to form cytoplasmic
aggregates in vivo (Chou etal., 1989) and with vimentin disassembly in vitro (Chou et al.,
1990). Ser 41, Ser 55 and Ser 65 within the head domain of vimentin were identified as the
amino acid residues phosphorylated by p34°** kinase (Chou et al., 1991). The
phosphorylation of GFAP at Ser 8 by p34** kinase has also been implicated in the
rearrangement of the glial IF network during the G,-M phase (Matsuoka etal., 1992).

P34 kinase phosphorylates nuclear lamins ir vifro at sites comparable to those
phosphorylated in vivo during mitosis (Peter et al., 1990; Ward and Kirschner, 1990).
Modification by the latter kinase also induces lamin network disassembly in vitro.
Furthermore, double-substituted mutation of lamin A at Ser 22 and Ser 392, two of the
identified phosphorylation sites, blocked disassembly of the nuclear lamina during mitosis
(Heald and McKeon, 1990).

The importance of protein phosphatases in the regulation of IF dynamics became
evident with the availability of specific, cell permeable phosphatase inhibitors. Treatment of
cells with okadaic acid or calyculin A, two potent inhibitors of protein phasphatase (PP)-1
and PP-2A (Cohen et al., 1989; Ishibura et al., 1989) caused hyperphosphorylation and
fragmentation of vimentin IFs (Yatsunami et al., 1991; Lee et al., 1992; Almazan et al.,
1993).

1.3 Neuronal IFs

The earliest IF proteins expressed in and associated with development of the
mammalian nervous system are vimentin (Tapscott et al., 1981; Cochard et al., 1984) and
nestin (Frederikson and McKay, 1988; Lendahl et al., 1990). However, the expression of
both proteins is silenced when neuronal precursor cells become postmitotic. Postmitotic
neurons may express some or all of five other IF proteins. Three of these comprise the NF
triplet, consisting of NFL, NFM and NFH (Hoffman and Lasek, 1975; Liem et al., 1978;

Schlaepferetal., 1978). a-intemexin and peripherin are the other two IF proteins found in

neurons (see Table 1 and below).
NFs were first detected as thin fibrous structures in silver stained preparations of
many types of neurons. These structures, initially called neurofibrils, were regarded by
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many physiologists as an artifact of fixation. Only after the midcentury, when they were
observed by electron microscopy as 10 nm diameterfilaments, were NFs acknowledged to
be real organelles (Schmitt, 1968).

NFM is the first NF subunit to be expressed in many types of neurons during
development. (Bennett and Dilullo, 1985a; Szaro et al., 1989; Schlaepfer and Bruce,
1990). The expression of NFL reportedly occurs simultaneously or soon after NFM (Shaw
and Weber, 1982; Willard and Simon 1983; Pachter and Liem, 1984; Carden et al., 1987;
Schlaepfer and Bruce, 1990; Athlanet al., 1997). On the other hand, NFH expression has
been consistently reported to occur later than the other neuronal IF proteins during
development (Shaw and Weber, 1982; Willard and Simon 1983; Pachter and Liem, 1984;
Carden et al., 1987; Athlan et al., 1997). In large myelinated axons, NFs acccumulate to
become the most abundant fibrillar element, outnumbering MTs by as much as 10 to 1
(Hoffman et al., 1984).

a-internexin was originally purified as a NF binding protein (Pachter and Liem,

1985). It was lateridentified as a true neuronal IF protein (Chiu et al., 1989; Kaplan et al.,
1990; Fliegneretal., 1990). Its expression precedes that of the other neuronal IF proteins
and it is down-regulated in the aging nervous system (Chiu et al., 1989; Kaplan et al.,

1990; Fliegner et al., 1990; 1994). a-internexin appears to be found in most, if not all,

neurons.

Peripherin was intially identified as a 56 kD Triton-insoluble protein present in
PC12 cells and murine neuroblastoma cells (Portier et al., 1984a). Since the protein was
detected in sympathetic and sensory neurons, but not in nonneuronal cells or in several
brain regions, it was named peripherin (Portier et al., 1984a,b). Based on its
immunoreactivty with [F-specific antibody, filamentous staining pattern and single centrally
located tryptophan residue, peripherin was proposed to be a novel IF protein (Portier et al.,
1984b). Peripherin was confirmed to be an IF protein when its cDNA was cloned by two
different groups. Parysek and co-workers purified peripherin as a 57-kDa Triton-insoluble
protein that could form 10 nm filaments in vitro (Parysek and Goldman, 1987) and they
eventually cloned its cDNA (Parysek et al., 1988). At about the same time, another group
cloned the cDNA of a novel IF protein while screening for messenger RNAs that were
induced when PC12 cells were challenged with nerve growth factor (NGF) (Leonard et al.,
1988). This novel IF protein was subsequently shown to be peripherin (Aletta et al.,
1988). Peripherin is expressed in neuroas of the peripheral nervous system as well as in
CNS neurons which extend axons to the periphery (Leonard et al., 1988; Parysek and
Goldman, 1988; Escuratetal., 1990).
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1.3.1 Distinctive features of NF subunits

The main distinguishing feature of NF subunits compared to other IF proteins is
their tail domain. For NFL, this region is highly acidic, with many glutamic acid residues
(Geisler et al., 1985b; Julien et al., 1986; 1987; Chin and Liem, 1989). NFM and NFH
have unusually long tail domains. The NFM tail domain contains many glutamic acid-rich
and glutamic acid/lysine-rich segments (Levy et al., 1987; Napolitano et al., 1987; Myers et
al., 1987). Lysine-serine-proline (KSP) repeats are a feature of both NFM and NFH tail
domains, which contain 4 to 13 and 42 to 55 of these repeats, respectively (Levy et al.,
1987; Myers et al., 1987; Napolitano et al., 1987; Lees et al., 1988; Julien et al., 1988;
Schneidman et al., 1988; Chin and Liem, 1990; Soppet et al., 1992) .

NFM and NFH purified from axons have apparent molecular masses of
approximately 150 kDa and 200 kDa, respectively, on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), (Hoffman and Lasek, 1975; Liem et al.,
1978; Schlaepfer and Freeman, 1978) as compared to 95-100 kDa and 110-115 calculated
from from their deduced amino acid sequences. The anomalous electrophoretic mobility is
partly due to the high content of phosphate moieties in the tail domains of both proteins
(see section 1.3.4). The high content of carboxylic amino acid residues in the tail domain
also contributes to the aberrant mobility of these proteins on SDS-PAGE (Georges and

Mushynski, 1987).
1.3.2 NF ultrastructure

NFs are composed of a longitudinal core structure with many short protrusions
(Hirokawa, 1982; Hisanaga and Hirokawa, 1988). Many studies support the notion that
these side-arms are the tail domains of NFM and NFH extending laterally from the
filament core. Homopolymeric NFL filaments are smooth-walled, without the protrusions
characteristicof native NFs. Reassembly of NFL in the presence of NFH or NFM restores
the side-arms (Hisanaga and Hirokawa 1988; 1990; Gotow et al., 1992). In addition, the
side arms are decorated only by antibodies directed against the tail domains of NFH and
NFM (Hirokawa etal., 1984; Mulliganetal., 1991). However, itis unlikely that NFH and
NFM are located solely at the periphery of NFs. NFM and NFH preferentially pair with
NFL to form dimers (Carpenter and Ip., 1996; Leung and Liem, 1996). In 2 M urea, they
can form stable tetramers only in the presence of stoichiometric quantities of NFL
(Cohlberg et al., 1996). Furthermore, the ratio of NFM plus NFH to NFL in vivo has
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been reported to be within the range of 0.5: 1 to 1.25:1 (Shecket and Lasek, 1980; Moon et
al., 1981; Chiu and Norton, 1982; Scott et al., 198S). Taken together, these results support
the idea that all three NF subunits are integral components of NFs.

Axonal NFs run parallel to each other and side-arms appear to form cross-bridges
between adjacent NFs (Hirokawa, 1982; Hirokawa et al., 1984; Nakagawa et al., 1995).
Side-arms also appear to contact MTs and membranous organelles (Hirokawa 1982;
Nakagawa etal., 1995).

1.3.3 Neuronal IF assembly

Purified NF triplet proteins can reassemble into 10 nm filaments when dialyzed
from denaturing solutions into solutions of physiological ionic strength (Liem and
Hutchison, 1982; Zachroff et al., 1982; Carden and Eagles, 1983). NFL alone can also
reassemble into smooth-walled 10 nm filaments in vitro (Geisler and Weber, 1981b; Liem
and Hutchison, 1982; Zachroff et al., 1982; Hisanaga and Hirokawa, 1988; 1990).
Combinations of NFL. and NFM or NFL and NFH also reassemble into 10 nm filaments
(Geisler and Weber, 1981b; Liem and Hutchison, 1982; Hisanaga and Hirokawa, 1988;
Balin and Lee, 1991). NFM and NFH alone or in combination are incapable of forming
complete filaments (Geisler and Weber, 1981b; Liem and Hutchison, 1982; Zachroff et al.,
1982). However, NFM self-assembles into short, irregular 10 nm filaments under optimal
conditions (Balin and Lee, 1991; Gardner et al., 1984).

Although NFL can form homopolymeric filaments in vitro, NFs are obligate
heteropolymers in vivo. DNA transfection studies in a cell line deficient in endogenous
cytoplasmic IFs (SW 13)) demonstrated that neither of the NF subunits alone could
assemble in vivo (Ching and Liem, 1993; Lee et al., 1993). Assembly in these cells
required NFL and a substoichiometric amount of either NFM or NFH. The
heteropolymeric requirement for NF subunit assembly was also studied in
oligodendrocytes of transgenic mice. In these cells, which are normally devoid of IFs,
extended filamentous arrays were observed only when both NFL and NFM transgenes
were co-expressed. IFs were not observed in oligodendrocytes expressing only one of
these transgenes (Lee et al., 1993). Furthermore, because a hybrid NF subunit composed
of the NFH tail fused to the NFL head and rod assembled with NFM, it was concluded that
steric hindrance involving the unusually long tail domains of NFH and NFM was not
responsible for their inability to form homoplymers (Lee et al., 1993). Co-expression of
the NFH/NFL hybrid protein with NFL produced nonfilamentous aggregates, indicating
that polypeptide sequences in the head and/or rod domain of NFH are required for
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heteropolymeric assembly. The preference for heterologous assembly was also observed in
Sf9 insect cells (Nakagawa et al., 1995). Aithough high expression levels of NFL can lead
to assembly in these cells, most of the NFL was found in nonfilamentous aggregates.
Coexpression of NFM and NFL eliminated nonfilamentuous aggregates and produced long
bundles of filaments.

The stage of NF assembly at which heterologous subunit interactions are essential
is still unclear. Analysis of assembly intermediates in 2M urea, showed that NFL. can
associate with a stochiometric amount of NFM or NFH to from stable tetramers. Under the
same conditions, NFH and NFM are monomers or perhaps, monomers in equilibrium
with dimers (Cohlberg et al., 1996). Studies using the yeast two hybrid system
demonstrated that NFL can interact with itself, with NFM or with NFH (Carpenter and Ip,
1996; Leung and Liem, 1996). No homologous or heterologous NFM and NFH
interactions were detected in this system. These studies suggest that NFL/NFL, NFL/NFM
and NFL/NFH dimers are more stable than dimers containing only NFM or NFH.

Unlike the other type IV IF subunits, a-internexin can assemble into an extended
homopolymeric network both in vivo and in vitro (Chiu et al., 1989; Kaplan et al., 1990;
Ching and Liem, 1993; Balin and Miller, 1995). a-intenexin can also coassemble with
either of the NF subunits (Ching and Liem, 1993; Balin and Miller, 1995).

Peripherin, like other type III IF proteins (see section 1.2.2), can form
homopolymeric 10 nm filaments in vitro and in vivo (Parysek and Goldman, 1987,
Parysek et al., 1988; Cui et al., 1995). Double-label immunofluorescence and
immunoelectron microscopy studies in mammalian neurons and neuron-like cultured cells
that express NF subunits demonstrated that NF subunits and peripherin colocalizedin some
IFs (Parysek etal., 1991). Also noteworthy is the observed co-immunoprecipitation of a-
internexin, peripherin and NF subunits from extracts of okadaic acid-treated sensory

neurons, suggesting that these proteins form a highly integrated network in these cells
(Athlanetal., 1997).

1.3.4 Neuronal IF phosphorylation

NFM and NFH are highly phosphorylated in vivo , each protein containing from 6
to 16 and 13 to 57 moles of phosphate per mole of polypeptide, respectively (Jones and
Williams, 1982; Julien and Mushynski, 1982; the reported values have been corrected to
reflect more recent determinations of the molecular masses of the subunits). The
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development of monoclonal antibodies that could distinguish between phosphorylated and
unphosphorylated epitopes in the tail domains of NFM and NFH led to the discovery that
both proteins are normally more highly phosphorylated in the axon than in the perikaryon
(Sternberger and Sternberger, 1983; Lee etal., 1987).

NFH is synthesized and maintained in the cell body as a hypophosphorylated
isoform (s) with an apparent molecular mass of 160 kDa on SDS-PAGE. When NFH is
transported from the cell body to the axon, it is phosphorylated within the proximal region
of the axon and its apparent molecular mass on SDS-PAGE increases to 200 kDa
(Glicksman et al., 1987; Nixon et al., 1989; Oblinger et al., 1989). The majority of NFH
phosphorylation occurs at KSP repeats in the tail domain (Julien and Mushynski, 1983;
Lee et al., 1988; Elhanany et al., 1994). The gel electrophoretic mobility of axonal NFH
can be increased to that of perikaryal NFH by dephosphorylation of the tail domain in vitro
{(Julien and Mushynski., 1982; Carden et al., 1985). This shift can be reversed by
phosphorylation at KSP repeats (Hisanaga etal., 1991, 1993b; Miyasakaet al., 1993).

Several neuronal proline-directed protein kinases have been shown to
phosphorylate the KSP repeats in NFH. Extracellular signal-regulated kinases (ERKs)
(Roder and Ingram, 1991; Roder et al., 1995) and tau protein kinase I (Hisanaga., 1993b),

later identified as glycogen synthase kinase-3B (GSK-3B) (Ishiguro et al., 1993), were
able to phosphorylate NFH in vitro, but not to levels sufficient to reduce its mobility on
SDS-PAGE to that of axonal NFH. Co-transfection studies with NFH and GSK-3a or

GSK-3p caused only a partial shift in NFH mobility on SDS-PAGE (Guidato etal., 1996).

In vivo and in vitro phosphorylation by cyclin-dependent kinase-5 (cdk-5), also known as
tau protein kinase II (Kobayaski etal., 1993), has being shown to cause a reduction in the
mobility of NFH on SDS-PAGE to levels seen for axonal NFH (Hisanaga 1993b;
Miyasaka et al., 1993; Guidato et al., 1996; Sun et al., 1996). However, cdk5 has been
reported to add only 3-S5 (Miyasaka et al., 1993) or 10 (Hisanaga et al et al.,1993b) moles
of phosphate per mole of NFH, presumably at KS/TPXK motifs, where X is not ar acidic
residue (Beaudette et al., 1993). P34°*2 kinase can also phosphorylate NFH in vitro to the
extent that it reduces its mobility on SDS-PAGE (Hisanaga et al., 1991; Guan et al.,
1992;). However, since the latterenzyme is not expressed in post-mitotic neurons it canaot
be involved in the phosphorylation of NFH in vivo.

Murine NFM is synthesized in the cell body as a polypeptide with an apparent
molecularmass on SDS-PAGE of 139 kDa. It appears in the axon as many isoforms with
apparent molecular masses of 140-145 kDa (Nixon et al., 1989). Chicken, NFM exhibits
an even greater change in mobility between both celfular compartments: 130 kDa in the cell

1.16



body as compared to 160 kDa in axons (Bennett and DiLullo., 1985b).This reduction in
mobility has been attributed to phosphorylation since it can be reversed by in vitro
dephosphorylation (Carden et al., 1985; Georges et al., 1986; Nixon et al., 1989). The
major NFM phosphorylation sites are localized in the tail domain (Julien and Mushynski,
1983; Geisler et al., 1987; Lee et al., 1988). At least seven serine residues in the tail
domain of rat NFM are phosphorylated in vivo. Four of these sites (Ser 502, Ser 506, Ser
603 and Ser 606) are within KSP motifs, while Ser 666 and Ser 766 are within ESP and
VSP motifs, respectively (Xu et al., 1992; Betts et al., 1997). It is not certain which
kinases phosphorylate these sites in vivo, although many proline-directed kinases have

been shown to phosphorylate NFM in vitro. GSK-3a phosphorylates Ser 502, Ser 506,

Ser 603 and Ser 666 in virro (Yang et al., 1995). GSK-3p, cdk-5 and p34°** kinase also

phosphorylate NFM in vitro, but only ERKs have been shown to phosphorylate it to an
extent that reduces its mobility on SDS-PAGE (Hisanaga et al., 1991; 1993b; Roder and
Ingram, t991; Guan et al., 1992; Roder et al., 1995). Ser 538 is the only identified
phosphorylation site in the tail domain of rat NFM which is not in a Ser-Pro motif (Xu et
al.,1992). The homologous site in chicken NFM is phosphorylated by casein kinase I
(Hollanderet al., 1996).

Ser 502, Ser 528 and Ser 536 have been identified as in vivo phosphorylation sites
in the tail domain of chicken NFM (Hollander etal., 1996). These sites are phosphorylated
by a cascin kinase-1-like enzymec that co-purifies with NFs (Link et al., 1993; Hollander et
al., 1996). These three serine residues in chicken NFM are surrounded be acidic amino
acid residues and they are not located within Ser-Pro motifs (Hollander et al., 1996).

The head domain of NFM is also phosphorylated in vivo, but to a much lower
extent than the tail domain (Sihag and Nixon, 1990). The head domain phosphopeptides
derived from NFM phosphorylated in vivo are also generated when NFM is
phosphorylated by PKA or protein kinase C in vitro, suggesting that the latter two kinases
may phosphorylate NFM in vivo (Sibag and Nixon, 1990). It was recently determined that
Ser 23 and Ser 41 in NFM are prefertentially phosphorylated by protein kinase A in vitro,
although Ser 28, Ser 32, and Ser 48 are also phosphorylated to a lesser extent (Sibag et al.,
1995). Protein kinase C modifies six serine residues within the head domain of NFM, three
of which are the same ones phosphorylated by PKA (Sihag et al., 1995).

NFL contains between 2.2 and 3.1 moles of phosphate per mole of polypeptide
(Julien and Mushynski, 1982; Xu et al., 1990). The major in vivo phosphorylation site(s)
in NFL is located within an 11 kDa polypeptide which is most likely derived from the tail
domain and corresponds to amino acid residues 443-541 (Sihag and Nixon., 1989). The
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major phosphorylation site, modified at approximately 73%, is Ser 473 (Xu et al., 1990).
The enzyme that phosphorylates this site is not known for certain. However, since Ser 473
and the 11 kDa NFL polypeptide are phosphorylated by the NF-associated kinase (s)
(Sihag and Nixon., 1989; Xu etal., 1990), which is mainly a CKI-like activity (Link et al.,
1993; Hollander et al., 1996). NFL is reportedly phosphorylated at two other, less
intensely labelled sites designated as L-2 and L-3 (Sihag and Nixon., 1989). L-2 was
identified as Ser-55 in the head domain (Sihag and Nixon, 1991). This serine residue is a
substrate for PKA and its phosphorylation displays rapid tumover immediately following
NFL synthesis in neurons (Sihag and Nixon, 1991). These characteristics of Ser-55
phosphorylation raise the possibility that it may be involved in regulation of assembly prior
to NF transport into neurites (Sihag and Nixon., 1991).

Peripherin is phosphorylated in PC12 cells and this process is enhanced upon
addition of nerve growth factor (Alettaet al., 1989). Peripherin is also phosphorylated in a
neuroblastoma cell line and in cultured sympathetic neurons. Phosphorylation occurs
almost exclusively within the amino-terminal half of the protein in the latter two cell types
(Huc et al., 1989)

1.3.5 Regulation of neuronal IF assembly

The in vitro phosphorylation of NFL by either PKA or protein kinase C can block
its polymerization or cause disassembly of homopolymeric NFL (Gonda et al., 1990;
Hisanaga etal., 1990b; Nakamura etal., 1990). Incorporation of 1 to 2 moles of phosphate
per mole of NFL polypetide was sufficient to block assembly (Hisanaga et al., 1990b;
Nakamura et al., 1990) at the octomeric intermediate stage (Hisanaga et al., 1990b). The
sites preferentially phosphorylated by either PKA or protein kinase C are localized within
the head domain of NFL (Gonda et al., 1990; Hisanaga et al., 1994). The inhibition of
NFL. assembly due to PKA phosphorylation can be reversed by in vitro dephosphorylation
with the catalytic subunit of PP-2A (Saito et al., 1995). It is interesting to note in this
regard that the catalytic subunit of PKA and a PP-2A-like enyzme are associated with native
NFs (Dosemeci and Pant, 1992; Saito etal., 1995).

There is also in vivo evidence to support the proposal that NFL phosphorylation
plays a role in regulating NF assembly. Treatment of cultured dorsal root ganglion neurons
with the protein phosphatase inhibitor, okadaic acid, caused a reversible disruption of the
NF network (Sacher etal., 1992). This disruption was associated with phosphorylation of
serine residues in the head domain of NFL (Sacheretal., 1994).
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NFs composed of all three subunits are more resistant to phosphorylation-induced
disassembly than are NFL homopolymers (Hisanaga et al., 1994). Only Ilimited
disassembly of NFs was observed even after extensive phosphorylation with PKA.
Phosphorylation of NFL or NFM with PKA can inhibit NFL/NFM coassembly (Streifel et
al., 1996). This phosphorylation had no effect on NFL/NFM heterooligomer formation,
indicating that the modification was affecting later stages of assembly. Phosphorylation of
purified NFM or NFH with PKA prevented aggregate formation in vitro (Streifel et al.,
1996). The latter observation suggests that this reversible process may be important for
regulating the first step of assembly following synthesis of the proteins. PKA can also

phosphorylate and regulate the assembly of a.-internexin in vitro (Tanakaetal., 1993).

The amino-terminal head regions of NFL, NFM and NFH isolated from rat spinal
cord are posttranslationally modified by addition of O-linked N-acetylglucosamine moieties
(Dong et al., 1993; 1996). However, it is still not known whether these modifications
have any effect on the assembly of NFs.

1.3.6 Axonal transport of NF's

NFs are synthesized in the perikaryon and move down the axon in the slow axonal
transport compartment (Hoffman and Lasek, 1975) until they reach the nerve terminal,
where they are degraded (Roots, 1983). The axonal transport of NFs has been reported to
occur at a rate ranging from .25 to 3 mm/day (Hoffman and Lasek, 1975; Black and Lasek,
1980; Komiya, 1980; Hoffman etal., 1983). NFs are transported more rapidly in immature
than in mature axons (Komiya, 1980; Hoffman et al., 1983; Willard and Simon, 1983) and
the velocity is further reduced in aging animals (McQuarrie et al., 1989). The slowing of
axonal transport during development correlates with an increase in the expression of NFH
(Willard and Simon, 1983). The rate of NF axonal transport is also dependent on the
metabolic state of the animal. Most notably, the rate of transport decreases in diabetic
animals (Medori etal., 1985; 1988).

The mechanism by which NFs are transported from the cell body to the axon, and

down the axon, remains unsettled. Experiments with the neurotoxim, B,p’-

iminodipropionitrile IDPN), suggests that association with MTs is involved. IDPN causes
NFs and MTs to segregate; NFs become localized almost exclusively at the perimeter of
the axon while the MT's are located at the center (Griffin et al., 1978; Papasozomenos etal.,
" 1981). At appropriate doses, IDPN blocks the movement of NFs but has only a modest
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effect on tubulin transport (Griffin et al., 1978). This treatment causes NFs to accumulate
in large masses at the proximal end of the axon near the cell body (Chou and Hartman,
1965). Within this context, the finding that NFH interacts with MTs only when its tail
domain is hypophosphorylated (Hisanaga et al., 1991; 1993a, b; Miyasaka et al., 1993),
suggests that NFH tail domain phosphorylation may be important for regulating NF
transport from the cell body to the axon, and perhaps along the axon.

NF axonal transport studies remain controversial. [nitial studies were interpreted to
suggest that all three NF subunits are transported together in a single wave (Hoffman and
Lasek, 1975; Black and Lasek, 1980). More recent reexamination of NF transport revealed
the existence of two pools of axonal NFs, one moving at the traditionally slow rate and the
other being essentially stationary (Nixon and Logvinenko, 1986). Furthermore, highly
phosphorylated NFH was demoastrated to be preferentially associated with the stationary
pool, suggesting that tail domain phosphorylation may regulate its distribution between
stationary and mobile phases (Lewis and Nixon, 1988). However, the proportion of axonal
NFs contained in the stationary phase remains controversial and unresolved. Nixon's
group estimated that approximately one-third of axonal NFs are in the stationary phase
(Nixon and Logvinenko, 1986), while Lasek and co-workers argued that this phase is
negligiblein size (< 0.1%) (Lasek etal., 1992). It has also been observed that NF subunits
can move along axons as fast as 72 to 144 mm/day (Lasek et al., 1993). This finding has
led to the proposal that NFs may be transported in alternative periods of short, fast strides
and relatively long pauses (Lasek etal., 1993).

The question of whether NFs are transported as filaments or as oligomers is aiso a
controversial issue. In the classic paradigm, NFs are thought to be transported as polymers
that slide past each other as they move down the axon (Lasek, 1986; Lasek et al., 1992).
On the other hand, photobleaching studies with fluorescently tagged NFL or NFH revealed
that bleached zones can recover without translocation (Okabe et al., 1993; Takeda et al.,
1994). These studies suggest that NF subunits can exchange between filamentsand a small
oligomer pool. Furthermore, studies of NFM transport in mice lacking axonal NFs
demonstrated that NFM could be transported down axons in an unpolymerized form
(Teradaetal., 1996).

1.3.7 NFs are an important determinant of axonal caliber

Many correlative studies have implicated NFs as an important determinant of axonal
caliber. These studies showed a linear relationship between axonal cross-sectional area and
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NF number (Friede and Samorajski, 1970; Weiss and Mayr, 1971; Hoffman et al., 1984;
1985a, b: 1987). The importance of NFs in specifying axonal caliber has recently been
proven unequivocally in two different animal species. The expression of a NFH-beta-
galactosidase fusion protein in transgenic mice caused a total inhibition of NF axonal
transport coupled with severe inhibition of the radial growth of large myelinated axons
(Eyer and Peterson, 1994). A reduction in axonal caliber was also observed in large
myelinated axons from mice deficient in axonal NFs due to the targetted disruption of the
gene encoding NFL (Zhu etal., 1997). The Japanese quail quiver (quv) mutant is deficient
in axonal NFs due to a lack of NFL stemming from a nonsense mutation in the NF-L gene
(Yamasaki et al., 1991; Ohara et al., 1993). The axons in these quail have a smaller
diameterand there is a consequent reduction in axonal conduction velocity (Yamasaki etal.,
1991; Sakaguchi et al., 1993). Furthermore, these birds exhibit quivering and generalized
ataxia.

The mechanism through which NFs influence axonal redial growth remains
unsettled. Overexpression of NFL leads to an increase in axonal NF density and a slight
reduction in axonal caliber (Monteiro et al., 1990). Overexpression of NFL together with
either NFM or NFH is required to produce an increase in axonal caliber (Xu et al., 1996),
suggesting that interactions involving the long tail domains of NFH and NFM have an
influence on axonal diameter. The overexpression of NFH or NFM individually appears to
change the ratio of NF subunits and cause reductions in NF transport and axonal caliber
(Marszaleketal., 1995; Wong etal., 1995; Xu etal., 1996).

1.3.8 Possible role of neuronal IF proteins in axonal elongation

Several reports suggest the possible involvement of neuronal IF proteins in axonal
elongation. Noteworthy is the upregulation of two atypical neuronal IF proteins, referred to
as plasticin and gefiltin, following axotomy of the goldfish optic nerve which has led to
speculation that these proteins may be involved in plasticity and regeneration (Glasgow et
al., 1992; 1994; Fuchs et al., 1994). More direct evidence comes from the microinjection
of anti-NFM antibodies into single blastomeres of two cell-stage Xenopus laevis embyros.
This procedure caused neuronal [F accumulation, retardation of peripheral nerve growth
and reduction in neurite outgrowth of cultured embyonic spinal cord neurons (Szaro et al.,
1991; Lin and Szaro, 1995).

Two recent studies also support the notion that NFs are involved in regeneration.
Analysis of NF expression in regenerating spinal axons of the primative fish, sea lamprey,
suggests that NFs may be involved in the forward movement of some regrowing axons
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following spinal transection (Jacobs et al., 1997). In addition, there is a delayed
regeneration of myelinated axons following axotomy of peripheral nerves in mice deficient
in NFs due to the targetted disruption of the gene encoding NFL (Zhu etal., 1997).

1.3.9 NFs in disease

Abnormal accumulations of NFs have been associated with several neurological
diseases. In Pick’s disease and Parkinson’s disease certain neurons contain characteristic
cytoplasmic inclusions which are known, respectively, as Pick’s bodies and Lewy bodies.
Pick’s bodies are round structures found in the central cortex and basal ganglia and are
composed of granular material together with a heterogeneous collection of filaments with a
diameter of 10 to 20 nm (Rewcastle and Ball, 1968). Immunocytochemical studies have
revealed the presence of NF antigens in Pick’s bodies (Probst et al., 1983; Munoz-Garcia
and Ludwin, 1984). Lewy bodies are spheroidal inclusions composed of filaments similar
in diameterto NFs (Duffy and Tennyson, 1965) and are recognized by antibodies directed
against NFs (Goldman etal., 1983; Forno et al., 1986; Pollanen etal., 1994).

Immunocytochemical studies had suggested that NFs were a component of
neurofibrillary tanglesin Alzheimer’s disease (Sternbergeretal., 1985; Cork et al., 1986).
However, some of the NF antibodies that were used to label these neurofibrillary tangles
were shown to cross-react with tau proteins (Kukina et al., 1987; Reding-Ksiezak et al.,
1987), which are also found in these structures (Kondo et al., 1988; Wischik et al., 1988).
Whether NFs are present in Alzheimer’s neurofibrillary tangles is still a controversial issue,
although at [east one study still supports the notion that they are (Zhang etal., 1989).

The role of NF inclusions in the diseases mentioned above remains unsettled,
although an increasing body of evidence supports the notion that NFs are directly involved
in the etiology of amyotrophic lateral sclerosis (ALS). ALS is a neurodegenerative disease
that targets large, NF-rich motor neurons predominantly and large sensory neurons to a
lesser degree (Tsukagoshi et al., 1979; Kawamura et al., 1981). Large proximal axonal
swellings filled with NFs are a hallmark of the disease (Carpenter, 1968; Hirano et al.,
1984; Manetto et al., 1988; Munoz et al.,1988; Sobue et al., 1990) and abnormal
hyperphosphorylation of perikaryal NFH has also been reported in these neurons (Manetto
et al., 1988; Sobue et al.,, 1990). Several transgenic mouse studies indicate that
perturbation of NF homeostasis brought about by mutation, or overexpression of
individual NF subunits, can cause pathological neurofilamentous accumulations in the
perikaryon of motor neurons (Cté et al., 1993; Xu et al.,, 1993; Lee et al., 1994).
Overexpression of the human NFH gene in transgenic mice has been shown to cause motor
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neuron degeneration (C5té et al., 1993) due to a reduction in NF transport and eventual
interference with the axonal transport of other components such as actin, tubulin and
mitochondria (Collard et al., 1995). The notion that NFs are directly involved in the
etiology of ALS is also supported by the discovery of a small percentage of sporadic ALS
cases with mutations in the KSP repeat domain of NFH (Figlewiczetal., 1994).

1.4 Rationale and objectives of the presented work

The objectives of the work presented in the following five chapters were: 1) to
identify the neuronal IF subunits, protein kinase (s) and protein phosphatase (s) involved in
neuronal [F dynamics, 2) to localize the phosphorylated amino acid residues responsible
for neuronal IF disassembly, and 3) to determine the identity of kinase (s) involved in
phosphorylation of the KSP repeats in NFH under both normal and stressful conditions.
The rationale that guided experiments described in the next five chapters is outlined below:

1) Several studies reported that homopolymeric filaments composed of either NFL

or a-internexin could be disassembled in vitro by phosphorylation of the head domain of

the respective proteins (see section 1.3.5). However, there was a lack of information
concerning the role of the other neuronal [F proteins in the assembly/disassembly process.
It was also unclear whether head domain phosphorylation could regulate neuronal IF
dynamics in vivo. The only compelling studies suggesting that phosphorylation could
regulate neuronal [F assembly in living cells was performed by challenging cultured DRG
neurons with the protein phosphatase inhibitors, okadaic acid and calyculin A. The latter
treatments caused NF fragmentation with a concomitant increase in phosphorylation of the
head domain of NFL. (Sacher et al., 1992; 1994). Initially, experiments were designed to
determine which protein kinase and phosphatase activities could modulate NF assembly in
cultured DRG neurons. Subsequently, I set out to determine whether the phosphorylation
of specific amino acid residues in NFL, the key subunit in NF assembly, could be linked to
the NF disassembly process in DRG neurons. Once antibodies became available, the
studies were extended to study the fragmentation profiles and phosphorylation pattern of

the other two neuronal IF proteins expressd in cultured DRG neurons, a-internexin and
peripherin (Athlanetal., 1997).

2) a-intemexin is the first neuronal IF protein expressed following neuronal
diffentiation. Due to its early expression, it was speculated that the function a-internexin

may be to form a more flexible neuronal IF network which may be required during
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development of the nervous system (Nixon and Shea, 1992). | studied the expression and
assembly of a-internexin and NF triplet proteins in the cerebral cortex to test the latter

hypothesis. These studies were performed with neurons from cerebral cortex instead of
DRGs since the former do not express peripherin and have a delayed onset of NF
expression. The delay in NF expression provided a larger developmental time frame to
correlate the assembly status of the different neuronal IF proteins with their expression
patterns. The presence of only four neuonal IF proteins in the cerebral cortex, as compared
to five in DRGs, made it easier to intepret the results.

3) Axonal NFH is one of the most highly phosphorylated proteins due to the
presence of an extensively phosphorylated KSP repeat domain (see section 1.3.4). It is
also known that perikaryal NFH is hypophosphorylated under normal conditions, and
becomes highly phosphorylated in certain neurological diseases (Forno et al., 1986;
Manetto et al., 1988; Zhang et al., 1989; Sobue et al., 1990; Pollanen et al., 1994) and
following exposure to certain neurotoxins (Bizzi and Gambetti, 1986; Gold et al., 1988;
Gold and Austin, 1991) or axotomy (Goldstein et al., 1987). During the course of NFH
turnover studies in PC12 cells it was discovered that addition of N-acetyl-Leu-Leu-
norleucinal (Cl), a calpain and proteasome inhibitor, caused the hyperphosphorylation of
NFH (Jayaraman et al., 1995). Based on this finding, | proceeded to show that CI also
caused the hyperphosphorylation of perikaryal NFH in cultured DRG neurons. I then
assessed different experimental approaches to identif'y the kinase(s) responsible for the CI-
induced phosphorylation of NFH. I methodically eliminated the involvement of previously
identified NFH-kinases and determined that novel members of the mitogen activated protein
(MAP) kinase family, known as stress-activated protein kinases (SAPKs)XCano and
Mahadevan, 1995; Kyriakis and Avruch, 1996), are involved in aberrant phosphorylation
of perikaryal NFH.

References

Aebi, O., Fowler, W. E., Rew, P. and Sun, T.-T. (1983) The fibrillar substructure of
keratin filaments unraveled. J. Cell Biol.97, 1131-1143.

Aletta,J. M., Angeletti,R., Liem, R. K. H., Purceli, C., Shelanski, M. and Greene, L.
A. (1988) Relationship between the nerve growth factor-regulated clone 73 gene
product and the 58-kilodaiton neuronal intermediate filament protein (peripherin). J.
Neurochem. 51, 1317-1320.

1.24



Aletta, J. M., Shelanski, M. L. and Greene, L. A. (1989) Phosphorylation of the
peripherin 58-kDa neuronal intermediatefilament protein. J. Biol. Chem. 264,
4619-4627.

Alexander, J. E., Hunt, D. F., Lee, M. K., Shabanowitz, J., Michel, H., Berlin, S. C.,
MacDonald, T. L., Sundberg, R. I., Rebhun, L. I. and Frankfurter, A. (1991)

Characterization of post-translational modifications in neuron-specific class III -

tubulin by mass spectrometry. Proc. Natl. Acad. Sci. USA 88, 4685-4689.

Almazan, G., Afar, D. E. H. and Bell, J. C. (1993) Phosphorylation and disruption of
intermediate filament proteins in oligodendrocyte precursor cultures treated with
calyculinA. J. Neurosci. Res. 36, 163-172.

Amos, L. A. and Baker, T. S. (1979) The three-dimensional structure of tubulin
protofilaments. Nature 279, 607-612.

Ando, S., Tarabe, K., Gonda, Y., Sato, C. and Inagaki, M. (1989) Domain-and
sequence-specific phosphorylation of vimentin induces disassembly of the
filament structure. Biochemistry 28, 2974-2979.

Angelides, K. J., Smith, K. E. and Takeda, M. (1989) Assembly and exchange of
intermediate filament proteins of neurons: neurofilaments are dynamic
structures. J. Cell Biol. 108, 1495-1506.

Athlan, E. S., Sacher, M. S. and Mushynski, W.E. (1997) Associations between
intermediate filament proteins expressed in cultured dorsal root ganglion
neurons. J. Neurosci. Res. 47, 300-310.

Aubin, J. E., Osborn, M., Franke, W. W. and Weber, K. (1980) Intermediate filaments of
the vimentin-type and the cytokeratin-type are distributed differently during mitosis.
Exp. Cell Res. 129, 145-165.

Baas, P. W. and Joshi, H. C. (1992) Gamma tubulin distribution in the neuron:
implications for the origin of neuritic microtubules. J. Cell Biol. 119, 171-178.

Balin, B. J. and Lee, V. M.-Y. (1991) Individual neurofilament subunits reassembled in
vitro exhibit unique biochemical, morphological and immunological properties.
Brain Res. 5§56, 196-208.

Balin, B. J. and Miller, M. E. (1995) Reassembly of the 66 kD neurofilament protein in
vitro following isolation and purification from bovine spinal cord. J. Neurosci.
Res. 40, 79-88.

Bamburg, J. R. and Bernstein, B. W. (1991) Actin and actin-binding proteins in neurons,
in The Neuronal Cytoskeleton, pp. 121-160 (Burgoyne, R. D., ed.), John Wiley
and Sons, Inc., New York.

1.25



Banerjee, A. and Luduena, R. F. (1987) Kinetics of association and dissociation of
colchicine-tubulin complex from brain and renal tubulin. Evidence for the
existence of multipleisotypes of tubulin in brain with differential affinity to
colchicine. FEB Lert. 219, 103-107.

Barra, H. S., Arce, C. A. and Argarana, C. E. (1988) Posttranslational
tyrosination/detyrosination of tubulin. Mol. Neurobiol. 2, 133-153.

Beaudette, K. N., Lew, J. and Wang, J. H. (1993) Substrate specificity characterization of
a cdc2-like protein kinase purified from bovine brain. J. Biol. Chem. 268, 20825-
208730.

Beltramo, D. M., Arce, C. A. and Barra, H. S. (1987) Tubulin, but not microtubules, is
the substrate for tubulin: tyrosine ligase in mature erythrocytes. J. Biol. Chem.
262, 15673-15677.

Bennett, G. S. and Dilullo, C. (1985a) Transient expression of a neurofilament protein by
replicating neuroepithelial cells of the embryonic chick brain. Dev. Biol. 107, 107-
127.

Bennett, G. S. and DiLullo, C. (1985b) Slow posttranslational modification of a
neurofilament protein. J. Cell Biol. 100, 1799-1804.

Bentley, D. and Toroion-Raymond, A. (1986) Disoriented pathfinding by pioneer neurone
growth cones deprived of filopodia by cytochalasin treatment. Natire 323, 712-
715.

Bergen, L. G., Kuriyama, R. and Borisy, G. G. (1980) Polarity of microtubules nucleated
by centrosomes and chromosomes of CHO cells in vitro. J. Cell Biol. 84, 151-
159.

Bernhardt, R. and Matus, A. (1984) Light and electron microscopical studies of the
distribution of microtubule-associated protein 2 in rat brain: A difference between
dendritic and axonal cytoskeletons. J. Comp. Neurol. 226, 203-221.

Bernstein, B. W. and Bamburg, J. R. (1989) Cycling of actin assembly in synaptosomes
and peurotransmitter release. Neuron 3, 257-265.

Betts, J. C., Blackstock, W. P., Ward, M. A. and Anderton, B. H. (1997) Identification
of phosphorylation sites on neurofilament proteins by nanoelectrospray mass
spectrometry. J. Biol Chem. 272, 12922-12927.

Binder, L. I., Frankfurter, A. and Rebhum, L. I. (1985) The distribution of tau
polypeptides in the mammalian central nervous system. J. Cell Biol. 101, 1371-
1378.

Bizzi, A. and Gambetti, P. (1986) Phosphorylation of neurofilaments is altered in
aluminium intoxication. Acta Neuropathol. 7 1, 154-158.

1.26



Black, M. M. and Lasek, R. J. (1980) Slow components of axonal transport: two
cytoskeleton networks. J. Cell Biol. 8 6, 616-623.

Bloom, G. S., Schoenfeld, T. A. and Vallee, R. B. (1984) Widespread distribution of the
major polypeptide component of MAP 1 (microtubule-associated protein 1) in the
nervous system. J. Cell Biol. 98, 320-330.

Bloom, G. S., Luca, F. C. and Vallee,R. B. (1985) Microtubule-associated protein
1B:identification of a major component of the neuronal cytoskeleton. Proc. Natl.
Acad. Sci. USA 82, 5404-5408.

Bridgeman, P. C. and Dailey, M. E. (1989) The organization of myosin and actin in rapid
frozen nerve growth cones. J. Cell Biol. 108, 95-109.

Burgoyne, R. D. and Cumming, R. (1984) Ontogeny of microtubule-associated protein 2
in rat cerebellum: differential expression of the doublet polypeptides. Neuroscience
11, 157-167.

Burgoyne, R. D., Cambray-Deakin, M. A., Lewis, S. A., Sarkur, S. and Cowan, N. J.

(1988) Differential distribution of -tubulin isotypes in cerebellum. EMBO J. 7,

2311-2319.

Burton, P. R. and Paige, J. L. (1981) Polarity of axoplasmic microtubules in the olfactory
nerve of the frog. Proc. Natl. Acad. Sci. USA 78, 3269-3273.

Cambray-Deakin, M. A. and Burgoyne, R. D. (1987) Acetylated and detyrosinated alpha-
tubulins are co-localised in stable microtubules in rat meningeal fibroblasts. Cell
Motil. Cytoskel. 8, 284-291.

Cano, E. and Mahadevan, L. C. (1995) Parallel signal processing among mammalian
MAPKSs. Trends Biochem. Sci. 20, 117-122.

Carden, M. J. and Eagles, P. A. M. (1983) Neurofilaments from ox spinal nerves.
Biochem. J. 218, 227-237.

Carden, M. J., Schlaepfer., W. W. and Lee V. M.-Y. (1985) The structure, biochemical
properties, and immunogenicity of neurofilament peripheral regions are determined
by phosphorylation state. J. Biol. Chem. 260, 9805-9817.

Carden, M. J., Trojanowski, J. Q., Schlaepfer, W. W. and Lee, V. M.-Y. (1987) Two-
stage expression of neurofilameat polypeptides during rat neurogenesis with early
establishment of adult phosphorylation patterns. J. Neurosci. 7, 3489-3504.

Carpenter, D. A. and Ip, W. (1996) Neurofilament triplet protein interactions: evidence for
the preferred formation of NF-L containing dimers and putative function for the end
domains. J. Cell Sci. 109, 2493-2498.

1.27



Carpenter, S. (1968) Proximal axonal enlargementin motor neuron disease. Neurol. 18,
841-851.

Cheek, T. R. and Burgoyne, R. D. (1986) Nicotine-evoked disassembly of cortical actin
filaments in adrenal chromaffin cells. FEBS Letz. 207, 110-114.

Chin, S. S. M. and Liem, R. K. H. (1989) Expression of rat neurofilament proteins NF-L
and NF-M in transfected non-neuronal cells. Eur. J. Cell Biol. §0, 475-490.

Chin, S. S. M. and Liem, R. K. H. (1990) Transfected rat high-molecular-weight
neurofilament (NF-H) coassembles with vimentin in a predominantly
nonphosphorylated form. J. Neurosci. 10, 3714-3726.

Ching, G. Y. and Liem, R. K. H. (1993) Assembly of type IV neuronal intermediate
filaments in nonneuronal cells in the absence of preexisting cytoplasmic
intermediate filaments. J. Cell Biol. 122, 1323-1335.

Chiu, F.-C. and Norton, W. T. (1982) Bulk preparation of CNS cytoskeleton and the
separation of individual neurofilament proteins by gel filtration: dye- binding
characteristics and amino acid compositions. J. Neurochem. 39, 1252-1260.

Chiu, F.-C., Barnes, E. A., Das, K., Haley, J., Socolow, P., Macaluso, F. P. and Fant,
J. (1989) Characterization of a novel 66 kD subunit of mammalian neurofilaments.
Neuron 2, 1435-144S.

Chou, S.-M. and Hartman, H. (1965) Electron microscopy of focal neuroaxonal lesions

produced by B~p’iminodipropionitrile IDPN) in rats. Acta Neuropathol. 4, 590-

603.

Chou, Y.-H., Rosevear, E. and Goldman, R. T. (1989) Phosphorylation and disassembly
of intermediatefilaments in mitoticcells. Proc. Natl. Acad. Sci. USA 86, 1885-
1889.

Chou, Y.-H., Bischoff, J. R., Beach, D. and Goldman, R. D. (1990) Intermediate
filament reorganization during mitosis is mediated by p34°** phosphorylation of
vimentin. Cell 62, 1063-1071.

Chou, Y.-H., Ngai, K.-L. and Goldman, R. (1991) The regulation of intermediate
filament reorganization in mitosis. J. Biol. Chem. 266, 7325-7328.

Cleveland, D. W., Hwo, S.-Y. and Kirschner, M. W. (1977a) Purification of tau, a
microtubule-associated protein that induces assembly of microtubules from purified
tubulin. J. Mol. Biol. 116, 205-225.

Cleveland, D. W., Hwo, S.-Y. and Kirschner, M. W. (1977b) Physical and chemical
properties of purified tau factor and the role of tau in microtubule assembly. J. Mol.
Biol. 116, 227-247.

1.28



Cochard, P. and Paulin, D. (1984) Initial expression of neurofilamentsand vimentin in the
central and peripheral nervous system of the mouse embryo in vivo. J. Neurosci.
4, 2080-2094.

Cohen, C. and Parry, D. A. D. (1990) a-helical coiled-coils and bundles: how to design an

a-helical protein. Proteins: structure, function and genetics 7, 1-15.

Cohen, P., Klumpp, S. and Schelling, D. L. (1989) An improved procedure for
identifying and quantitating protein phosphatases in mammaliantissues. FEBS Lett.
250, 596-600.

Cohlberg, J. A., Hajarian, H. and Sainte-Marie, S. (1987) Discrete soluble forms of
middle and high molecular weight neurofilament proteins in dilute aqueous buffers.
J. Biol. Chem. 262, 17009-17015.

Cohlberg, J. A., Hajarian, H., Tran, T., Aliporjeddi, P. and Noveen, A. (1995)
Neurofilament protein heterotetramers as assembly intermediates. J. Biol. Chem.
270, 9334-9339.

Collard, J.- F., Coté, F. and Julien, J.-P. (1995) Defective axonal transport in a transgenic
mouse model of amyotrophic lateral sclerosis. Nanure 375, 61-64.

Cork, L. C., Stemberger, N. H., Sternberger, L. A., Casanova, M. F., Struble, R. G.
and Price, D. L. (1986) Phosphorylated neurofilament antigens in neurofibrillary
tangles in Alzheimer’sdisease. J. Newropathol. Exp. Neurol. 45, 56-64.

Cété, F., Collard, J.-F. and Julien, J.-P. (1993) Progressive neuropathy in transgenic
mice expressing the human neurofilament heavy gene: a mouse model of
amyotrophic lateral sclerosis. Cell 73, 3546.

Coulombe, P. and Fuchs, E. (1990) Elucidating the early stages of keratin filament
assembly. J. Cell. Biol. 111, 154-169.

Crick, F. H. C. (1953) The packing of a-helices: simple coiled-coils. Acta Crystallogr. 6,

689-697.

Cui, C., Stambrook, P. J. and Parysek, L. M. (1995) Peripherin assembles into
homopolymers in SW 13 cells. J. Cell Sci. 108, 3279-3284.

De Camilli, P., Miller, P. E., Navone, F., Theurkauf, W. E. and Vallee,R. B. (1984)
Distribution of microtubule-associated protein 2 in the nervous system of the rat
studied by immunofluorescence. Neuroscience 11, 819-846.

Dong,D. L., Xu, Z. S., Chevrier, M. R., Cotter, R. J., Cleveland, D. W. and Hart, G.
W. (1993) Glycosylation of mammalian neurofilaments. Localizationof multiple
O-linked N-acetyl-glucosamine moieties on neurofilament polypeptides L and M. J.
Biol. Chem. 268, 16679-16687.

1.29



Dong, D. L., Xu, Z. S., Hart, G. W. and Cleveland, D. W. (1996) Cytoplasmic O-
GlcNAc modification of the head domain and the KSP repeat motif of the
neurofilament protein neurofilament-H. J. Biol. Chem. 27 1, 20845-20852.

Dosemeci, A. and Pant, H. C. (1992) Association of cyclic-AMP-dependent protein kinase
with neurofilaments. Biochem. J. 282, 477-481.

Duffy, P. E. and Tennyson, V. M. (1965) Phase and electron microscopic observations
of Lewy bodies and melanin granules in the substantia nigra and locus caeruleus in
Parkinson’s disease. J. Neuropathol. Exp. Neurol. 24, 398-414.

Dunkley, P. R. and Robinson, P. J. (1983) The in vitro phosphorylation of actin from rat
cerebral cortex. Neurochem. Res. 8, 865-871.

Eddé, B., Rossier, J., Le Caer, J.-P., Desbruyéres, E., Gros, F. and Denoulet, P. (1990)

Posttranslational glutamylation of a-tubulin. Science 247, 83-85.

Egelman, E. H. and DeRosier, D. J. (1983) A model for F-actin derived from image
analysis of isolated filaments. J. Mol. Biol. 166, 623-629.

Elhanany, E., Jaffe, H., Link, W. T., Sheeley, D. M., Gainer, H. and Pant, H. C. (1994)
Identification of endogenously phosphorylated KSP sites in the high-molecualr-
weight rat neurofilament protein. J. Neurochem. 6 3, 2324-2335.

Escurat, M., Djabali, K., Grumpel, M., Gros, F. and Portier, M.-M. (1990) Differential
expression of two neuronal intermediate-filamentproteins, peripherin and the
low-molecular-mass neurofilament protein (NF-L), during the development of the
rat. J. Neurosci. 10, 764-784.

Evans, R. M. (1988) Cyclic AMP-dependent protein kinase-induced vimentin filament
disassembly involves modification of the N-terminal domain of intermediate
filament subunits. FEBS Lett. 234, 73-78.

Eyer, J. and Peterson, A. (1994) Neurofilament-deficientaxons and perikaryal aggregates
in viable transgenic mice expressing a neurofilament-beta-galactosidase fusion
protein. Neuron 12: 389-405.

Figlewicz, D. A., Krizus, A., Martimoli, M.G., Meininger, V., Dib, M., Rouleau, G. A.
and Julien, J.-P. (1994) Variants of the heavy neurofilament subunit are associated
with the development of amyotrophic lateral sclerosts. Hum. Molec. Genet. 3.
1757-1761.

Fliegner, K. H., Ching, G. Y. and Liem, R. K. H. (1990) The predicted amino acid

sequence of a-internexin is that of a novel neuronal intermediatefilament protein.

EMBOJ. 9, 749-155.

130



Fliegner, K. H., Kaplan, M. P., Wood, T. L., Pintar, J. E. and Liem, R. K. H. (1994)
Expression of the gene for the neuronal intermediatefilament protein a-internexin

coincides with the onset of neuronal differentiation in the developing rat nervous
system. J. Comp. Neurol. 342, 161-173.

Forno, L. S., Sternberger, L. A., Sternberger, N. H., Strefling, A. M., Swanson, K. and
Eng, L. F. (1986) Reaction of Lewy bodies with antibodies to phosphorylated and
non-phosphorylated neurofilaments. Newrosci. Lett. 64, 253-258.

Forscher, P. and Smith, S. J. (1988) Actions of cytochalasins on the organization of actin
filaments and microtubules in a neuronal growth cone. J. Cell Biol. 107, 1505-
1516.

Frederikson, K. and McKay, R. D. G. (1988) Proliferation and differentiation of rat
neuroepithelial precursor cells in vivo. J. Neurosci. 8, 1144-1151.

Friede, R. L. and Samorajski, T. (1970) Axonal caliberrelated to neurofilaments and
microtubules in sciatic nerve fibers of rats and mice. Anar. Rec. 167, 379-387.

Fuchs, C., Glasgow, E., Hitchcock, P. F. and Schechter, N. (1994) Plasticin, a newly
identified neurofilament protein, is preferentially expressed in young retinal
ganglion cells of adult goldfish.J. Comp. Neurol. 350, 452-462.

Fuchs, E. and Weber, K. (1994) Intermediate filaments: structure, dynamics, function, and
disease. Ann. Rev. Biochem. 6 3, 345-382.

Gardner, E. E., Dahl, D. and Bignami, A. (1984) Formation of 10-nanometer filaments
from the 150K-dalton neurofilament protein in vitro. J. Neurosci. Res. 11, 145-
155.

Gamer, C. C. and Matus, A. (1988) Different forms of microtubule-associated protein 2
are encoded by separate mRNA transcripts. J. Cell Biol. 106, 779-783.

Garrels, J. I. and Gibson, W. (1976) Identification and characterization of multiple forms
of actin. Cell 9, 793-805.

Geisler, N. and Weber, K. (1980) Purification of smooth-muscle desmin and a protein-
chemical comparison of desmins from chicken gizzard and hog stomach. Eur. J.
Biochem. 111, 425-433.

Geisler, N. and Weber, K. (1981a) Isolation of polymerization-competent vimentin from
porcine eye lens tissue. FEBS Lett. 128, 253-256.

Geisler, N. and Weber, K. (1981b) Self-assembly in vitro of the 68,000 molecular weight
component of the mammalian neurofilament triplet proteins into intermediate-sized
filaments. J. Mol. Biol. 151, 565-571.

131



Geisler, N. and Weber, K. (1988) Phosphorylation of desmin in vitro inhibits formation
of intermediates;identification of three kinase A sites in the aminoterminal head
domain. EMBO J.7, 15-20.

Geisler, N., Kaufmann, E. and Weber, K. (19852) Antiparallel orientation of the two
double-stranded coiledcoils in the tetrameric protofilament unit of intermediate
filaments. J. Mol. Biol. 182, 173-177.

Geisler, N., Plessmann, U. and Weber, K. (1985b) The complete amino acid sequence of
the major mammalian neurofilament protein (NF-L). FEBS Len. 182, 475-478.

Geisler, N., Hartfeld, M. and Weber, K. (1989) Phosphorylation in vitro of vimentin by
protein kinase A and C is restricted to the head domain. Eur. J. Biochem. 183,
441-447.

Georges, E. and Mushynski, W. E. (1987) Chemical modification of charged amino acid
moieties alters the electrophoretic mobility of neurofilament subunits on
SDS/polyacrylamide gels. Eur. J. Biochem. 1685, 281-287.

Glasgow, E., Druger, R. K., Levine, E. M., Fuchs, C. and Schechter, N.(1992)
Plasticin, a novel type III neurofilament protein from goldfish retina: increased
expression during optic nerve regeneration. Neuron 9, 373-381.

Glasgow, E., Druger, R. K., Fuchs, C., Lane, W. S. and Schechter, N. (1994) Molecular
cloning of gefiltin (ON, ): serial expression of two new neurofilament mRNAs
during optic nerve regeneration. EMBO J. 13, 297-305.

Glicksman, M.A., Soppet, D. and Willard, M. B. (1987) Posttranslational modification of
neurofilament polypeptides in rabbit retina. J. Neurobiol. 18, 167-196.

Gold, B. G. and Austin, D. R. (1991) Regulation of aberrant neurofilament
phosphorylation in neuronal perikarya. III. Alterationsfollowing single and

continuous B, f°-iminodipropionitrile administrations. Brain Res. 563, 151-162.

Gold, B. G., Price, D. L., Griffin, J. W., Rosenfeld, J., Hoffman, P. N., Sternberger,
N. H. and Stemberger, L. A. (1988) Neurofilament antigens in acrylamide
neuropathy. J. Neuropathol. Exp. Neurol. 47, 145-157.

Goldman, J. E., Yen, S.-H., Chiu, F.-C. and Peress, N. S. (1983) Lewy bodies of
Parkinson’s disease contain neurofilament antigen. Science 221, 1082-1084.

Goldman, R. D., Khuon, S., Chow, Y. H., Opal, P. and Steinert, P. M. (1996) The
function of intermediatefilamentsin cell shape and cytoskeletal integrity. J. Cell
Biol. 134, 971-983.

Goldstein, M. E., Cooper, H. S., Bruce, J., Carden, M. I, Lee, V. M.-Y. and
Schlaepfer, W. W. (1987) Phosphorylation of neurofilament proteins and

132



chromatolysis following transection of rat sciatic nerve. J. Neurosci. 7, 1586-
15%4.

Gonda, Y., Nishizawa, K., Ando, S., Kitamura, S., Minoura, Y., Nishi, Y. and Inagaki,
M. (1990) Involvement of protein kinase C in the regulation of assembly-
disassembly of neurofilaments in vitro. Biochem. Biophys. Res. Commun. 167,
1316-1325.

Gotow, T., Takeda, M., Tanaka, T. and Hashimoto, P. H. (1992) Macromolecular
structure of reassembled neurofilaments as revealed by the quick-freeze deep-etch
mica method: difference between NF-M and NF-H subunits in their ability to form
cross-bridges. Eur. J. Cell Biol. 58, 331-345.

Gournar, F., Merdes, A., Quinlin, R., Hess, J., FitzGerald, P. G., Ouzoumis, C. A. and
Georgatos, S. D. (1993) Bovine filensin possesses primary and secondary
structure similarity to intermediate filament proteins. J. Cell Biol. 121, 847-853.

Griffin, J. W., Hoffman, P. N., Clark, A. W., Carrol, P. T. and Price, D. L. (1978)
Slow axonal transport of neurofilaments; impairment by iminodipropionitrile
administration. Science 202, 633-635.

Guan, R. J., Hall, F. L. and Cohlberg, J. A. (1992) Proline-directed protein kinase
(P34°%2/p587liA) phosphorylates bovine neurofilaments. J. Neurochem. 58,
1365-1371.

Guidato, S., Tsai, L.-H., Woodgett, J. and Miller, C. C. J. (1996) Differential cellular
phosphorylation of neurofilament heavy side-arms by glycogen synthase kinase-3
and cyclin-dependent kinase-S. J. Neurochem. 66, 1698-1706.

Hatzfeld, M. and Franke, W. W. (1985) Pair formation and promiscuity of cytokeratins:
formation in vitro of heterotypic complexes and intermediate-sized filaments by
homologous and heterologous recombinations of purified polypeptides. J. Cell
Biol. 101, 1826-1841.

Hatzfeld, M. and Weber, K. (1990) The coiled coil of in vitro assembled keratin is a
heterodimer of type I and II keratins:use of site-specific mutagenesis and
recombinant protein expression. J. Cell Biol. 110, 1199-1210.

Heald, R. and McKeon, F. (1990) Mutations of phosphorylation sites in lamin A that
prevent nuclear lamina disassembly in mitosis. Cell 61, 579-589.

Heidemann, S. R., Landers, J. M. and Hamborg, M. A. (1981) Polarity orientation of
axonal microtubules. J. Cell Biol. 9 1, 661-665.

Hirano, A., Donnenfeld, H., Sasaki, S. and Nakano, I. (1984) Fine structure observation
of neurofilamentous changes in amyotrophic lateral sclerosis. J. Neuropathol. Exp.
Neurol. 43, 461-470.

133



Hirokawa, N. (1982) Cross-linker system between neurofilaments, microtubules, and
membranous organelles in frog axons revealed by the quick-freeze, deep-etching
method. J. Cell Biol. 94, 129-142.

Hirokawa, N., Glicksman, M. A. and Willard, M. B. (1984) Organization of mammalian
neurofilament polypeptides within the neuronal ctyoskeleton. J. Cell Biol. 98,
1523-1536.

Hirokawa, N., Shiomura, Y. and Okabe, S. (1988) Tau proteins: the molecular structure
and mode of binding on microtubules. J. Cell Biol. 107, 1449-1461.

Hisanaga, S. and Hirokawa, N. (1988) Structure of the peripheral domains of
neurofilaments revealed by low angle rotary shadowing. J. Mol. Biol. 202: 297-
305.

Hisanaga, S. and Hirokawa, N. (1990) Moleculararchitecture of the neurofilament. II.
Reassembly process of neurofilament L protein in vitro. J. Mol. Biol. 211, 857-
869.

Hisanaga, S., Ikai, A. and Hirokawa, N. (1990a) Moleculararchitecture of the
neurofilament: I. Subunit arrangement of neurofilament L protein in the
intermediate-sized filament. J. Mol. Biol. 211, 857-869.

Hisanaga, S., Gonda, Y., Inagaki, M., Ikai, A. and Hirokawa, N. (1990b) Effects of
phosphorylation of the neurofilament L protein on filamentous structures. Cell
Regulation 1, 237-248.

Hisanaga, S., Kusubata, M., Okumura, E. and Kishimoto, T. (1991) Phosphorylation of
neurofilament H subunit at the tail domain by CDC2 kinase dissociates the
association to microtubules. J. Biol. Chem. 266, 21798-21803.

Hisanaga, S., Yasugawa, S., Yamakawa, T., Miyamoto, E., Ikebe, M., Uchiyama, M.
and Kishimoto, T. (1993a) Dephosphorylation of microtubule-binding sites at the
neurofilament-H tail domain by alkaline, acid and protein phosphatase. J. Biochem.
113, 705-709.

Hisanaga, S., Ishiguro, K., Uchida, T., Okumura, E., Okano, T. and Kishimoto, T.
(1993b) Tau protein kinase II has a similar characteristic to cdc2 kinase for
phosphorylating neurofilament proteins. J. Biol. Chem.. 268, 15056-15060.

Hisanaga, S., Matsuoka, Y., Nishizawa, K., Saito, T., Inagaka, M. and Hirokawa, N.
(1994) Phosphorylation of native and reassembled neurofilaments composed of
NF-L, NF-M, and NF-H by the catalyticsubunit of cAMP-dependent protein
kinase. Mol. Biol. Cell §, 161-172.

134



Hoffman, P. N. and Lasek, R. J. (1975) The slow component of axonal transport.
Identification of major structural polypeptides of the axon and their generality
among mammalianneurons. J. Cell Biol. 66, 351-366.

Hoffman, P. N., Lasek, R. J., Griffin, J. W. and Price, D. L. (1983) Slowing of the
axonal transport of neurofilament proteins during development. J. Neurosci. 3,
1694-1700.

Hoffman, P. N., Griffin, J. W. and Price, D. L. (1984) Control of axonal caliber by
neurofilament transport. J. Cell Biol. 99, 705-714.

Hoffman, P. N., Griffin, J. W., Gold, B. G. and Price, D. L. (1985a) Slowing of
neurofilament transport and the radial growth of developing nerve fibers. J.
Neurosci. §5: 2920-2929.

Hoffman, P. N., Thompson, G. W., Griffin, J. W. and Price, D. L. (1985b) Changes in
neurofilament transport coincide temporally with alterationsin the caliber of axons
in regenerating motor fibers. J. Cell Biol. 101, 1332-1340.

Hoffman, P. N., Cleveland, D. W., Griffin, J. W., Landes, P. W., Cowan, N. J. and
Price, D. L. (1987) Neurofilament gene expression: a major determinant of axonal
caliber. Proc. Natl. Acad. Sci. [ISA 84, 3472-3476.

Hollander, B. A., Bennett, G. S. and Shaw, G. (1996) Localization of sites in the tail
domain of the middle molecular mass neurofilament subunit phosphorylated by a
neurofilament-associated kinase and by casein kinase 1. J. Neurochem. 6 6, 412-
420.

Huber, G., Alaimo-Beuret, D. and Matus, A. (1985) MAP3: characterization of a novel
microtubule-associated protein. J. Cell Biol. 100, 496-507.

Huber, G., Pehling, G. and Matus, A. (1986) The novel microtubule-associated protein
MAPS3 contributes to the in vitro assembly of brain microtubules. J. Biol. Chem.
261, 2270-2273.

Huc, C., Escurat, M., Djabali, K., Derer, M., London, F., Gros, F. and Portier, M.-M.
(1989) Phosphorylation of peripherin, an intermediate filament protein, in mouse
NIE 115 cell line and in sympathetic neuron. Biochem. Biophys. Res. Commun.
160, 772-779.

Huiatt, T. W., Rodson, R. M., Arakawa, N. and Stromer, M. H. (1979) Desmin from
avian smooth muscle: purification and partial characterization.J. Biol. Chem. 2§85,
6981-6989.

Huxley, H. E. (1963) Electron microscope studies on the structure of natural and synthetic
protein filaments from striated muscle. J. Mol. Biol. 7, 281-308.

135



Inagaki, M., Nishi, Y., Nishizawa, K., Matsuyama, M. and Sato, C. (1987) Site-specific
phosphorylation induces disassembly of vimentin filament in vitro. Nature 328,
649-652.

Inagaki, M., Gonda, Y., Matsuyama, M., Nishizawa, K., Nishi, Y. and Sato, C. (1988)
Intermediate filament reconstitution in vitro. J. Biol. Chem. 263, 5970-5978.

Inagaki, M., Gonda, Y., Nishizawa, K., Kitamura, S., Sato, C., Ando, S., Tanabe, K.,
Kikuchi, K., Tsuiki, S. and Nishi, Y. (1990) Phosphorylation sites linked to glial

filament disassembly in vitro locate in a non-a-helical head domain. J. Biol. Chem.

265, 4722-4729.

Ip, W., Hartzer, M. K., Pang, Y. Y. S. and Robson, R. M. (1985) Assembly of vimentin
in vitro and its implication concerning the structure of intermediatefilaments. J.
Mol. Biol. 183, 365-375.

Ishiguro, K., Shiratsuchi, A., Sato, S., Omori, A., Arioka, M., Kobayashi, S., Uchida,

T. and Imahori, K. (1993) Glycogen synthase kinase 3f is identical to tau protein

kinase [ generating several epitopes of paired helical filaments. FEBS Lent. 325,
167-172.

Ishibara, H., Martin, B. L., Brautigan, D. L., Karaki, H., Ozaki, H., Kato, Y., Fusetani,
N., Watabe, S., Hashimoto, K., Uemura, D. and Hartshorne, D. (1989) Calyculin
A and okadaic acid: inhibitors of protein phosphatase activity. Biochem. Biophys.
Res. Commun. 159, 871-877.

Jacobs, A.J., Swain, G. P., Snedeker, J. A, Pijak, D. S., Gladstone, L. J. and Selzer,
M. E. (1997) Recovery of neurofilament expression selectively in regenerating
reticulospinal neuroas. J. Neurosci, 17, 5206-5220.

Jayaraman, D., Giasson, B. I. and Mushynski, W. E. (1995) Increased phospharylation
of neurofilament subunits in PC12 cells and rat dorsal root ganglion neurons treated
with N-acetyl-Leu-Leu-norleucinal. Int. J. Devl. Neuroscience. 13, 753-758.

Jones, L. S. (1996) Integrins: possible functions in the adult CNS. Trends Neurosci. 19,
68-72.

Jones, S. M. and Williams, R. C. Jr. (1982) Phosphate content of mammalian
neurofilaments. J. Biol. Chem. 257, 9902-9905.

Joshi, H. C,, Yen, T. J. and Cleveland, D. W. (1987) In vivo coassembly of a divergent
beta-tubulin subunit (c beta 6) into microtubules of different function. J. Cell Biol.
108, 2179-2190.

Julien, J.-P. and Mushynski, W E. (1982) Multiple phosphorylation sites in mammaliam
neurofilament polypeptides. J. Biol. Chem. 2587, 10467-10470.

136



Julien, J.-P. and Mushynski, W.E. (1983) The distribution of phospharylation sites
among identified proteolytic fragments of mammalian neurofilaments. J. Biol.
Chem. 258, 4019-4025.

Julien, J.-P., Meyer, D., Flavell, D., Hurst, J. and Grosveld, F. (1986) Cloning and
developmental expression of the murine neurofilament gene family. Mol. Brain
Res. 1, 243-250.

Julien, J.-P., Grosveld, F., Yazdanbaksh, K., Flavell, D., Meyer, D. and Mushynski, W.
(1987) The structure of a human neurofilament gene (NF-L): a unique exon-intron
organization in the intermediatefilament gene family. Biochim. Biophys. Acta.
909, 10-20.

Julien, J.-P., Cdté, F., Beaudet, L., Sidky, M., Flavell, D., Grosveld, F. and Mushynski,
W. (1988) Sequence and structure of the mouse gene for the largest neurofilament
subunit. Gene 68, 307-314.

Kanai, Y., Takemura, R., Ohshima, T., Mori, H., Ihara, Y., Yanagisawa, M., Masaki, T.
and Hirokawa, N. (1989) Expression of multiple tau isoforms and microtubule
bundle formation in fibroblasts transfected with a single tau cDNA. J. Cell Biol.
109, 1173-1184.

Kaplan, M. P., Chin, S. S. M., Fliegner, K. H. and Liem, R. K. H. (1990) a-Intemexin,

a novel neuronal intermediate filament protein, precedes the low molecular weight
neurofilament protein (NF-L) in the developing rat brain. J. Neurosci. 10, 2735~
2748.

Kawamura, Y., Dyck, P. L., Shimono, M., Okazaki, H., Tateishi, J. and Doi, H. (1981)
Morphological compaﬁson of the vulnerability of peripheral motor and sensory
neurons in amyotrophic lateral sclerosis. J. Newropathol. Exp. Neurol. 40, 667-
675.

Khawaja, S., Gundersen, G. G. and Bulinski, J. C. (1988) Enhanced stability of
microtubules enriched in detyrosinated tubulins is not a direct function of
detyrosination level. J. Cell Biol. 106, 141-149.

Kirschner, M. W. and Michison, T. J. (1986) Beyond seif-assembly: From microtubules
to morphogenesis. Cell 45, 329-342.

Kitamura, S., Ando, S., Shibata, M., Tanabe, K., Sato, C. and Inagaki, M. (1989)
Protein kinase C phosphorylation of desmin at four serine residues within the non-

a-helical head domain. J. Biol. Chem. 264, 5674-5678.

Kobayashi, S., Ishiguro, K., Omori, A., Takamatsu, M., Arioka, M., Imahori, K. and
Uchida, T. (1993) A cdc-2 related kinase PSSALRFE/cdkS is homologous with the

137



30 kDa subunit of tau protein kinase II, a proline-directed kinase associated with
microtubule. FEBS Lent. 335, 171-175.

Komiya, Y. (1980) Slowing with age of the rate of slow axonal flow in bifurcating axons
of rat dorsal ganglion cells. Brain Res. 183, 447-480.

Konda, J., Honda, T., Mori, H., Hamada, Y., Miura, R., Ogawara, M. and [hara, Y.
(1988) The carboxy! third of tau is tightly bound to paired helical filaments. Neuron
1, 827-834.

Kom, E. D. (1982) Actin polymerization and its regulation by proteins from nonmuscle
cells. Physiol. Rev. 62, 672-737.

Kreis, T. E. (1987) Microtubules containing detyrosinated tubulin are less dynamic.
EMBOJ. 6, 2597-2606.

Kumar, N. and Flavin, M. (1981) Preferential action of a brain detyrosinolating
carboxypeptidase on polymerized tubulin. J. Biol. Chem. 256, 7678-7686.

Kuznetsov, S. A., Rodionov, V. I., Gelfand, V. I. and Rosenblat, V. A. (1981)
Microtubule-associated protein MAP 1 promotes microtubule assembly in vitro.
FEBS Lert. 135, 241-245.

Kyriakis, J. and Avruch, J. (1996) Sounding the alarm: protein kinase cascade activated by
stress and inflammation. J. Biol. Chem. 271, 24313-24316.

Lamb, N. J. C., Fernandez, A., Feramisco, J. R. and Welch, W. J. (1989) Modulation of
vimentin containing intermediate filament distribution and phosphorylation in living
fibroblasts by cAMP-dependent protein kinase. J. Cell Biol. 108, 2409-2422.

Lasek, R. J. (1986) Polymer sliding in axons. J. Cell Biol. Suppl. §, 161-179.

Lasek, R. J. and Brady, S. T. (1985) Attachment of transported vesicles to microtubules
in axoplasm is facilitatedby AMP-PNP. Nature 316, 645-647.

Lasek, R. J., Paggi, P. and Katz, M. J. (1992) Slow axonal transport mechanism moves
neurofilaments relentlessly in mouse optic axons. J. Cell Biol. 117, 607-616.

Lasek, R. J., Paggi, P. and Katz, M. J. (1993) The maximum rate of neurofilament
transport in axons: a view of molecular transport mechanisms continuously
engaged. Brain Res. 616, 58-64.

Lauffenburger, D. A. and Horwitz, A. F. (1996) Cell migration: a physically integrated
molecular process. Cell 84, 359-369.

Le Dizet, M. and Pipemno, G. (1987) Identification of an acetylationsite of

Chlamydomonas a-tubulin. Proc. Natl. Acad. Sci. USA 84, 5720-5724.

Lee, M. K., Xu, Z., Wong, P. C. and Cleveland, D. W. (1993) Neurofilaments are
obligate heteropolymers in vivo. J. Cell Biol. 122, 1337-1350.

138



Lee, M. K., Marszalek, J. R. and Cleveland, D. W. (1994) A mutant neurofilament
subunit causes massive, selective motor neuron death: implications for the
pathogenesis of human motor neuron disease. Neuron 13, 975-988.

Lee, M. K. and Cleveland, D. W. (1996) Neuronal intermediate filaments. Ann. Rev.
Neurosci. 19, 187-217.

Lee, V. M.-Y., Martin, M. J., Schlaepfer, W. W. and Trojanowski, J. Q. (1987)
Monoclonal antibodies distinguish several differentially phosphorylated states of the
two largest rat neurofilament subunits (NF-H and NF-M) and demonstrates their
existence in the normal nervous system of adult rats. J. Neurosci. 7, 3474-3488.

Lee, V. M.-Y., Otvos, L. Jr., Carden, M. J., Hollosi, M., Dietzschold, B. and Lazzarini,
R. A. (1988) ldentification of the major multiphosphorylation site in mammalian
neurofilaments. Proc. Natl. Acad. Sci. USA 88, 1998-2002.

Lee, W.-C., Yu, J.-S., Yang, S.-D. and Lai, Y.-K. (1992) Reversible
hyperphosphorylation and reorganization of vimentin intermediatefilaments by
okadaic acid in 9. rat tumor cells. J. Cell. Binchem. 49, 378-393.

Lees, J. F., Schneidman, P.S., Skuntz, S. F., Carden, M. J. and Lazzarini,R. A. (1983)
The structure and organization of the human heavy neurofilament subunit (NF-H)
and the gene encoding it. EMBO J. 7, 1947-1955

Lendahl, U., Zimmerman, L. B. and McKay, D. G. (1990) CNS stem cells express a new
class of intermediatefilament protein. Cel/ 60, 585-595.

Leonard, D. G. B., Gorham, J. D., Cole, P., Greene, L. A. and Ziff, E. B. (1988) A
nerve growth factor-regulated messenger RNA encodes a new intermediate filament
protein. J. Cell Biol. 106, 181-193.

Letourneau, P, C. (1983) Differences in the organization of actin in the growth cones
compared with the neurites of cultured neurons from chick embryos. J. Cell Biol.
108, 505-519.

I eung, C. L. and Liem, R. K. H. (1996) Characterization of interactions between the
neurofilament triplet proteins by the yeast two-hybrid system. J. Biol. Chem. 271,
14041-14044.

Levy, E., Liem, R. K.H., D’eustachio, P. and Cowan, N. J. (1987) Structure and
evolutionary origin of the gene encoding mouse NF-M, the middle-molecular-
mass neurofilament protein. Eur. J. Biochem. 166, 71-77.

Lewis, S. A., Lee, M. G. and Cowan, N. J. (1985) Five mouse tubulin isotypes and their
regulated expression during development. J. Cell Biol. 101, 852-861.

139



Lewis, S. A. and Cowan, N. J. (1988) Complex regulation and functional versatility of
mammalian a- and B-tubulin isotypes during the differentiation of testis and muscle
cells. J. Cell. Biol. 106, 2023-2033.

Lewis, S. A., Wei, G. and Cowan, S. A. (1987) Free intermingling of mammalian f-

tubulin isotypes among functionally distinct microtubules. Cell 49, 539-548.

Lewis, S. E. and Nixon, R. A. (1988) Multiple phosphorylation variants of the high
molecular mass subunit of neurofilaments in axons of retinal cell neurons:
characterizationand evidence for their differential association with stationary and
moving neurofilaments. J. Cell. Biol. 107, 2689-2701.

L’Hemnalt, S. W. and Rosenbaum, J. L. (1985) Chlamydomonas alpha-tubulin is post-
translationally modified by acetylationon the epsilon-amino group of a lysine.
Biochemistry 24, 473-478.

Liem, R. K. H. and Hutchison, S. B. (1982) Purification of individual components of the
neurofilament triplet: filament assembly from the 70000-dalton subunit.
Biochemistry 21, 3221-3226.

Liem, R. K. H., Yen, S. H., Salomon, G. D. and Shelanski, M. L. (1978) Intermediate
filaments in nervous tissues. J. Cell Biol. 79, 637-645.

Lin, W. and Szaro, B. G. (1995) Neurofilaments help maintain normal morphologies and
support elongation of neurites in Xenopus laevis cultured embryonic spinal cord
neurons. J. Neurosci. 15, 8331-8344.

Link, W. T., Dosemeci, A., Floyd, C. C. and Pant, H. C. (1993) Bovine neurofilament-
enriched preparations contain kinase activity similarto casein kinase 1-
neurofilament phosphorylation by casein kinase 1 (CKI). Neurosci. Lett. 151, 89-
93.

Little, M. and Seehaus, T. (1988) Comparative analysis of tubulin sequences. Comp.
Biochem. Physiol. 90B, 655-670.

Luduena, R. F., Roach, M. C., Jordan, M. A. and Murphy, D. B. (1985) Different
reactivitiesof brain and erythrocyte tubulins toward a sulfhydryl group-directed
reagent that inhibits microtubule assembly. J. Biol. Chem. 260, 1257-1264.

Manetto, V., Sternberger, N. H., Perry, G., Sternberger, L.A. and Gambetti, P. (1988)
Phosphorylation of neurofilaments is altered in amyotrophic lateral sclerosis. J.
Neuropathol. Exp. Neurol. 47, 642-653.

Marsh, L. and Letourneau, P. C. (1984) Growth of neurites without filopodia or
lamellipodial activity in the presence of cytochalasinB. J. Cell Biol. 99, 2041-
2047.



Marszalek, J. R., Williamson, T. L., Lee, M. L., Xu, Z., Hoffman, P. N., Becher, M.
W., Crawford, T. O. and Cleveland, D. W. (1996) Neurofilament subunit NF-H
modulates axonal diameter by selectively slowing neurofilament transport. J. Cell
Biol. 138, 711-724.

Matsuoka, Y., Nishizawa, K., Yano, T., Shibata, M., Ando, S., Takahashi, T. and
Inagaki, M. (1992) Two different protein kinases act on a different time schedule as
glial filament kinases during mitosis. EMBO J. 11, 2895-2902.

McLachlan, A. D. (1978) Coiled coil formation and sequence regularities in the helical

regions of a-keratin. J. Mol. Biol. 124, 297-304,

McQuarrie, I. G., Brady, S. T. and Lasek, R. J. (1989) Retardation in the slow axonal
transport of cytoskeleton elements during maturation and aging. Neurobiol. Aging
10, 359-365.

Medori, R., Autilio-Gambetti, L., Monaco, S., and Gambetti, P. (1985) Experimental
diabetic neuropathy: Impairment of slow transport with changes in axon caliber.
Proc. Natl. Acad. Sci. USA 82, T716-7720.

Medori, R., Jenich, H., Autilio-Gambetti,L., and Gambetti, P. (1988) Experimental
diabetic neuropathy: Similar changes of slow axonal transport and axonal size in
different animal models. J. Neurosci. 8, 1814-1821.

Merdes, A., Brunkener, M., Horstmann, H. and Georgatos, S.D. (1991) Filensin: A
new vimentin-binding, polymerization-competent, and membrane-associated
protein of the lens fiber cell. J. Cell Biol. 115, 397-410.

Mitchison, T. J. and Cramer, L. P. (1996) Actin-based cell motility and ceil locomotion.
Cell 84, 371-379.

Miyasaka, H., Okabe, S., Ishigura, K., Uchida, T. and Hirokawa, N. (1993) Interaction
of the tail domain of high molecular weight subunits of neurofilaments with the

COOH-terminal region of tubulin and its regulation by © protein kinase II. J. Biol.

Chem. 268, 22695-22702.

Moon, H. M., Wisniewski, T., Merz, P., De Martini, J. and Wisniewski, H. M. (1981)
Partial purification of neurofilament subunits from bovine brains and studies on
neurofilament assembly. J. Cell Biol. 89, 560-567.

Monteiro, M. J., Hoffman, P. N., Gearhart, J. D. and Cleveland, D. W. (1990)
Expression of NF-L in both neuronal and nonneuronal cells of transgenic mice:
increased neurofilament density in axons without affecting caliber. J. Cell Biol.
111, 1543-1557.

141



Mulligan, L., Balin, B. J., Lee, V.M.-Y. and Ip, W. (1991) Antibody labelling of bovine
neurofilaments: implication on the structure of neurofilament sidearms. J. Srruct.
Biol. 106, 145-160.

Munoz, D. G., Greene, C., Perl, D. P. and Selkoe, D. J. (1988) Accumulation of
phosphorylated neurofilaments in anterior horn motorneurons of amyotrophic
lateral sclerosis. J. Neuropathol. Exp. Neurol. 47, 9-18.

Munoz-Garcia, D. and Ludwin, S. K. (1984) Classic and generalized variants of Pick’s
disease: a clinicopathological ultrastructual, and immunocytochemical comparative
study. Ann. Neurol. 16, 467-480.

Myers, M. W., Lazzarini,R. A., Lee, V. M.-Y., Schlaepfer, W. W. and Nelson, D. L.
(1987) The human mid-size neurofilament subunit: a repeated protein sequence and
the relationship of its gene to the intermediate filament gene family. EMBO J. 68,
1617-1626.

Nakagawa, T., Chen, J., Zhang, Z., Kanai, Y. and Hirokawa, N. (1995) Two distinct
functions of the carboxyl terminal taif domain of NF-M upon neurofilament
assembly: crossbridge formation and longitudinal elongation of filaments. J. Cell
Biol. 129, 411-429.

Nakamura, Y., Takeda, M., Angelides, K., Tanaka, T., Tada, K. and Nishimura, T.
(1990) Effect of phosphorylation on 68 KDa neurofilament subunit protein
assembly by the cyclic AMP dependent kinase in vitro. Biochem. Biophys. Res.
Commun. 169, 744-750.

Napolitano, E. W., Chin, S. S. M., Colman, D. R. and Liem, R. K. H. (1987) Complete
amino acid sequence and in vitro expression of rat NF-M, the middle molecular
weight neurofilament protein. J. Neurosci. 7, 2590-2599.

Nixon, R. A. and Logvinenko, K. B. (1986) Multiplefates of newly synthesized
neurofilament proteins: evidence for a stationary neurofilament network distributed
nonuniformly along the axon of retinal ganglion cell neurons. J. Cell. Biol. 102,
647-659.

Nixon, R. A. and Shea, T. B. (1992) Dypamics of neuronal intermediatefilaments: a
developmental perspective. Cell Motil. Cytoskel. 22, 81-91.

Nixon, R. A., Lewis, S. E., Dahl, D., Marotta, C. A. and Drager, V. C. (1989) Early
posttransiational modification of three neurcfilament subunits in mouse retinal
ganglion cells: neuronal sites and time course in relation to subunit polymerization
and axonal transport. Mol. Brain Res. §, 93-108.

1.42



Nukina, N., Kosik, K. S. and Selkoe, D. J. (1987) Recognition of Alzheimer paired
helical filaments by monoclonal neurofilament antibodies is due to crossreaction
with tau protein. Proc. Natl. Acad. Sci. USA 84, 3415-3419.

Oakley, C. A. and Oakley, B. R. (1989) Identification of gamma tubulin, a new member of
the tubulin superfamily by mipA gene of Aspergillus nidulans. Nature 338, 662-
664.

Oblinger, M. M. (1987) Characterization of posttranslational processing of the mammalian
high-molecular-weight neurofilament protein in vivo. J. Neurosci. 7, 2510-2521.

Ohara, O., Gahara, Y., Miyake, T., Teraoka, H. and Kitamura, T. (1993) Neurofilament
deficiency in quail caused by nonsense mutation in neurofilament-L gene. J. Cell
Biol. 121, 387-395.

Ohishi, I. and Tsuyama, S. (1986) ADP-ribosylation of non-muscle actin with component
I of C2 toxin. Biochem. Biophys. Res. Comm. 136, 802-806.

Okabe, S., Miyasaka, H. and Hirokawa, N. (1993) Dynamics of the intermediate
filaments.J. Cell Biol. 121, 375-386.

Osborn, M., Franke, W. and Weber, K. (1980) Direct demonstration of the presence of
two immunologically distinct intermediate-sized filament systems in the same cell
by double immunofluorescence microscopy. Exp. Cell Res. 125, 37-46.

Otey, C. A., Kolmoski, M. H. and Bulinski, T. C. (1987) Identification and quantification
of actin isoforms in vertebrate cells and tissues. J. Cell. Biochem. 34, 113-124.

Pachter, J. S. and Liem, R. K. H. (1984) The differential appearance of neurofilament
triplet polypeptides in the developing rat optic nerve. Dev. Biol.. 103, 200-210.

Pachter, J. S. and Liem, R. K. H. (1985) a-internexin, a 66 kD intermediate

filament-binding protein from mammalian central nervous tissues. J. Cell Biol.
101, 1316-1322.

Papasozomenos, S. C. and Binder, L. I. (1987) Phosphorylation determines two distinct
species of tau in the central nervous system. Cell Motil. Cytoskel. 8, 210-226.

Papasozomenos, S. C., Autilio-Gambetti, H. L. and Gambetti, P. (1981) Reorganization
of axoplasmic organelles following iminodipropionitrile administration. J. Cell
Biol. 91, 866-871.

Parry, D. A. D., Crewther, W. G., Fraser, R. D. B. and MacRae, T. P. (1977) Structure

of a-keratin: structure implication of amino acid sequences of the type I and type II
chain segments. J. Mol. Biol. 113, 449-454.

1.43



Parry, D. A. D., Steven, A. C. and Steinert, P. M. (1985) The coiled-coil molecules of
intermediate filaments consist of two parallel chains in exact axial register.
Biochem. Biophys. Res. Commun. 127, 1012-1018.

Parysek, L. M. and Goldman, R. D. (1987) Characterization of intermediate filamentsin
PC12 cells. J. Neurosci. 7, 781-791.

Parysek, L. M. and Goldman, R. D. (1988) Distribution of a novel 57 kDa intermediate
filament (IF) protein in the nervous system. J. Neurosci. 8, 555-563.

Parysek, L. M., Del Cerro, M. and Olmsted, J. B. (1985) Microtubule-associated protein 4
antibody: a new marker for astroglia and oligodendroglia. Newroscience 15, 869-
875.

Parysek, L. M., Chisholm, R. L., Ley, C. A. and Goldman, R. D. (1988) A type I1I
intermediate filament gene is expressed in mature neurons. Neuron 1, 395-400.

Parysek, L. M., McReynolds, M. A., Goldman, R. D and Ley, C. A. (1991) Some
neural intermediate filaments contain both peripherin and the neurofilament
proteins. J. Neurosci. Res. 30, 80-91.

Paschal, B. M. and Vallee, R. B. (1987) Retrograde transport by the microtubule-
associated protein MAP 1C. Nanize 330, 181-183.

Paschal, B. M., Shpetner, H. S. and Vallee, R. B. (1987) MAP 1C is a microtubule-
activated ATPase which translocates microtubules in vitro and has dynein-like
properties. J. Cell Biol. 108, 1273-1282,

Paturle, L., Wehland, J., Margolis, R. L. and Job, D. (1989) Complete separation of
tyrosinated, detyrosinated and nontyrosinatable brain tubulin subpopulations using
affinity chromotography. Biochemistry 28, 2698-2704.

Pauling, L. and Corey, R. B. (1953) Compound helical configurations of polypeptide

chains: structure of proteins of the a-helical type Nanure 171, 59-61.

Peter, M., Nakagawa, J., Dorée, M., Labbé, J. C. and Nigg, E. A. (1990) In vitro
disassembly of the nuclear lamina and M phase-specific phosphorylation of lamins
by cdc2 kinase. Cell 61, 591-602.

Pollanen, M. S., Bergeron, C. and Weyer, L. (1994) Characterizationof a shared epitope
in cortical Lewy body fibrils and Alzheimer paired helical filaments. Acta
Neuropathol. 88, 1-6.

Pollard, T. D. and Cooper, J. A. (1986) Actin and actin-binding proteins. A critical
evaluation of mechanisms and functions. Annu. Rev. Biochem. 58, 987-1035.

Portier, M.-M., Brachet, P., Croizat, B. and Gros, F. (1984a). Regulation of peripherin in
mouse neuroblastoma and rat PC12 cell lines. Dev. Neurosci. 6, 215-226.

1.44



Portier, M.-M., deNechaud, B. and Gros, F. (1984b) Peripherin, a new member of the
intermediate filament protein family. Dev. Neurosci. 6, 335-344.

Potschka, M., Nave, R., Weber, K. and Geisler, N. (1990) The two coiled coils in the
isolated rod domain of the intermediatefilament protein desmin are staggered. Eur.
J. Biochem. 190, 503-508.

Quinlan, R. A. and Franke, W. W. (1982) Heteropolymer filaments of vimentin and
desmin in vascular smooth muscle tissue and cultured baby hanster kidney cells.
Proc. Natl. Acad. Sci. USA 79, 3452-3456.

Quinlan, R. A. and Franke, W. W. (1983) Molecularinteractions in intermediate-sized
filaments revealed by chemical cross-linking. Eur. J. Biochem. 132, 477-484.

Quinlan,R. A, Cohlberg, J. A., Schiller, D. L., Hatzfeld, M. and Franke, W. W. (1984)
Heterotypic tetramer (A,D,) complexes of non-epidermal keratins isolated from
cytoskeletons of rat hepatocytes and hepatoma cells. J. Mol. Biol. 178, 365-388.

Quinlan, R. A., Hartzfeld, M., Franke, W. W., Lustig, A., Schulthess, T. and Engel, J.
(1986) Characterization of dimer subunit of intermediatefilament proteins. J. Mol.
Biol. 192, 337-349.

Raats, J. M. H., Henderik, J. B. J., Verdijk, M., van Oort, F. L. G., Gerards, W. L. H.,
Ramaekers, F. C. S. and Bloemendal, H. (1991) Assembly of carboxy-terminally
deleted desmin in vimentin-free cells. Eur. J. Cell Biol. §6, 84-103.

Redeker, V., Levilliers, N., Schmitter, J.-M., LeCaer, J.-P., Rossier, J., Adoutte, A. and
Bre, M.-H. (1994) Polyglycylation of tubulin: a post-translational modificationin
axonemal microtubules. Science 266, 1688-1691.

Reding-Ksiezak, H., Dickson, D. W., Davies, P. and Yen, S.-H. (1987) Recognition of
tau epitopes by anti-neurofilamentantibodies that bind to Aizheimer neurofibrillary
tangles. Proc. Natl. Acad. Sci. USA 84, 3410-3414.

Reuner, K. H., Presek, P., Boschek, C. B. and Aktories, K. (1987) Botulinum C2 toxin
ADP-ribosylates actin and disorganizes the microfilament network in intact cells.
Eur. J. Cell Biol. 43, 134-140.

Rewcastle, N. B. and Ball, M. J. (1968) Electron microscopy of the inclusion bodies in
Pick’s disease. Neurology 18, 1205-1213.

Riederer, B., Cohen, R. and Matus, A. (1986) MAPS: A novel microtubule-associated
protein under strong developmental regulation. J. Neurocytol. 15, 763-775.

Roder, H. M. and Ingram, V. M. (1991) Two novel kinases phosphorylate tau and the
KSP site of heavy neurofilament subunits in high stoichiometric ratios. J.
Neurosci. 11, 3325-3343.

1.45



Roder, H. M., Hoffman, F. J. and Schroder, W. (1995) Phosphatase resistance of
ERK2 brain kinase PK 40%**2, J. Neurochem. 64, 2203-2212.

Roots, B. I. (1983) Neurofilament accumulationinduced in synapses by leupeptin. Science
221, 971-972.

Rueger, D. C., Huston, J. S., Dahl, D. and Bignami, A. (1979) Formation of 100 A
filaments from purified glial fibrillary acid protein in vitro. J. Mol. Biol. 138, 53-
68.

Saborio, J. L. and Palmer, E. (1981) Brain actin synthesized in vitro undergoes two
different and sequential posttranslation modifications. J. Neurochem. 3 6, 1659-
1669.

Sacher, M. G., Athlan, E. S. and Mushynski, W. E. (1992) Okadaicacid induces the rapid
and reversible disruption of the neurofilament network in rat dorsal root ganglion
neurons. Biochem. Biophys. Res. Commun. 186, 524-530.

Sacher, M. G., Athlan, E. S and Mushynski, W. E. (1994) Increased phosphorylation of
the amino-terminal domain of the low molecular weight neurofilament subunit in
okadaic acid-treated neurons. J. Biol. Chem. 269, 18480-18484.

Saito, T., Shima, H., Osawa, Y., Nagao, M., Hemmings, B. A., Kishimoto, T. and
Hisanaga, S. (1995) Neurofilament-associated protein phosphatase 2A: its role in
preserving neurofilaments in filamentous states. Biochemistry 34, 7376-7384.

Sakagushi, T., Okada, M., Kitamura, T. and Kawasaki, K. (1993) Reduced diameterand
conduction velocity of myelinated fibers in the sciatic nerve of a neurofilament-
deficient mutant quail. Neurosci. Lert. 153, 65-68.

Sarria, A. J., Nordeen, S. K. and Evans, R. M. (1990) Regulated expression of vimentin
cDNA in cells in the presence and absence of a preexisting vimentin filament
network. J. Cell Biol. 111, 553-565.

Schneidman, P. S., Carden, M. J., Less, J. F. and Lazzarini, R. A. (1988) The structure
of the largest murine neurofilament protein (NF-H) as revealed by cDNA and
genomic sequences. Mol. Brain Res. 4, 217-231.

Schroeder, T. E. (1973) Actinin dividing cells: contractile ring filaments bind heavy
meromyosin. Proc. Natl. Acad. Sci. USA 70, 1688-1692.

Schlaepfer, W. W. and Freeman, L. A. (1978) Neurofilament proteins of rat peripheral
nerve and spinal cord. J. Cell Biol. 78, 653-662.

Schlaepfer, W. W. and Bruce, J. (1990) Simultaneous up-regulation of neurofilament
proteins during the postnatal development of the rat nervous system. J. Neurosci.
Res. 28, 39-49.

146



Schmitt, F. O. (1968) Fibrous protein-neuronal organelles. Proc. Natl. Acad. Sci. USA
60, 1092-1101.

Scott, D., Smith, K. E., O’Brien, B. J. and Angelides, K. J. (1985) Characterization of
mammalian neurofilament triplet proteins. J. Biol. Chem. 260, 10736-10747.

Shaw, G. and Weber, K. (1982) Differential expression of neurofilament triplet
polypeptides in brain development. Narure 298, 276-279.

Shecket, G. and Lasek, R. J. (1980) Preparation of neurofilament protein from guinea pig
peripheral nerve and spinal cord. J. Neurochem. 35, 1335-1344.

Sihag, R. K. and Nixon, R. A. (1989) In vivo phosphorylation of distinct domains of the
70-kilodalton neurofilament subunit involves different protein kinases. J. Biol.
Chem. 264, 457-464.

Sihag, R. K. and Nixon., R. A. (1990) Phosphorylation of the amino-terminal head
domain of the middle molecular mass 145-kDa subunit of neurofilaments. J. Biol.
Chem. 265, 4166-4171.

Sihag, R. K. and Nixon, R. A. (1991) Identification of Ser-55 as a major protein kinase A
site on the 70-kDa subunit of neurofilaments. J. Biol. Chem. 266, 18861-18867.

Sihag, R, K., Jaffe, H., Rong, X. and Nixon, R. A. (1995) Identification of the
phosphorylation sites on the amino-terminal head domain of NF-M subunit of
neurofilaments. Mol. Biol. Cell 6, 375(abstr.).

Skalli, O. and Goldman, R. D. (1991) Recent insights into the assembly. dynamics, and
function of intermediatefilament networks. Cell Motil. Cytoskel. 19, 69-79.

Sloboda, R. D., Dentler, W. L. and Rosenbaum, J. L. (1976) Microtubule-associated
proteins and the stimulation of tubulin assembly in vitro. Biochemisrry 18, 4497-
4505.

Sobue, G., Hashizume, Y., Yasude, T., Mukai, E., Kumagai, T., Mitsuma, T. and
Trojanowski, J. Q. (1990) Phosphorylated high molecular weight neurofilament
protein in lower neurons in amyotrophic lateral sclerosis and other
neurodegenerative diseases involving ventral horn cells. Acta Newropathol. 79,
402-408.

Soellner, P., Quinlan, R. A. and Franke, W. W. (1985) Identification of a distinct soluble
subunit of an intermediatefilament protein: tetrameric vimentin from living cells.
Proc. Natl. Acad. Sci. USA 82, 7929-7933.

Solomon. L. R. and Rubenstein, P. A. (1985) Correct NH,-terminal processing of cardiac

muscle a-isoactin (class IT) in a nonmuscle cell. J. Biol. Chem. 260, 7659-7664.

1.47



Soppet, D. R., Beasley, L. L. and Willard, M. B. (1992) Evidence for unequal crossing
over in the evolution of the neurofilament polypeptide H. J. Biol. Chem. 267,
17354-17361.

Stearns, T., Evans, L. and Kirschner, M. (1991) Gamma tubulin is a highly conserved
component of the centrosome. Cell 99, 825-836.

Steinert, P. M. (1990) The two-chain coiled-coil molecule of native epidermal keratin
intermediatefilaments is a type I-type II heterodimer. J. Biol. Chem. 2685, 8766-
8774.

Steinert, P. M. and Roop, D. R. (1988) Molecularand celltular biology of intermediate
filaments. Ann. Rev. Biochem. §7, 593-625.

Steinert, P. M. and Parry, D. A. D. (1993) The conserved H1 domain of the type I
keratin 1 plays an essential role in the alignment of the nearest neighbor molecules
in mouse and human keratinl/keratin 10 intermediatefilaments at the two- to four-
molecule level of structure. J. Biol. Chem. 268, 2878-2887.

Steinert, P. M., Idler, W. W. and Zimmerman, S. B. (1976) Self-assembly of bovine
epidermal keratin filament in vitro. J. Mol. Biol. 108, 547-567.

Steinert, P. M., Parry, D. A. D, Racoasin, E. L., Idler, W. W., Steven, A. C., Trus, B.
L. and Roop, D. R. (1984) The complete cDNA and deduced amino acid sequence
of a type II mouse epidermal keratin of 60,000 Da: analysis of sequence differences
between type I and type II keratins. Proc Natl. Acad. Sci. USA 81, 5709-5713.

Steinert, P. M., Marekov, L. N., Fraser, R. D. B. and Parry, D. A. D. (1993a) Keratin
intermediatefilament structure: crosslinking studies yield quantitative information
on moleculardimensions and molecularassembly. J. Mol. Biol. 230, 436-452.

Steinert, P. M., Marekov, L. N. and Parry, D. A. D. (1993b) Diversity of intermediate
filament structure. Evidence that the alignment of coiled-coil moleculesin vimentin
is different from that in keratin intermediatefilaments. J. Biol. Chem. 268, 24916-
24925,

Sternberger, L. A. and Sternberger, N. H. (1983) Monoclonal antibodies distinguish
phosphorylated and nonphosphorylated forms of neurofilaments in situ. Proc.
Natl. Acad. Sci. USA 80, 6126-6130.

Sternberger, N. H., Stemberger, L. A. and Ulrich, J. (1985) Aberrant neurofilament
phosphorylation in Alzheimerdisease. Proc. Natl. Acad. Sci. USA 82, 4274
4276.

Streifel, T. D., Avalos, R. T. and Cohlberg, J. A. (1996) cAMP-dependent
phosphorylation of neurofilament proteins NF-L and NF-M inhibits their

1.48



coassembly into filaments in vitro . Binchem. Biophys. Res. Commun. 222, 646-
651.

Sun, D., Leung, C. L. and Liem, R. K. H. (1996) Phosphorylation of the high molecular
weight neurofilament protein (NF-H) by Cdk5 and p35. J. Biol. Chem. 271,
14245-14251.

Szaro, B. G., Lee, V. M.-Y. and Gainer, H. (1989) Spatial and temporal expression of
phosphorylated forms of neurofilament proteins in the developing nervous system
of Xenopus laevis. Dev. Brain. Res. 48, 87-103.

Szaro, B. G., Grant, P., Lee, V. M.-Y. and Gainer, H. (1991) Inhibition of axonal
development after injection of neurofilament antibodies into a Xenopus laevis
embyro. J. Comp. Neurol. 308, 576-585.

Takeda, S., Okabe, S., Funakoski, T. and Hirokawa, N. (1994) Differential dynamics of
neurofilament-F protein and neurofilament-L protein in neurons. J. Cell Binl. 127,
173-185.

Tanaka, J., Ogawara, M., Ando, S., Shibata, M., Yatani. R., Kusagawa, M. and Inagaki,

M. (1993) Phosphorylation of a 62 KD porcine a-internexin, a newly identified

intermediate filament protein. Binchem. Binphys. Res. Commun. 196, 115-123.

Tapscott, S. J., Bennett, G. S. and Holtzer, H. (1981) Neuronal precursor cells in the
chick neural tube express neurofilament proteins. Nanze 292, 836-838.

Terada, S., Nakata, T., Peterson, A. C. and Hirokawa, N. (1996) Visualization of slow
axonal transport in vivo. Science 273, 784-788.

Tolle, H. G., Weber, K. and Osborn, M. (1985) Microinjection of monoclonal antibodies
specific for one intermediate filament protein in cells containing multiple keratins
allow insight into the composition of particular 10 nm filaments. Eur. J. Cell Biol.
38, 234-244.

Tsukagoshi, H., Yanagisawa, N., Oguchi, K., Nagashima, K. and Murakami, T. (1979)
Morphometric quantification of the cervical imb motor cells in controls and in
amyotrophic lateral sclerosis. J. Neurol. Sci . 41, 287-297.

Tucker, R. P., Binder, .. I. and Matus, A. (1988) Neuronal microtubule-associated
proteins in the embryonic avian spinal cord. J. Comp. Neurol. 271, 44-55.

Vikstrom, K. L., Lim, S. S., Goldman, R. D. and Borisy, G. G. (1992) Steady state
dynamics of intermediatefilament networks. J. Cell Biol. 118, 121-129.

Vale, R. D., Reese, T. S. and Sheetz, M. P. (1985) Identification of a novel force-"
generating protein, kinesin, involved in microtubule-based motility.Cell 42, 39-
50.

149



Vanderkerckhove, J. and Weber, K. (1984) Chordate muscle actins differ from
invertebrate muscle actins-the evolution of the different vertebrate muscle actins. J.
Mol. Biol. 179, 391-413.

Villasante, A., Wang, D., Dobaner, P., Dolph, P., Lewis, S. A. and Cowan, N. J. (1986)

Six mouse a-tubulin mRNAs encode five distinct isoforms: Testis specific

expression of two sister genes. Mol. Cell. Biol. 6, 2409-2419.

Ward, G. E. and Kirschner, M. W. (1990) Identification of cell cycle-regulated
phosphorylation sites on nuclearlaminC. Cell 61, 561-577.

Ward, W. S., Schmidt, W. N., Schmidt, C. A. and Huilica, L. S. (1985) Cross-linking of
Novikoff ascites hepatoma cytokeratin filaments. Biochemistry 24, 4429-4434,

Warrick, H. M. and Spudich, J. A. (1987) Myosin structure and functior in cell motility.
Ann. Rev. Cell. Biol. 3, 379-421.

Webster, D. R. and Borisy, G. G. (1989) Microtubules are acetylated in domains that turn
over slowly. J. CellSci. 92, 57-65.

Webster, D. R., Wehland, J., Weber, K. and Borisy, G. G. (1990) Retyrosination of
alpha tubulin does not stabilize microtubulesin vivo. 111, 113-122.

Weiss, P. A. and Mayr, R. (1971) Organelles in neuroplasmic (“axonai”) flow:
neurofilaments. Proc. Natl. Acad. Sci. USA 6 8: 846-850.

Willard, M. and Simon, C. (1981) Antibody decoration of neurofilaments. J. Cell Biol.
89, 198-205.

Willard, M. and Simon, C. (1983) Modulations of neurofilament axonal transport during
the development of rabbit retinal ganglion cells. Cell 38, 551-559.

Wischik, C. M., Novak, M., Thogersen, H. C., Edwards, P. C., Runswick, M. J.,
Jakes, R., Walker, J. E., Milstein, C., Roth, M. and Kiug, A. (1988) Isolation of
a fragment of tau derived from the core of the paired helical filament of Alzheimer
disease. Proc. Natl. Acad. Sci. USA 85, 4506-4510.

Wong, P. C., Marszalek, J., Crawford, T. O., Xu, Z., Hseih, S.-T., Griffin, J. W. and
Cleveland, D. W. (1995) Increasing neurofilament subunit NF-M expression
reduces axonal NF-H, inhibits radial growth, and results in neurofilamentous
accumulationin motor neurons. J. Cell Biol. 130, 1413-1422.

Xu, Z., Cork, L. C., Griffin, J. W. and Cleveland, D. W. (1993) Increased expression of
neurofilament subunit NF-L produces morphological alterations that resemble the
pathology of human motor neuron disease. Cell 73, 23-33.

1.50



Xu, Z., Marszalek, J. R., Lee, M. K., Wong, P. C., Folmer, J., Crawford, T. O., Hsieh,
S.-T., Griffin, J. W. and Cleveland, D. W. (1996) Subunit composition of
neurofilaments specifies axonal diameter. J. Cell Biol. 133, 1061-1069.

Xu, Z.-S., Liu, W.-S. and Willard, M. (1990) Identification of serine 473 as a major
phosphorylation site in the neurofilament polypeptide NF-L. J. Neurosci. 10,
1838-1846.

Xu, Z.-S., Liu, W.-S. and Willard, M. B. (1992) Identification of six phosphorylation
sites in the COOH-terminal tail region of the rat neurofilament protein M. J. Biol.
Chem. 267, 4467-4471.

Yamasaki, H., Itakura, C. and Mizutani, M. (1991) Hereditary hypotrophic axonopathy
with neurofilament deficiency in a mutant strain of the Japanese quail. Acra
Neuropathol. 8 2, 427-434.

Yang, S.-D., Huang, J.-J. and Huang, T.-J. (1995) Protein kinase F ,/glycogen kinase 3a

predominantly phosphorylates the in vivo sites of Ser %2,Ser’®®, Ser®® and Ser®*
in neurofilament. J. Neurochem. 6 4, 1848-1854.

Yatsunami, J., Fujiki, H., Suganuma, M., Yoshizawa, S., Erikson, J. E., Olson, M. O.
J. and Goldman, R. D. (1991) Vimentinis hyperphosphorylated in primary human
fibroblasts treated with okadaic acid. Biochem. Biophys. Res. Commun. 177,
1165-1170.

Zackroff,R. V., Idler, W. W., Steinert, P. M. and Goldman, R. D. (1982) In vitro
reconstitution of intermediatefilaments from mammalian neurofilament triplet
polypeptides. Proc. Natl. Acad. Sci. USA 79, 754-757.

Zhang, H., Sternberger, N. H., Rubinstein, L. J., Herman, M. M., Binder, L. I. and
Sternberger, L. A. (1989) Abnormal processing of multiple proteins in Alzheimer
disease. Proc. Natl. Acad. Sci. USA 86, 8045-8049.

Zheng, Y., Jung, M. K. and Oakley, B. R. (1991) Gamma tubulin is present in Drosophila
melanogaster and Homo sapiens and is associated with the centrosome. Cell 6§,
817-823.

Zhu, Q., Couillard-Després, S. and Julien, J.-P. (1997) Delayed maturation of
regenerating myelinating axons in mice lacking neurofilaments. Exp. Neurol. in
press.

1.51



Chapter 2



Joumal of Neurachemistry
Lippincott-Raven Publishers, Philadelphis
Q1996 [ jonal Society for N hemistry

Activation of Cyclic AMP-Dependent Protein Kinase in
Okadaic Acid-Treated Neurons Potentiates Neurofilament
Fragmentation and Stimulates Phosphorylation of Ser®
in the Low-Molecular-Mass Neurofilament Subunit
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Abstract: The activation of cyclic AMP-dependent pro-
tein kinase (PKKA) in rat dorsal root ganglion (DRG) cul-
tures increased phosphorylation of the low-molecular-
mass neurofilament subunit (NFL) at a site previously
identified as Ser® but had no effect on neurofilament
integrity. When PKA was activated in DRG cultures
treated with 20-250 nM okadaic acid, neurofilament
fragmentation was enhanced, and there was a come-
sponding increase in phosphorylation of NFL at a novel
site. This site was also phosphorylated by PKA in vitro
and was determined to be Ser? by mass spectrometric
analysis of the purified chymotryptic phosphopeptide.
The PKA sites in NFL were dephosphorylated by the puri-
fied catalytic subunit of protein phosphatase-2A but not
that of protein phosphatase-1, and phosphoserine-2 was
a better substrate than phosphaoserine-55. The phosphor-
ylation and dephosphorylation of Ser? and Ser in NFL
may therefore be involved in the modulation of neurofil-
ament dynamics through the antagonistic effects of PKA
and protein phosphatase-2A. Key Words: Neurofila-
ment—Protein kinase A—Phosphatase—Phosphoryla-
tion—Okadaic acid.

J. Neurochem. 66, 1207-1213 (1996).

Mammalian neurofilaments (NFs) are composed of
three type IV intermediate filament proteins with ap-
parent molecular masses of 68 [low-(NFL)], 145
[middle-(NFM}], and 200 kDa [high-(NFH)] as de-
termined by sodium dodecyl suifate (SDS)-poly-
acrylamide gel electrophoresis (Hoffman and Lasek.
1975; Fuchs and Weber, 1994). The predicted molecu-
lar masses of the rat NF subunits as deduced from
their cDNA sequences are 61 [NFL (Chin and Liem,
1989)], 95 [NFM (Napolitano et al., 1987)], and 115
kDa [NFH (Chin and Liem, 1990)]. All three subunits
are phosphoproteins (Julien and Mushynski, 1982),
and the major phosphorylation sites of NFM and NFH
are in their carboxy-terminal tail domain (Julien and
Mushynski, 1983; Carden et al., 1985). The in vitro
dephosphorylation of NFM and NFH causes the gel
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clectrophoretic mobilities of both proteins to increase
(Julien and Mushynski, 1982). indicating that their
anomalous migration is in part due to phosphorylation.

NFs are known to be relatively stable structures,
although they also appear to have certain dynamic
properties. For example, an exchange of subunits be-
tween NFL filaments and a soluble pool of NFL has
been reported (Angelides et al., 1989). The in vitro
phosphorylation of NFL by either cyclic AMP
(cAMP)-dependent protein kinase (PKA) or protein
kinase C can block its polymerization or cause the
disassembly of preexisting filaments (Gonda et al..
1990; Hisanaga et al., 1990; Nakamura et al., 1990).
Sihag and Nixon (1991 ) identified Ser* of NFL as an
in vivo PKA phosphorylation site. and they proposed
that the cyclical phosphorylation and dephosphoryla-
tion of this site may regulate a step in NF assembly
or transport. It is interesting to note in this regard that
the catalytic subunit of PKA associates with NFs (Do-
semeci and Pant, 1992).

Treatment of dorsal root ganglion (DRG) neurons
with micromolar concentrations of okadaic acid (OA)
has been reported to cause the fragmentation of NFs
(Sacher et al., 1992). OA inhibits both protein phos-
phatase-2A (PP-2A; K, = 0.2 nM) and protein phos-
phatase-1 (PP-1; K; = 20 nM), although in the low
nanomolar range it inhibits PP-2A more efficiently
(Cohen et al., 1989; Ishihara et al., 1989). It has also
been shown that PP-2A inhibition is at least partly
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responsible for the fragmentation of NFs in OA-treated
DRG culwres and that phosphorylation of the amino-
terminal head domain of NFL increases under these
conditions (Sacher et al., 1994).

In this study we show that the activation of PKA
in DRG neurons treated with nanomolar concentrations
of OA potentiated NF fragmentation and increased the
phosphorylation of NFL at a novel site, Ser®. This site
is not located within a recognized consensus sequence
for PK A and also serves as a substrate for PP-2A.

EXPERIMENTAL PROCEDURES

Materials

OA was purchased from LC Services (Wobum, MA,
US.A.). N®2’-0-Dibutyryl cAMP, 8-bromo cAMP, for-
skolin. the catalytic subunit of PKA, and the PKA inhibitor
protein ( type [I1) were purchased from Sigma Chemical Co.
(St. Louis, MO. U.S.A.). Highly purified PK A catalytic sub-
unit was also purchased from Boehringer-Mannheim (Laval,
Quebec. Canada). Carrier-free P, and [y-"PJATP were
from ICN Biomedicals (Mississauga, Ontario. Canada).
Monoclonal antibodies (anti-NFL., NR4; anti-NFM, NN18;
and anti-NFH, N52) were obtained from Sigma. Horseradish
peroxidase-conjugated sheep anti-mouse IgG was obtained
from Amersham. Texas Red-conjugated donkey anti-mouse
IgG was obtained from Jackson ImmunoResearch Labora-
tories { West Grove, PA, U.S.A.). The catalytic subunits of
PP-1 and PP-2A (PP-1_and PP-2A,, respectively ) were puri-
fied from rabbit skeletal muscle following the procedure of
Cohen et al. (1988).

Cell culture

Rat DRGs were dissected, dissociated, and maintained in
defined medium as previously described (Sacher et al.,
1992). For metabolic labeling cells were incubated with 0,25
mCi of carrier-free ¥P,/ml of P,-reduced medium [19:] of
P,-free medium (Flow Laboratories, McLean, VA, U.S.A.)
to normal medium) for 3 h before treatment. Cells were
treated with 2 ma dibutyryl cAMP for 3 h, 2 mM 8-bromo
¢cAMP for 3 h. or 50 uM forskolin for 12 h before OA
treatment for 5 h.

Protein phosphatase and PKA treatment of NF
subunits

An NF-enriched fraction was prepared from the white
matter of rat brain and spinal cord (Georges et al., 1986).
and the NF subunits were further purified using hydroxylapa-
tite { Bio-Rad Laboratories) (Tokutake et al., 1983). The NF
proteins were dialyzed agninst 5 mM Tris-HCl (pH 8.0).
0.1 mM EGTA. 0. mM phenylmethyisulfony! fluoride
(PMSF). and 14.3 mM f-mercaptoethanol. NF subunits
(0.2~ 1.0 mg/ml) were phosphorylated by incubating for 60
min at 30°C with 60 units/ml of the catalytic subunit of
PKA. 0.5 mM [y-*P]ATP (50 uCi/umol). | mM MgCl.,
20 mM PIPES (pH 7), and 0.1 m#M dithiothreitol. The reac-
tion was stopped by adding ! M guanidine-HCI, and the NF
proteins were dialyzed against 65 mM Tris-HCI (pH 7). 0.5
mM EGTA, and 0.1 mM PMSF. The NFs were treated for
2 h at 30°C with or without PP-1./PP-2A, (1.5 pg/ml),
PP-2A, (1.5 ug/ml). and OA in various combinations as
described in the legend to Fig. 4.

J. Neurochem.. Vol. 86, No. 3, 1996

Cell fractionation, gel electrophoresis, and
western blotting

Cells were harvested in phosphate-buffered saline (137
mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM
KH:PQ,, pH 7.4) and lysed in Triton buffer [1% Triton X-
100, 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM
EGTA, 2 mM levamisole, 50 mM NaF, | mM PMSF, 25
uM leupeptin, and 40 units/ml of aprotinin]. The extracts
were centrifuged at 13,000 g for 30 min. Pellets and superna-
tants were solubilized in SDS sample buffer [50 mAM Tris-
HCI (pH 6.8), 10% glycerol, 2% SDS. and 5% S-mercapto-
ethanol]. Gel electrophoresis was performed as previously
described (Laemmli, 1970) using 5 or 7% polyacrylamide
gels. Proteins were electrophoretically transferred to Immob-
ilon-P membranes (Millipore Corp.) in buffer containing 48
mM Tris, 39 mM glycine, and 20% methanol. The mem-
branes were blocked with 1% skimmed milk powder in Tris-
buffered saline-Tween [20 mM Tris-HC1 (pH 7.7), 137 mM
NaCl, and 0.1% Tween-20), incubated with primary anti-
bodies, and detected using the ECL Westemn Blotting Detec-
tion Kit (Amersham) following the manufacturer’s instruc-
tion.

Immunofluorescence microscopy
Cells were stained with anti-NFL monoclonal antibody
(NR4) as previously described (Sacher et al.. 1992).

Immunoprecipitation

Cells were harvested in phosphate-buffered saline and
lysed in 2% SDS and 50 mM Tris-HC1 (pH 7.6) by boiling
for 2 min. The SDS was diluted to 0.1% with Triton buffer.
Immunoprecipitation was carried out as previously described
(Lindenbaum et al., 1987) using a polyclonal rabbit antibody
raised against NFL.

Phosphopeptide mapping

Following either immunoprecipitation of metabolically
%P.labeled NFL from DRG cultures or phosphorylation of
NFL in vitro, %P-labeled NFL. resolved by gel electrophore-
sis was located by autoradiography and excised, and the gel
slice was washed extensively with 20% methanol. Gel slices
were lyophilized, and proteins were digested for 18 hat 37°C
in SO mM ammonium bicarbonate containing 20 ug/ml of
N®-p-tosyl-L-lysine chloromethyl ketone-a-chymotrypsin
(Sigma). After the gel slices were removed, peptides were
recovered b¥ lyophilization and dissolved in water. Equal
amounts of *P counts from each chymotryptic digest were
loaded onto 20~ X 20-cm cellulose sheets { MN-300, 0.1 mm
thick: Brinkman, Westbury, NY, U.S.A.). Phosphopeptides
were then resolved as described (Sihag et al., 1988) and
were visualized by autoradiography.

Purification and analysis of phosphopeptide 2
Following the chymotryptic digestion of NFL, peptides
were recovered by lyophilization, dissolved in 8% acetic
acid, and applied to an AG 50W-X4 column (Bio-Rad Labo-
ratories ). Phosphopeptide 2 (see Fig. 5) was recovered in
the flow-through, lyophilized, and further purified on a C-
18 reverse-phase column (Vydac, Hesperia. CA, US.A.).
The peptide was resolved with a 0-80% gradient of acetoni-
trile in 0.12% trifluoroacetic acid. Each purification step was
monitored by two-dimensional mapping (Sihag et al., 1988)
to verify the presence of phosphopeptide 2. Amino acid and
sequence analyses of phosphopeptide 2 were performed at
the Harvard Microchemistry Facility (Cambridge. MA,



PKA POTENTIATES NEUROFILAMENT FRAGMENTATION

FIG. 1. Western blot analysis of the effects of dibu-
tyryl cAMP (db cAMP) an NFs in DRG neurons
treated with increasing concentrations of OA. DRG
cultures were fractionated into Triton X-100-insoluble
{!) and -soluble (S} fractions by centrifugation at
13,000 g for 30 min. Samples were resolved by SDS-
polyacrylamide gel electrophoresis, and the NF sub-
units were detected by westem blotting as described
in Experimental Procedures. The QA concentrations
indicated above each lane were in nanomolar. Cul-
tures were either pratreated (+) or not treated (-}
with 2 mM db cAMP. pH, M, and L refer to the native
NF subunits. dpH refers to hypophosphoryiated NFH,
and pL refers to a more highly phosphorylated form
of NFLL

it

U.S.A.). Sequence analysis was determined by collisionally
activated dissociation on a Finnigan TSQ triple quadrupole
mass spectrometer.

RESULTS

Activation of PKA enhances the fragmentation of
NFs in OA-treated DRG neurons

The reversible fragmentation of NFs has been ob-
served in cultured DRG neurons treated with OA
(Sacher et al., 1992). This fragmentation, which was
assessed by monitoring the solubility of all three NF
subunits in Triton X-100 at 13.000 g. was increased
by prerreating the cultures with dibutyryl cAMP, an
activator of PKA. There was no significant increase
in the Triton X-100 solubility of NFs when dibutyry!
cAMP was added without OA or with 10 nM OA
for 5 h. However. at OA concentrations of =20 nM,
addition of dibutyry! cAMP caused a significant in-
crease in the Triton X-100 solubility of all three NF
subunits (Fig. 1). Two other activators of PKA, 8-
bromo cAMP and forskolin, also enhanced the frag-
mentation of NFs in the presence of 20 nM OA (Fig.
2). The observed disruption of NFs by 20 nM OA
in the presence of dibutyryl cAMP supports previous
evidence (Sacher et al.. 1994) indicating that the dis-

FIG. 2. Western biot analysis of NF subunits in DRG cultures
treated with OA and different activators of PKA. DRG cultures
treated with 20 nM OA were fractionated into Triton-insoluble
(odd-numbered lanes) and -soluble fractions (even-numbered
lanes). The samples were analyzed as in Fig. 1. Cultures were
also pretreated with 2 mM dibutyryl cAMP (lanes 3 and 4), 2
mM 8-bromo cAMP (lanes 5 and 6), or 50 uM forskolin (lanes
7 and 8). The cells analyzed in lanes 1 and 2 were reated with
OA only. The abbreviations used to label this figure are defined
in the legend to Fig. 1.

OA:

db cAMP:

pit~
pH~
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ruption of NFs in OA-treated neurons is mostly due
to the inhibition of PP-2A rather than PP-1.

The increase in Triton X-100 solubility of NFs seen
when PK A was activated in the presence of QA corre-
lated with a disruption of the organization of NFs as
seen by immunofluorescence microscopy ( Fig. 3). The
neurites of untreated neurons showed a smooth, contin-
uous NF staining pattern (Fig. 3A). and addition of
dibutyryl cAMP alone (Fig. 3B) or 20 nM OA alone
(Fig. 3C) did not produce a significant change in NF
distribution. Minor levels of NF disruption began to
appear with 50 nM OA (Fig. 3E). Pretreatment of cell
cultures with dibutyryl cAMP caused a total collapse
of the NF network in the presence of either 20 (Fig.
3D) or 50 (Fig. 3F) nM OA. The NF staining pattern
in the perikaryon of DRG neurons was not altered by
these treatments. although the cell bodies of neurons
exposed to 50 nM OA and dibutyryl cAMP tended to
round up.

PP-2A dephosphorylates NFL and NFM that have
been phosphorylated by PKA

NFL and NFM phosphorylated by PKA in vitro
were dephosphorylated by PP-2A. (Fig. 4. lane 2).
and this activity was totally inhibited by 10 nM OA
{Fig. 4. lane 3). A preparation that contained both PP-
A, and PP-1. also dephosphorylated NFL and NFM
that had been phosphorylated by PKA (Fig. 4. lane
5). although this activity could be completely inhibited
by 10 nM OA (Fig. 4. lane 6). This concentration of
OA is sufficient to inhibit completely PP-2A but not
PP-1 (Cohen et al., 1989: Ishihara et al.. 1989). again
indicating that PP-2A, and not PP-1. was responsible
for the observed dephosphorylation of the two NF sub-
units.

The augmentation in NF fragmentation due to
PKA activation correlates with the
phosphorylation of NFL at a novel site

Rat NFL can be phosphorylated by PKA in vitro at
two sites designated as 1 and 2 in the chymotryptic
phosphopeptide map shown in Fig. SA. Phosphopep-
tide 1 probably corresponds to peptide L2 of Sihag and
Nixon ( 1991 ) because the two show similar mobilities
when resolved by the same two-dimensional mapping

4. Neurochem.. Vol. 66. No. 3. 1996
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procedure. This peptide contains Ser*S. a major PKA
phosphorylation site in mouse NFL (Sihag and Nixon,
1991), and has the same sequence in rat NFL (Chin
and Liem. 1989). Phosphopeptide | was also phos-
phorylated when DRG cultures were treated with a
PKA activator (cf. Fig. 5C and E). Phosphorylation
of phosphopeptide 2 in NFL from DRG cultures treated
with dibutyryl cAMP (Fig. 5C) or 50 nM OA (Fig.
5D) was barely detectable, whereas combined treat-
ment with both OA and dibutyryl cAMP increased
its phosphorylation dramatically (Fig. SE}. A similar
synergistic effect on the phosphorylation of site 2 was
obtained with 20 nM OA and dibutyryl cAMP (data

J. Neurochem.. Vol. 66, No. 3. 1996

FIG. 3. Immunofiucrescence microscopy of
OA- and dibutyryl cAMP-treated DRG cul-
tures. DRG cultures were untreated (A and B),
or treated with 20 nM OA (C and D) or S0 nM
OA (E and F). B, D, and F wers pretreated
with 2 mM dibutyryl cAMP. The cells were
stained with an anti-NFL monoctonal antibody
as described in Experimental Procedures.

not shown ). Site 2 was also a better substrate than site
1 for in vitro dephosphorylation by PP-2A, (Fig. 6).
perhaps explaining why OA is required to obtain high
levels of phosphopeptide 2 in vivo.

Identification of the novel PKA phosphorylation
site in NFL

Phosphopeptide 2 shown in Fig. 5 has unusual elec-
trophoretic properties. The buffer used for electropho-
resis was at pH 1.5, where carboxylic groups and phos-
phate groups have a greatly reduced negative charge
whereas amino groups have a full positive charge. Con-
sequently, peptides normally migrate toward the cath-
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FIG. 4. Gel electrophoratic analysis 12345 677
of NFL and NFM phosphorylated M. q
with PKA and treated with PP-1.

and PP-2A.. NFs were phosphory-
lated with PKA and treated with PP-

1. and PP-2A, as described in Ex- L-
perimental Procedures. Lane 1 of

the autoradiograph shows NFL and
NFM not treated with . In lanes 2, 3, and 4, NFs
were incubated with PP-2A.. in lanes 5, 6, and 7, NFs were
incubated with a preparation containing both PP-1. and PP-2A..
OA was also added to the reaction at a concentration of 10 nM
{lanes 3 and 6) and 1 uM (lanes 4 and 7).

| 3 =M

ode at this pH. The fact that phosphopeptide 2 migrated
toward the anode, did not bind to the cation exchange
resin (AG 50W-X4), and could not be N-terminally
sequenced suggested that its N-terminal amino group
was blocked.

The phosphopeptide 2 used for characterization was
derived from chymotryptic digests of NFL that was
phosphorylated by PK A in vitro. An average of ~0.25
mol cf phosphate/mol of NFL was incorporated in
different experiments, and equivalent amounts of *P
were incorporated into phosphopeptides | and 2 (Fig.
5A). The same results were obtained with PKA cata-
lytic subunit purchased from two different sources and
the in vitro reaction was completely abolished by the
Walsh inhibitor (Walsh et al., 1971) of PKA (data
not shown). Phosphoamino acid analysis showed that
phosphopeptide 2 contained phosphoserine (data not

K e
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shown). Amino acid composition analysis of the pep-
tide revealed that it most likely contained 2 mol of Ser
and | mol of Phe/mol of peptide (Table |). Chymo-
tryptic digestion of NFL should produce a peptide from
the amino-terminus with the sequence N-acetyl-Ser-
Ser-Phe. which would have the properties observed for
phosphopeptide 2. The calculated mass of 461.4 for
phosphopeptide 2 containing a single phosphate moi-
ety was verified by mass spectrometric analysis, which
yielded a value of 461.0. The high confidence sequence
N-acetyl-Ser-Ser(PO,)-Phe was determined by colli-
sionally activated dissociation.

DISCUSSION

The NF fragmentation that is induced by treatment
of DRG neurons with OA may be due to the trapping
of intermediate species involved in NF dynamics. The
OA-induced fragmentation is reversible up to a point
(Sacher et al.. 1992) and is due at least in part to the
inhibition of PP-2A (Sacher et al., 1994). The results
presented in this report indicate that PKA is also in-
volved in this process as NF fragmentation is markedly
enhanced when this kinase is activated in neurons
treated with low concentrations of OA.

There are several reasons why Ser® of NFL may
have been overlooked as a PKA phosphorylation site
in the head domain at the time that phosphorylation of
Ser* was established (Sihag and Nixon, 1991). Most
significant is that, the anomalous electrophoretic mi-

[ .-

- ELECINOPHORESS O

- ELECTROPHORERS ]

FIG. 5. Two-dimensional phosphopeptide mapping of NFL. A: Rat NFL was phosphorylated with PKA in vitro, resolved by SDS-PAGE,
and subjected to two-dimensional phosphopeptide mapping as described in Experimental Procedures. DRG cultures were preincubated
with ¥P, and left untreated (B) or were treated with dibutyryl CAMP (C), 50 nM OA (D). or dibutyryt cAMP plus 50 nM QA (E), and
immunoprecipitated NFL was mapped as described in Experimental Procedures. O represents the origin, and the numbers 1 and 2

indicate the two NFL peptides phospharylated by PKA.

J. Neurochem.. Vol. 66. No. J. 1996
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CHROMATOORAPHY

FIG. 8. Two-dimensional phosphopeptide mapping of NFL de~
phosphorylated by PP-2A.. Rat NFL was ph ted by
PKA in vitro and left untreated (A) or further subjected to de-
phosphorylation by PP-2A. (B) as described in Experimental
Procedures. Following chymotryptic cleavage, equal amaunts of
radioactivity were loaded. O represents the origin, and 1 and 2
denote the two NFL peptides phosphorylated by PKA.

gration of phosphopeptide 2 increases the likelihood
that it will not be detected because it migrates toward
the anode at pH 1.5 and can run off the cellulose sheet
during electrophoresis. In addition, NFL is N-termi-
nally blocked (Geisler et al.. 1983), making it impossi-
ble to sequence the N-terminal chymotryptic peptide
by conventional means. Phosphopeptide 2 does not
appear to correspond to peptide L3 from previous re-
ports (Sihag and Nixon. 1989, 1991). as the latter
migrated toward the cathode under the same conditions
used here. Peptide L3 was also shown to undergo ra-
dioiodination, indicating that it contains Tyr (Sihag
and Nixon, 1989).

Phosphopeptide mapping of mouse and bovine NFL
phosphorylated with PKA in vitro showed them to be
phosphorylated at the same two sites as were seen for
rat NFL in Fig. 5A (data not shown). The identifica-
tion of Ser? as a phosphorylation site in the head do-
main of NFL agrees with studies reporting that bovine
NFL treated with high levels of PKA could be phos-
phorylated to the extent of 2—3 mol of phosphate/mol
of polypeptide (Hisanaga et al.. 1990: Nakamura et
al., 1990). In addition. a recent report suggested the
existence of a PKA site within the first 14 amino acids
of porcine NFL, a region that does not contain a con-
sensus PKA phosphorylation site (Hisanaga et al.,
1994). Because the amino-terminal tripeptide of NFL

J. Neurochem., Vol. 66, No. 3. 1996

similarly does not contain a PK A consensus sequence,
Ser® may be in a context where proximal basic amino
acids from a noncontiguous sequence specify phos-
phorylation (Kennelly and Krebs. 1991). Of >100
PK A phosphorylation sites reported in the literature.
this appears to be the first not to have a basic amino
acid to the N-terminal side of the site.

The changes in NF distribution seen in neurons
treated with OA and activators of PKA appear to in-
volve a shift in equilibrium between the antagonistic
effects of PP-2A and PKA. The phosphorylation of
Ser? of NFL may be directly involved in causing an
increase in NF fragmentation. This site is a substrate
for PKA and PP-2A in vitro, and its in vivo phosphory-
lation state appears to be regulated by these two en-
zymes. Because Ser*® is phosphorylated along with
Ser? under conditions that augment NF fragmentation,
both sites may be involved in this process.

The limited fragmentation of NFs that occurred in
neurons treated with 50 nM OA alone did not appear
to be paralleled by a significant increase in the phos-
phorylation of NFL (Fig. SD). The low level of Ser®
phosphorylation seen under these conditions was ap-
proximately the same as in neurons treated with dibu-
tyryl cAMP alone, which did not cause NF fragmenta-
tion. The reason for this apparent discrepancy is un-
known at present. Perhaps these two systems differ at
some other level. such as the extent of NFM or NFH
phosphorylation.

The nation that phosphorylation of the amino-termi-
nal head domain of NFL is invoived in the fragmenta-
tion of NFs is supported directly by evidence that NFL.
homopolymers can be disassembled by PK A treatment
in vitro (Hisanaga et al., 1990; Nakamura et al.. 1990)
and indirectly by the results presented in this report.
On the other hand. treatment of native NFs with PKA
in vitro did not cause disassembly (Hisanaga et al..
1994), suggesting that other factors may be involved
or that the properties of NFs may be aitered during the
course of their isolation.

The changes in NF distribution seen in DRG neurons

TABLE 1. Amino acid composition anulysis of
phosphopeptide 2

Amino acid Yield 1pmol)
Ser 61.0-
Phe 0.6
Gly 133
Glx 7.7
Leu 40
Ala KN |
Ite 3l

Phosphapeptide X was purified as described in Experimental Pro-
cedures, and 50 pmol of the peptide as determined from its P
specific radioactivity was subjected to amino acid composition anal-
ysis.

“This value is an underestimation because O-phosphoserine is
inefficiently converted to Ser by acid hydrolysis 1Glazer et al.. 1976).
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treated with OA and a PK A activator appear to involve
a shift in the equilibrium between the antagonistic ef-
fects of PP-2A and PKA. These two enzymes thus
appear to be involved in modulating the dynamic prop-
erties of NFs. Defining the various components in-
volved in modulating NF dynamics may provide some
insight into mechanisms underlying the aberrant aggre-
gation of NFs in certain neurological disorders.
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Chapter 3



Intermediate Filament Disassembly In Cultured
Dorsal Root Ganglion Neurons Is Associated With
Amino-Terminal Head Domain Phosphorylation Of

Specific Subunits

Abstract

We previously reported that activation of protein kinase A in cultured rat dorsal root
ganglion neurons, treated concomitantly with low concentrations of okadaic acid that
selectively inhibit protein phosphatase-2A, enhanced the Triton X-100 solubility of

neurofilament triplet proteins (Giasson et al., 1996). We now show that peripherin and a-

internexin follow the same fragmentation profile as the neurofilament subunits, consistent
with the notion that all five cytoplasmic intermediate filament proteins in these neurons
form an integrated filamentous network whose assembly can be modulated by protein
kinase A. Similar to the situation previously observed for the low molecular mass
neurofilament subunit (NFL), there was a strong correlation between phosphorylation of
the amino-terminal head domain of peripherin and filament fragmentation. On the other

hand, insignificant levels of **P were incorporated into a-internexin under conditions
promoting disassembly, indicating that phosphorylation of this protein is not directly
involved in filament fragmentation. The situation for the mid-sized neurofilament subunit
(NFM) was not as clear-cut. Phosphopeptide mapping of NFM revealed many head and tail
domain phosphorylation sites . However, changes in NFM head domain phosphorylation
under conditions promoting filament disassembly were not as pronounced as for

peripherin.

3.1



Introduction

The intermediate filament (IF) network in cultured embryonic dorsal root ganglion
(DRG) neurons is composed of five cytoplasmic intermediate filament (IF) proteins. They
include the neurofilament (NF) triplet proteins, NFL, NFM and NFH, together with

peripherin and a-internexin (Goldstein et al., 1996; Athlanetal., 1997). These neuronal IF

proteins share a domain organization common to all IF proteins, consisting of an a-helical

rod domain flanked by amino-terminal head and carboxyl-terminal tail domains (for a
review see Fuchs and Weber, 1994). IFs in different cell types also display a dynamic
behavior that is at least partly modulated by phosphorylation/dephosphorylation (for
reviews see Skalli and Goldman, 1991; Nixon and Shea, 1992).

Evidence that phosphorylation plays a role in NF dynamics is particulardy
compelling in the case of NFL, the key subunit in NF assembly (Ching and Liem, 1993;
Leeetal., 1993; Oharaetal., 1993). The in vitro phosphorylation of NFL by either cyclic
AMP-dependent protein kinase (PKA) or protein kinase C affects homopolymer assembly
(Gonda etal., 1990; Hisanaga etal., 1990; Nakamura et al., 1990). Phosphorylation sites
affecting NFL. assembly are located in the head domain (Sihag and Nixon, 1989; Sacher et
al., 1994), where Ser-55 was initially identified as a PKA site likely to be involved in NF
dynamics (Sihag and Nixon, 1991). A second PKA site in the head domain of NFL, Ser-2,
was identified in a study involving DRG neurons (Giasson et al., 1996). The latter study
also demonstrated that NF assembly in DRG neurons can be modulated through the
antagonistic effects of PKA and protein phosphatase (PP)-2A.

Evidence that any of the other four neuronal IF proteins are similarly modified
during filament fragmentation is less compelling, although in vitro studies suggest that
phosphorylation of NFM (Streifel et al., 1996) and a-internexin (Tanaka et al., 1993) may
be similarly involved in modulating filament assembly. The only evidence linking
peripherin phosphorylation with assembly/disassembly suggests that in PC12 cells highly
phosphorylated peripherin is more stably associated with the cytoskeletal network (Aletta et
al., 1989).

Current knowledge conceming the phosphorylation of a-intemexin and peripherin
in vivo is very limited. Peripherin has been shown to be phosphorylated in PC12 cells,

NIE 115 cells and sympathetic neurons (Aletta et al., 1989; Huc et al., 1989) and its
phosphorylation in the two latter cell types is largely restricted to the head domain (Huc et

32



al., 1989). On the other hand, nothing is known about the in vivo phosphorylation state of
a-internexin.

The IF cytoskeleton in cultured DRG neurons is a highly integrated network
(Athlan et al., 1997). It was therefore of interest to determine whether other neuronal [F
components show a correlation between head domain phosphorylation and IF
fragmentation similar to that seen for NFL (Giasson et al., 1996). The approach we used
consisted of treating DRG cultures with low concentrations of the PP-2A and PP-1
inhibitor, okadaic acid (OA) (Cohen et al., 1989), in the presence or absence of a PKA
activator (Giasson et al., 1996). Chemical cleavage techniques and comparative
phosphopeptide mapping of various neuronal IF proteins revealed a strong correlation
between phosphorylation and filament disassembly for peripherin and a lesser one for NF-

M. a-internexin did not appear to be involved in this process, since extremelylow levels of

3P were incorporated into the protein under conditions promoting filament fragmentation.

Experimental Procedures

Materials

OA was purchased from LC Services (Woburn, MA). N°,2’-O-Dibutyryl cyclic
AMP (db cAMP), the catalytic subunit of PKA, anti-mouse IgG, antibody-agarose and
monoclonal anti-NFL antibody (NR4) were from Sigma Chemical Co. (St. Louis, MO).

Carrier-free *?P, and [y-*°P]-ATP were from ICN Biomedicals (Mississauga, ON).

Monoclonal anti-peripherin (MAB 1527) and anti-a-internexin (MAB1525) antibodies

were purchased from Chemicon Internatiopal (Temecula, CA). Enhanced
chemiluminescence reagents were from NEN (Mississauga, ON). Protein A-Sepharose
was obtained from Pharmacia Biotech (Baie D’Urfé, PQ)

Cell culture
Rat DRGs and cerebral cortex were dissected, dissociated and maintained in culture
for 20 days and S days, respectively, as described previously (Giasson and Mushynski

1996; 1997). For metabolic labelling cells were incubated with 0.25 mCi of carrier-free
2P, /ml of P-reduced medium [19:1 of P-free medium (Flow Laboratories, McLean, VA)
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to normal medium] for 3 h before treatment. Cells were treated with 2 mM db cAMP for 3h
before the addition of OA for 5h.

Cell fractionation, gel electrophoresis, and western blotting

Cells were harvested in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, and 1.8 mMKH,PO,, pH 7.4) and lysed in Triton buffer [1% Triton X-
100, 50 mM Tris (pH 7.5), 100 mM NaCl, 2 mM EGTA, 2 mM levamisole, 50 mM NaF,

1 mMPMSF, 25 uM leupeptin, and 40 units/m! aprotinin]. The extracts were centrifuged
at 13,000xg for 30 min. Pellets and supernatants were solubilized in sodium dodecyl
sulfate (SDS) sample buffer [SO mM Tris (pH 6.8), 10% glycerol, 2% SDS and 5% $-

mercaptoethanol]. Gel electrophoresis was performed as previously described (Laemmli,
1970). For western blotting, proteins were electrophoretically transferred to Immobilon-P
membranes (Millipore Corp.) in buffer containing 48 mM Tris, 39 mM glycine and 10%
methanol. The membrane was blocked with 1% skimmed milk powder dissolved in Tris-
buffered saline-Tween {20 mM Tris (pH 7.7), 137 mM NaCl and 0.1% Tween-20],
incubated with primary antibodies and visualized by enhanced chemiluminescence as
described by the manufacturer.

Immunoprecipitation

Cells were harvested in phosphate-buffered saline and lysed in detergent buffer [150 mM
NaCl, 1% Nonidet-P40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0),

20 mM NaF, 2 mM EGTA, 0.5% levamisole, 1 mM NaVO,, ImM PMSF, 25 uM

leupeptin and 40 units/ml aprotinin]. Cellular debris was removed by centrifugation at
13,000xg for 30 sec. and 1% SDS was added to the supernatant. Samples were boiled for
5 min. and diluted 10-fold in Triton buffer. The proteins of interest were
immunoprecipitated for 3 h at 4°C with either a polyclonal rabbit antibody raised against
NFM bound to protein A-Sepharose, or anti-peripherin or anti-a-internexin antibodies

bound to anti-mouse IgG, antibody-agarose beads. The immunoprecipitates were washed
repeatedly with Triton buffer and eluted by boiling for S min in SDS sample buffer.

Chemical cleavage of peripherin
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Immunoprecipitated, **P-labelled peripherin was resolved by SDS-PAGE in the
presence of 2 mM thioglycolic acid. The gel was washed in 20% methanol and dried. The
peripherin band was located by autoradiography and excised. The gel slice was rehydrated
in N-chlorosuccinimide (NCS) buffer (1 g urea, 1 ml H,0 and 1 ml acetic acid)Lischwe
and Ochs, 1982) and incubated at room temperature for 1.5 h in the same buffer containing
2 mg/ml NCS. The slices were washed with H,0, equilibrated in SDS sample buffer and
resolved by SDS-PAGE.

Phosphorylation of NFM with PKA in vitro

An NF-enriched fraction was prepared from rat brain stem and spinal cord
(Georges et al., 1986), and the NF subunits were further purified using hydroxylapatite
(Bio-Rad LaboratoriesTokutake et al., 1983). The NF proteins were dialyzed against 5

mM Tris (pH 8.0), 1 mM EGTA, 0.1 mM PMSF and 143 mM B-mercaptoethanol. NF
subunits were phosphorylated by incubation for 60 min at 30°C with 60 units/ml of the
catalyticsubunit of PKA, 0.1 mM [y-**P]-ATP (50 uCi/uM), 1 mM MgCl,, 20 mM PIPES

(pH 7.0) and 0.1 mM dithiothreitol. The reaction was stopped with the addition of SDS
sample buffer.

Phosphopeptide mapping

Following either immunoprecitation of metabolically **P-labelled proteins or
phosphorylation of NFM in vitro, the proteins were resolved by SDS-PAGE, visualized by
autoradiography and excised from the gel. The gel slices were washed with 20% methanol
and lyophilized. Peripherin and NFM were digested for 18 h at37°C in 50 mM ammonium

bicarbonate containing 10 pg/ml of N®-p-tosyl-L-lysine chloroketone-treated a-

chymotrypsin (Sigma). NFM was further digested with 10 pg/ml trypsin (Sigma) for 6 h at

37°C. Afterthe gel slices were removed, peptides were lyophilized and dissolved in H,O
and loaded onto cellulose TLC sheets (MN-300; EM Science, Gibbstown, NIJ).
Phosphopeptides were resolved as described (Sihag and Nixon, 1990) and were visualized
by autoradiography.
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Results

In a previous study we had shown that an increase in the Triton solubility of NF
subunits in cultured DRG neurons correlated with phosphorylation of two PKA sites in the
head domain of NFL (Giasson etal., 1996). It was subsequently shown that two additional

IF proteins, peripherin and a-internexin, formed a highly integrated network together with
the NF triplet proteins in these neurons (Athlan et al., 1997). The question therefore arose
as to whether a-internexin and peripherin followed the same PKA-dependent fragmentation

pattern as the NF triplet proteins. Fig. 1 shows a Western blot analysis of Triton-insoluble
and Triton-soluble fractions from DRG peurons treated with nM concentrations of okadaic
acid in the presence or absence of the PKA activator, db cAMP. Treatment with db cAMP

or 20 nM OA alone did not significantly increase the levels of Triton-soluble NFL, a-

internexin or peripherin. Roughly half of each IF protein was rendered Triton-soluble when
neurons were treated with db cAMP and 20 nM OA together. Higher levels of
solubilization were achieved when PKA was activated in the presence of S0 nM OA.

PKA and OA increased the Triton-solubility of all five neuronal IF proteins in DRG
neurons (Fig. ! and Giasson etal., 1996), indicating that phosphorylation sites were being
targetted to promote filament disassembly. We had already demonstrated that fragmentation
of neuronal IFs correlated with phosphorylation of Ser residues in the head domain of NFL
(Giasson etal., 1996). We therefore proceeded to determine the phosphorylation status of
other IF proteins in DRG neurons under conditions promoting filament fragmentation. Fig.
2 shows that db cAMP or 50 aM OA alone increased the **P-labelling of peripherin,
although the highest level of *°P-labelling was achieved in neurons treated with both
compounds together. The *?P-label in peripherin was located predominantly in the N-
terminal 32.5 kDa polypeptide (Fig. 3). The phosphorylation sites in this polypeptide are
most probably in the head domain, since it is highly unlikely that the a-helical rod segment

is phosphorylated (Steinert et al., 1982).

Fig. 4A shows that peripherin from untreated DRG neurons contains one major
chymotryptic phosphopeptide (phosphopeptide 1) as well as several minor species, some
of which become more prominent following activation of PKA and/or phosphatase
inhibition. These phosphopeptides can be grouped in three categories: those that become
more prominent upon PKA activation (4 and 5 in Fig. 4B) or with OA treatment (4-9 in
Fig. 4C), as well as species that become even more prominent when neurons are treated
with both OA and db cAMP (4, S, 10 and 11 in Fig. 4D). Whether the latter four sites are
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especially crucial in promoting filament fragmentation is still a matter of conjecture because
of the large number of phosphorylation sites in the peripherin head domain. However, the
clear-cut synergism between OA and db cAMP strongly supports this notion.

Previous work (Sihag and Nixon, 1990; Sihag et al., 1995) revealed two classes of
phosphorylation sites in NFM: sites in the head domain phosphorylated by PKA and/or
protein kinase C, and tail domain sites phosphorylated by second messenger-independent
NF kinases. The phosphopeptide map in Fig. SA was derived from NFM that had been
phosphorylated by PKA in vitro and digested by chymotrypsin and trypsin. These sites
have been shown to be located in the head domain (Sihag and Nixon, 1990; Sihag et al.,
1995). With the possible exception of phosphopeptide 2, the phosphorylation of these
phosphopeptides was not detected under control conditions (Fig. SB). However, the latter
did contain prominent tail domain phosphopeptides as indicated by the sites labelled with
asterisks (Sihag and Nixon, 1990). The phosphopeptide map of NFM from db cAMP-
treated neurons contained head domain phosphopeptides 2, 4, S and 8 (Fig. 5C),
illustrating that these PKA sites can be phosphorylated in vivo. Treating the neurons with
OA caused the appearance of a single novel species, phosphopeptide 1 (Fig. 5D).
Treatment of DRG neurons with OA and db cAMP combined (Fig. 5E) did not result in
any outstanding changes in the phosphopeptide map compared to that seen with either agent
alone, but it did cause an increase in the phosphorylation of phosphopeptide 1. Unless
combined phosphorylation of phosphopeptides 1 and 2 is particularly crucial for filament
disassembly, these results make it difficult to decide whether head domain phosphorylation
in NFM plays a significant role in the fragmentation process.

o-internexin has been shown to undergo head domain phosphorylation by PKA in

vitro (Tanaka et al., 1993). However, metabolic **P-labelling studies demonstrated that a-

internexin immunoprecipitated from DRG cultures contained insignificant levels of **P-
label (Fig. 6A, lanes 1-4), even under conditions promoting filament fragmentation. In

contrast, a-internexin from cultured cortical neurons, where it is the major neuronal IF
protein (Giasson and Mushynski, 1997), showed some **P-labelling in OA-treated cultures
(Fig. 6A, lane 7). The autoradiograms of immunoprecipitated a-intemexin (Fig. 6) and

peripherin (Fig. 2) were exposed for 168 h and 12 h, respectively. Since western blots of
the immunoprecipitates indicated that approximately equal amounts of the two proteins
were present, these resuits demonstrated that insignificant amounts of 3°P were

incorporated into a-internexin even when DRG neurons were treated with db cAMP and/or

S0 nMOA.
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Discuassion

We recently demonstrated that PKA activation and OA had a synergistic effect on
increasing the Triton solubility of NF triplet proteins in cultured DRG neurons (Giasson et
al., 1996). The present report shows that under the same conditions the increase in Triton

solubility of peripherin and a-internexin paralleled that of the NF subunits. This finding is

consistent with the notion that [Fs in DRG neurons form a highly integrated network
(Athlanetal., 1997) and indicates that neuronal IF dynamics are modulated by mechanisms
shared with other types of IFs (Skalli and Goldman, 1991; Nixon and Shea, 1992).

Analysis of NFL phosphorylation in DRG neurons revealed a relatively simple
phosphopeptide map, involving two head domain sites, Ser-2 and Ser-55 (Sihag and
Nixon, 1991; Giasson et al., 1996) and tail domain phosphorylation probably occurring
mainly at Ser-473 (Sihag and Nixon, 1989; Xu etal., 1990). We had also reported that the
phosphorylation of Ser-2 correlated with neuronal IF fragmentation. The situation for
peripherin is more difficult to interpret because phosphopeptide mapping revealed a large
number of phosphorylation sites (Fig. 4), which were virtually completely restricted to the
head domain under all of the conditions tested here (Fig. 3). In cells treated with db cAMP
and OA combined, four peripherin phosphopeptides, including the two that contained PKA
sites, were more highly **P-labelled compared to the corresponding species from neurons
treated with either agent alone. These 4 sites, perhaps acting synergistically with other sites
phosphorylated in the presence of db cAMP or OA alone, are likely to be involved in
disassembly of the IF network in DRG neurons.

The essential role of OA in achieving significant levels of IF fragmentation further
illustrates the key role of protein phosphatases in maintaining cytoskeletal integrity. OA
inhibits both PP-1 and PP-2A, although it is a more potent inhibitor of PP-2A (Cohen et
al., 1989). In view of the low concentrations of OA employed in this study, PP-2A
appears to be the phosphatase involved in preventing neuronal IF fragmentation. It has
been demonstrated that 100 nM OA had little effect on the intracellular activity of PP-1,
while 30-100 oM of the same compound significantly inhibited PP-2A (Favre et al.,
1997). It is interesting to note in this regard that PP-2A is associated with and may be
involved in preserving NFs (Saito etal., 1995).

The presence of second messenger dependent protein kinase sites in the head
domain of NFM had led to the suggestion that they may play a role in NF dynamics (Sihag
and Nixon, 1990). The differences between the phosphopeptide maps of NFM from db
cAMP and OA-treated neurons were relatively minor with the notable exception of species
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I and 2 (cf. Figs. SC and 5D). Whether phosphorylation at these two sites together in
neurons treated with both db cAMP and OA is at least partly responsible for the marked
increase in IF fragmentation is still a matter of conjecture. Perhaps filament fragmentation is
due to the cumulative effect of head domain phosphorylation in the different subunit

proteins, excepting a-internexin, that make up the neuronal IF network in DRG neurons.
Previous studies demonstrated that in vitro phosphorylation by PKA of head
domain sites in a-internexin blocked its ability to polymerize (Tanaka et al., 1993). The

lack of a-internexin phosphorylation in DRG neurons under conditions causing IF
fragmentation was therefore quite unexpected. The possibilty was considered that head
domain sites in a-internexin were occluded as a result of its coassembly with the other four
neuronal [F proteins in DRG neurons (Athlan et al., 1997). However, phosphorylation of
a-internexin in cultured cortical neurons was also exceedingly low (Fig. 6) despite the fact
that it is the major IF protein in these neurons (Giasson and Mushynski, 1997).

The low levels of a-intemmexin phosphorylation observed even in the presence of db

cAMP and OA, suggests that this IF subunit is not directly involved in fragmentation
mediated by phosphorylation. However, a recent study suggests that this protein may be
involved in forming a more flexible IF network (Giasson and Mushynski, 1997). The

presence of a-internexin in the neuronal IF network of cultured embryonic DRG neurons

may thus render these IFs more responsive to the effects of head domain phosphorylation.

Our findings clearly indicate that both PKA and PP-2A can be involved in
modulating the dynamics of the highly complex IF network present in cultured DRG
neurons. The phosphorylation of sites in the head domains of NFL, NFM and peripherin
may be linked with this process. It remains to be determined which and how many of these
phosphorylation sites are actually involved in promoting IF disassembly, although such an
undertaking would require the prior identification of those sites that have not yet been
characterized. Even though extensive cytoskeletal rearrangements such as that caused by db
cAMP and OA treatment (see also, Giasson et al., 1996) are unlikely to occur in untreated
neurons, more moderate and localized changes of a similar nature are likely taking place
during the normal course of neuronal IF metabolism (Okabe et al., 1993).
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Figures

Figure 1. Western biot analysis of the effect of db cAMP on neuronal IFs in DRG
neurons treated with increasing concentrations of OA. DRG cultures were fractionated into
Triton X-100-insoluble (I) and -soluble (S) fractions by centifugation at 13,000xg for 30
min. Samples were resolved by SDS-PAGE and the neuronal IF proteins were detected by
western blotting as described in Experimental Procedures. The nanomolar QA
concentrations are indicated above each lane. Cultures were either pretreated (+) or not

treated (-) with 2 mM db cAMP. L, I, and P refer to NFL, a-internexin and peripherin,
respectively.
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Figure 2. Phosphorylation of peripherin in DRG cultures treated with db cAMP and OA.
DRG cultures were preincubated with >*P, and left untreated (lane 1), treated with 2 mM db
cAMP (lane 2) , treated with 50 nM OA (lane 3) or treated with 2 mM db cAMP plus 50
oM OA (lane 4). Peripherin was immunoprecipitated as described in Experimental
Procedures. (A) Peripherin was visualized by western blotting. (B) After western blotting,
the membrane was rinsed with water, dried and **P-labelled peripherin was visualized by
autoradiography.
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Figure 3. *°P,labelling of the amino- and carboxy-terminal halves of chemically cleaved
peripherin from DRG cultures treated with db cAMP and OA. (A) Diagram showing the
structure of peripherin. The position of the unique tryptophan residue is indicated by the
arrow and the predicted molecular masses of the polypeptides following chemical cleavage
at this amino acid residue are indicated above the schematic. (B) DRG cultures were
preincubated with *°P, and left untreated (lane 1), or were treated with 2 mM db cAMP
(lane 2), S0 nM OA (lane 3) or with 2mM db cAMP plus 50 nM OA (lane 4). Peripherin
was immunoprecipitated as described in Experimental Procedures and an equal amount of
peripherin protein, as determined by western blotting, was loaded in each lane. The
numbers on the right indicate the positions and molecular masses in kDa of protein
standards. F, N and C refer to full-length peripherin and the N- and C-terminal segments,

respectively.
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Figure 4.Two-dimensional phosphopeptide mapping of peripherin. DRG cultures were
preincubated with **P; and left untreated (A), or were treated with 2 mM db cAMP (B), 50
nM OA (C) or 2 mM db cAMP plus 50 nM OA (D). Immunoprecipitated peripherin was
digested and phosphopeptides were resolved on TLC sheets as described in Experimental
Procedures. An equal amount of perpherin, as determined by western blotting, was used
for each map. O represents the origin, and the spots numbered 1 to 11 indicate the major
peripherin phosphopeptides.
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Figure 5. Two-dimensional phosphopeptide mapping of NFM. A: Rat NFM was
phosphorylated with PKA in vitro, resolved by SDS-PAGE, and subjected to two
dimensional phosphopeptide mapping as described in Experimental Procedures. B-E:
DRG cultures were preincubated with *°P, and left untreated (B), or were treated with 2
mM db cAMP (C), 50 nM OA (D) or 2mM db cAMP plus 50 sM OA (E).
Immunoprecipitated NFM was digested and phosphopeptides were resolved on TLC sheets
as described in Experimental Procedures. An equal amount of NFM protein from each
DRG culture, based on western blotting, was used for each map. O represents the origin,
and the spots labelled with numbers 1 to 9 and asterisks indicate the major NFM
phosphopegtides.
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Figure 6. Phosphorylation of a-internexin in DRG and cerebral cortex cultures. DRG

cultures (lanes 1-4) and cerebral cortex cultures (lanes 5-8) were preincubated with *P,
and left untreated (Ianes 1 and 5), or were treated with 2 mM db cAMP (lanes 2 and 6), 50

nM OA (lanes 3 and 7) or 2 mM db cAMP plus 50 nM OA (lanes 4 and 8). a-internexin

was immunoprecipitated as described in Experimental Procedures. (B) a-internexin was
visualized by western blotting. (A) After western blotting, the membrane was rinsed with
water, dried and >*P-labelled a-internexin was visualized by autoradiography. I refers to a-

internexin. The numbers on the right indicate the positions of molecular mass markers and
their masses in kDa.
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Abstract

The expression and Triton X-100 (Triton) solubility of neuronal intermediate filament proteins were determined in the developing rat
cerebral cortex. The level of expression of a-internexin was unchanged from embryonic day 15 (E15) to postnatal day 15 (P15), whereas
expression of the mid-sized neurofilament subunit increased continually during this interval concomitant with a reduction in Triton
solubility of the two proteins. The low molecular weight neurofilament subunit. first barely detected at P2, was largely insoluble in Triton
from the initial time point that its solubility could be assayed. at P5. to P15. Similar expression patterns and Triton solubility profiles were
obtained for neuronal intermediate filament proteins in culred neurons from E15 cerebral cortex. These results suggest that a-internexin is
expressed earlier than neurofilament proteins to provide a more plastic network in the early developing brain. The incorporation of
neurofilament proteins apparently results in the formation of the more stable intermediate filament network found in mature neurons. ©

1997 Elsevier Science Ireland Lid.

Keywords: a-Intemexin: Cerebral cortex; Development: Neurofilament

The 8-10 nm filaments found in most mammalian cells
are composed of subunits belonging to the large family of
intermediate filament (IF) proteins [7]. The earliest IF pro-
teins expressed in and associated with development of the
mammalian nervous system are vimentin {4] and nestin
{14]. However, the expression of both proteins is silenced
when neuronal precursor cells become postmitotic. Postmi-
totic neurons may express some or all of five other IF pro-
teins [1.7]. Three of these comprise the neurofilament (NF)
triplet, consisting of the low molecular weight (NFL). mid-
sized (NFM) and high molecular weight (NFH) NF subunits
(9]. e-Internexin (a-Int) and peripherin are the other two [F
proteins found in neurons [7]. The expression of a-Int pre-
cedes that of other neuronal IF proteins in postmitotic neu-
rons {1.6,11], while peripherin is expressed mainly in the
peripheral nervous system {5].

DNA transfection studies with cells deficient in endogen-
ous cytoplasmic IFs demonstrated that NFs are obligate
heteropolymers in vivo [3,13]. The co-expression of either

* Cormresponding author. Tel.: +1 514 3987286: fax: -1 514 3987384:
e-mail: mushynski@medcor.megill.ca

NFM or NFH with NFL is required for the formation of an
IF network. Unlike NF subunits, a-Int can assemble into an
extended filament network in the absence of other [F pro-
teins and can also co-assemble with NF subunits both in
vivo [3] and in vitro {2]. This apparent versatility of a-Int
in forming homo- and heteropolymeric networks conforms
with the suggestion that it forms a transitional IF network
that serves as a scaffold for the incorporation of NF subunits
(6.15].

This report details our study of how the stabilization of
the neuronal IF network is affected by developmental
changes in expression of neuronal IF proteins in rat cerebral
cortex. as well as in rat cerebral cortex cultures from
embryonic day 15 (E15) embryos. A progressive stabiliza-
tion of the neuronal IF network was observed which coin-
cided with an upregulation in the levels of NF proteins.

Embryos were obtained from Sprague—Dawley rats that
were anesthetized with ether and sacrificed by cervical dis-
location. Cerebral cortices dissected from E15 rat embryos
were dissociated with trypsin and cells were maintained in
defined medium N1 containing 30 ug ml™' bovine apo-trans-
ferrin, with added 0.9% bovine serum albumin (8], 1% fetal

0304-3940/97/817.00  © 1997 Elsevier Science Ireland Lid. All rghts reserved
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Fig. 1. Expression of neurona! IF proteins in the developing cerebral
cartex. The age of the rats at the ume of dissection is indicated at the
top of each lane. Equal amounts of protein were loaded in each lane and
neurcnal IF proweins wore detected by ECL on Western blots. pNFH and
dpNFH refer to hyper- and hypophosphoryiated forms of the high male-
cular weight NF subunit. respectively. NFM, NFL and o INT refer to the
mid-sized and low molecular weight NF subunits and a-internexin, respec-
nvely.

calf serum (Gibco BRL) and antibiotics. Culture dishes
were coated with crosslinked collagen [8].

For the Triton X-100 (Triton) fractionation of freshly
dissected cerebral cortices. the tissue was rinsed in phos-
phate-buffered saline (PBS) and disrupted in 10 volumes
of Triton buffer (1% Triton, 50 mM Tris (pH 7.5). 100
mM NaCl, 2 mM EGTA. 2 mM levamisoie., 50 mM NaF
and pratease inhibitors) using a Dounce homogenizer (10
strokes). The extracts were centrifuged at 13000 x g for 20
min. Pellets and supernatants were solubilized in sodium
dodecy! sulfate (SDS)-sample buffer {12]. Cerebral cortex
cultures were harvested in PBS. Ivsed in Triton buffer by
vortexing and centrifuged as described above.

For experiments requiring the equal loading of proteins
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Fig. 2. Changes in Triton

for SDS-polyacrylamide gel electrophoresis (PAGE). cere-
bral cortices were rinsed in PBS and lysed in 2% SDS. 62.5
mM Tris (pH 6.8), and protein concentration was deter-
mined using the bicinchoninic acid (BCA) assay (Pierce
Chemical Co.). Polypeptides were resolved on slab gels
by SDS-PAGE [12] and neuronal [F proteins were detected
by Western blot analysis [8} using an enhanced chemilumi-
nescence (ECL) detection kit (Amersham). Monoclonal
antibodies (anti-NFL, NR4: anti-NFM, NN18: anti-NFH.
NS2) were obtained from Sigma Chemical Co. Anti-a-Int
(MAB1525) and anti-peripherin (MAB1527) monoclonal
antibodies were from Chemicon Int. For quantitative Wes-
tern blotting, ['*[}rabbit anti-mouse IgG was used as a sec-
ondary antibody and the proteins were quantified using a
Fujix BAS 2000 Bio-Imaging Analyzer (Fuji Bio-Imaging).

a-Int was present in the cerebral cortex as a major com-
ponent as early as E15, and its level of expression remained
constant up to postnatal day 15 (P15) (Fig. 1). In contrast.
NFM was barely detectable at EI5 but its level increased
continually up to at least P15, which was the last time paint
analyzed. NFL was not detectable before P2. and NFH
before PS5, after which their levels increased up to at Jeast
P15. Peripherin was not detected in the cerebral cortex from
ElS5 to P15 (data not shown).

The Triton solubility of NFM and a-Int decreased with
increasing age of the rats (Fig. 2). In contrast. most of the
NFL was Triton-insoluble from the time (P5) when suffi-
cient amounts were present to assay its solubility. The Tri-
ton solubility of NFH could not be quantified by image
analysis, because the '“l-based procedure used for quanti-
tative Western blotting is not as sensitive as the ECL detec-
tion procedure in Fig. 1 and running higher levels of protein
extract on gels caused NFH to smear. However, experiments
performed on P10 and P15 extracts using the ECL proce-
dure revealed that the more slowly migrating. hyperpho-
sphorylated isoforms of NFH [10] were predominantly
Triton-insoluble, whereas the hypophosphorylated isoforms
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lubility of neurvnal IF prowins in the deseloping cercbral cortex. Proteins were separated into Triton-soluble and -insoluble

fractions, detected by '™1-based Western blotting and quantitied by image analysis. The ages of the rats at the time of the dissections are indicated on the x-
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Fig. 3. Expression of neuronal IF proteins in cultures of dissociated E15 rat
cercbral cortex. Proteins were detected by ECL on Western blots. The
number of days that the cultures were maintained after plating is indicated
abave each lane. Culiures were harvested in the same volume of SDS-
sample buffer and equal volumes of sample were loaded in each lane. IF
subunit designations are provided in the legend to Fig. |.

appeared 1o be equally distributed between Triton-soluble
and -insoluble fractions (data not shown).

In cultures of E15 cerebral cortex, the expression of a-Int
was constant throughout the 20 days that neurons were
maintained (Fig. 3). NFM could also be detected throughout
this interval. although its expression increased with time.
NFL was detected only after 15 days and its expression
increased from day 15-20, while a band corresponding to
hypophosphorylated NFH was first detected at day 10.

The Triton solubility of both NFM and «-Int decreased
throughout the time that cerebral cortex neurons were main-
tained in culture (Fig. 4). Again, NFL was mostly Triton-
insoluble from the time it could first be detected. [t was not
possible to assess the Triton-solubility of NFH in the cul-
tures because its level of expression was (oo low.

The expression patterns described here for a-Int and the
three NF subunits in developing rat cerebral cortex are
essentially similar to those reported in previous studies
[6.11]. a-Int was by far the predominant neuronal [F protein
at E1§, the earliest age tested. In addition. the expression of
NFM clearly preceded that of NFL both in vivo and in
cultured cortical neurons. The early expression of NFM
has also been reported for other types of neurons [17.19],
contrary to the notion that the expression of NFL and NFM
are always tightly linked {15.16,18].

The functional significance of the sequential appearance
of different IF proteins in neurons is unknown. It has been
suggested that the expression of a-Int prior to the other
neuronal IF proteins in postmitotic neurons may be of
help to maintain plasticity during neurite outgrowth [I5]
and to provide a scaffold for subsequent incorporation of
NF subunits [6,15]. We show in the present study that the
latter event coincides with a decrease in the Triton solubility
of neuronal IFs.

At early developmental stages (E15). when it was the
major IF protein expressed in cortical neurons, a-Int was
largely Triton-soluble. The relative increase in NF subunit
levels with continued development was accompanied by a

stabilization of the neuronal IF network, as judged by the
decrease in Triton solubility of the various components
(Figs. 2and 4). [t is interesting to note that NFL was largely
insoluble in Triton whenever there were sufficient amounts
to be assayed. indicating that it was rapidly incorporated
into a stable [F network.

Our proposal that stabilization of neuronal IFs in devel-
oping cerebral cortex is due to the incorporation of increas-
ing levels of NF subunits into a network formed initially by
a-Int is based on two assumptions: that «-Int and the NF
triplet are co-expressed in the same neurons and that they
can co-polymerize. There is a great deal of evidence sug-
gesting that both of these assumptions are in fact correct. a-
Int is found in most. if not all, central nervous system (CNS)
neurons. lts expression precedes that of NF triplet proteins
in the embryo and its distribution in the adult CNS closely
parallels that of the NF subunits [6.11]. Small cerebellar
granule cells appear to represent ane of the rare exceptions
to the co-localization of these neuronal [F proteins, as they
contain only a-Int {6]. There is also considerable evidence
indicating that a-Int and NF subunits can co-polymerize
both in vivo [3] and in vitro [2]. Also noteworthy is the
observed co-immunoprecipitation of «-Int with NF subunits
from extracts of okadaic acid-treated sensory neurons. sug-
gesting that these proteins form a highly integrated structure
[t).

a-Int is unique among the type IV IF proteins in that it
can also form a homopolymeric filamentous network in
transfected, IF-deficient cells although about half of the a-
Int is Triton-soluble at 13000 x g under these circum-
stances [3]. This ability to assemble into homo- and hetero-
polymeric [Fs would enable a-Int to form a more plastic,
transient IF network in developing neurons and to partici-
pate with the NF subunits in forming more stable IFs in
mature CNS neurons [15].
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Fig. 4. Changes in Trnton solubility Eh\ggmml IF proteins in cultured
ncurons from dissociatad E1§ cerebral conex. The percentage of each [F
protein that is Triton-insoluble was determined as described in Fig. X The
numbers of days that the cultunes wene maintained after platag are indi-
cated on the t-axis. NFM. NFL and a-INT are detined in the legend to Fig.
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It is not clear at present whether the effect of NF wriplet
proteins on the stability of the [F network in cortical neurons
is direct or indirect. Stabilization may be the direct result of
co-polymerization of NF subunits with a-Int. Alternatively,
NF subunits integrated into the IF network may stabilize it
by interacting with other cellular components. Resolving
this issue will provide new insights into the dynamics of
neuronal [Fs and their role in neuronal development.

This research was supported by a grant from the Medical
Research Council of Canada. B.I.G. was the recipient of a
studentship from the Fonds de la Recherche en Santé du
Québec. We would like to thank Dr. G. Almazan for her
help in setting up cercbral cortex cultures.
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The aberrant phosphorylation of the neurofilament
high molecular weight subunit (NFH) in the neuronal
perikaryon is a common feature of several neurological
diseases. We demonstrated a strong correlation between
hyperphosphorylation of the NFH carboxyl-terminal do-
main and activation of stress-activated protein kinase
(SAPK) -y in PC12 cells. Agents that activated SAPKy in
PC12 cells also caused the hyperphosphorylation of
perikaryal NFH in cultured dorsal root ganglion neu-
rons. The NFH carboxyl-terminal domain was phcepho-
rylated by SAPKYy in vitro, and the use of peptide sub-
strates indicated that this event occurred preferentially
at KSPXE motifs. We propose that SAPKy, perhaps in
concert with other SAPKS, is involved in the abnormal
phosphorylation of perikaryal NFH. This finding could
lead to new insights into the etiology of several neuro-
lIogical diseases.

Neurofilaments (NFs)! are major components of the cytoskel-
eton in many types of mature neurons and are particularly
abundant in large, myelinated axons (1). Mammalian NFs are
abligate heteropolymers (2-4) compaosed of three type [V inter-
mediate filament proteins, NFL, NFM, and NFH, with appar-
ent molecular masses of 68, 150, and 200 kDa, respectively (5).
In commeon with other intermediate filament proteins, each NF
subunit contains a highly conserved a-helical rod domain, in-
volved in coiled-coil dimer formation, flanked by an amino-
terminal head domain and a carboxyl-terminal tail domain (6).
The size differences between NF subunits are due to variations
in the length of the tail domains (6), which project laterally
from the filament axis (7, 8) and appear to form cross-bridges
between NFs and with other axonal structures (9).

The tail domains of NFM and NFH display complex subdo-
main patterns with several distinct motifs (10). One such motif,
the Lys-Ser-Pro (KSP) sequence, is especially abundant in the
tail domain of NFH, with numbers ranging from 43 in human
NFH (11) to over 50 in NFH from mouse (12) and rat (13).

* This research was supported by a grant from the Medical Research
Council of Canada. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked *advertisement™ in accordance with 18 U.S.C. Section
1734 salely to indicate this fact.
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du Québec.

§ To whom reprint requests should be addressed: Dept. of Biochem-
istry, McGill University, 36556 Drummond, Montreal, Quebec H3G 1Y6.
Canada. Tel.: 514-398-7286; Fax: 514-398-7384.

! The abbreviations used are: NF, neurofilament; CI, N-acetyl-Leu-
Leu-norleucinal; CII, N-scetyl-Leu-Leu-methioninal; DRG, dorsal root gan-
ferase; MAP, mitogen-activated protein; NFL, NFM, and NFH, low,
medium, and high molecular mass neurofilament subunits, respectively;
NGF, nerve growth factor; KSP, Lys-Ser~Pro; PAGE, polyacrylamide gel
electrophoresis; SAPK, stress-activated protein kinase; TNFa, tumar necro-
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These KSP repeats represent the major phosphorylation sites
in NFH and NFM (14, 15), which account for the high phos-
phoserine content of the two proteins (7, 16). The electro-
phoretic mobilities of NFH and NFM on SDS-polyacrylamide
gels are retarded significantly by phosphorylation of the KSP
repeats (16).

The knowledge that KSP repeats contain the major phospho-
rylation sites in NFM and NFH has focused efforts to identify
the relevant kinases within the superfamily of proline-directed
protein kinases. Several neuronal enzymes in this category
have been shown to phosphorylate NFH in vitro. These include
glycogen synthase kinase-3 (17), extracellular signal-regulated
kinases {ERKs) (18, 19), and cyclin-dependent kinase-5 (20,
21). Since KSP motifs located in different sequence contexts are
phosphorylated in vivo (15), several kinases may participate in
tail domain phosphorylation, perhaps through a hierarchical
mechanism (22).

The development of monoclonal antibodies that could distin-
guish between phosphorylated and unphosphorylated KSP re-
peats in the tail domains of NFH and NFM led to the discovery
that axoral NFs are normally more highly phesphorylated
than those located in the perikaryon and dendrites 123, 24).
This normal phosphorylation pattern is characteristically ai-
tered in a variety of neuropathologies, where perikarval NFs
become hyperphosphorylated (25, 26).

We recently showed (27) that N-acetyl-Leu-Leu-norleucinal
(CI), a potent calpain (28) and proteasome inhibitor 129, 30),
stimulated phosphorylation of the tail domain of NFH in neu-
ron-like PC12 cells and in cell bodies of dorsal root ganglion
(DRG) neurons. We have now found that agents known to
activate stress response pathways have an effect similar to that
of CI. These pathways involve proline-directed kinases of the
mitogen-activated protein (MAP) kinase family, which include
the ERKs, the stress-activated protein kinases (SAPKs). and
p38. (31). The MAP kinases are related structurally and are
activated by similar cascades in response to diverse external
stimuli. The SAPK pathway responds to intra- and extracellu-
lar stress stimuli and may promote inhibition of cell growth
(32, 33). There is a degree of cross-talk between the different
MAP kinase signaling cascades as evidenced by the activation
of ERKs, SAPKs, and p38 by hyperosmolarity (34. 35). How-
ever, the various MAP kinases also respand differently to cer-
tain stimuli, one example being the activation by arsenite of
p38, but not the ERKs, in PC12 cells (36).

We report here that CI caused the prolonged activgtion of
ERK-1/2 and SAPKy. The stimulation of NFH tail ‘domain
phosphorylation in PC12 cells by various stress response acti-
vators correlated with the degree of SAPKy activation and the
kinase phosphorylated recombinant NFH tail domain in citro.
These results suggest that stress-activated protein kinases
may be responsible for the hyperphosphorylation of perikaryal
NFs seen in various neuropathologies.

This paper is available on line at http//www-jbc.stanford.edu/joc/
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EXPERIMENTAL PROCEDURES

Materials - CI, N-acetyl-Leu-Ley-methioninal (CIT), anisomycin, and
anti-NFH monoclonal antibody N52 were purchased from Sigma. Hu-
man recombinant tumor necrosis factor-a (TNFa) was from Collabora-
tive Biomedical Products (Bedford, MA). Nerve growth factor (NGF)
(2.58) was purchased from Prince Laboratories (Taronto, ON). Anti-NF
monaclonal antibodies SMI 31 and SMI 34 were obtained from Stern-
berger Monoclonals, Inc. (Baltimore, MD). Anti-SAPKy (C-17), anti-
ERK-1 (C-16), and anti-ERK-2 (C-14) polyclonal antibodies as well as
glutathione S-transferase (GST)-c~Jun (amino acids 1-79) were pur-
chased from Santa Cruz Biotechnology. Inec. (Santa Cruz, CA). Myelin
basic protein and bovine serum albumin were from Life Technologies.
Inc. (Burlington, ON). Bovine apotransferrin was from ICN (Missis-
sauga, ON). GST-NFH (usion protein containing the entire tail domain
of murine NFH (amino acids 412-1087; Ref. 12) was expressed as a
recombinant protein in Escherichia coli using the bacterial expression
vector pGEX-2T (Pharmacia Biotech, Baie D'Urfé, PQ) and was purified
by affinity chromatography using glutathione-Agarose.

Cell Culture—Embryos were obtained from Sprague-Dawley rats
that were previously anesthetized with ether and sacrificed by cervical
dislocation. DRGs from E15 rat embrycs were dissected, dissociated
with trypsin, and maintained in defined medium N1 (37) containing 30
ug ml™* bavine apotransferrin, with added 0.9% bovine serum albumin,
6 ng ml~* 2.5 S NGF, and antibiotics. Culture dishes were coated with
croas-linked collagen (38) in & procedure involving overnight precipita-
tion of 50 ug ml~* collagen followed by cross-linking for 2 h at room
temperature with 130 xg ml™' of 1-cyclohexyl-3-(2-morpholinoethy})
carbodiimide-p-toluenesulfonate. Dissociated DRGs were plated either
dispersely or in a volume of 10 pl at the center of & 36-mm dish. In the
latter case, the cells were allowed to attach for 30 min before flooding
with defined medium. The localization of neuronal perikarya in a small
centrally located region allowed them to be separated manually from
the surrcunding halo of neurites. Localized and dispersed DRG cultures
were maintained for 19-20 days before being used for experiments.

The PC12 cells were obtained from the American Type Culture
Collection (Rockville, MD) and maintained according to published pro-
cedures (39, 40).

PC12 cells were grawn in 85% Dulbecco’s modified Eagle’s medium
(high giuccse), 10% heat-inactivated horse serum, 5% fetal bovine se-
rum (Life Technologies, Inc.), and antibiotics.

Immunoprecipitation Kinase Assay of SAPKvy—The cells were har-
vested in phosphate-buffered saline (137 ms NaCl, 2.7 mm KC), 10 mum
Na,HPO,, 1.8 mu KH,PO,) and lysed with 200 ul of SAPKy lysis buffer
(20 mm Tris, pH 7.4, 1% Triton X-100, 10% glycerol, 137 mu NaCl, 2 my
EDTA, 25 mx B-glycercphosphata, 1 mat sodium orthovanadate, 2 mu
pyrophosphate, 1 mM phenylmethylsulfonyt fluoride, 10 ug mi~! leu-
peptin). Cell debris was removed by centrifugation at 13,000 x g for §
min at 4 °C. An aliquot of each supernatant was used to determine the
protein concentration and equalize the amount of protein used in each
set of experiments. SAPKy was immunoprecipitated from 100 to 160 ug
of total protein using 10 ul of anti-SAPKy polyclonal antibedy (C-17)
(100 ug mi~") and 20 ul of protein A-Sepharose CL-4B suspension
(Pharmacia Biotech, Baie D'Urfé, PQ) for 3 h at 4 *C. The immunocom-
plexes were washed four times with SAPK< lysis buffer and once with
SAPKy kinase buffer (25 ms Hepes, pH 7.4, 25 my B-glycerophosphate,
25 mm MgCl,, 2 ma dithiothreitol, 0.1 myt sodium orthovanadate). The
assays were initiated by adding to the sedimented beads 10 ul of SAPKy
kinase buffer containing 0.5 ug of GST-c<Jun and 50 gM [TPJATP (5
Ci/mmol). The reactions were incubated at 30 *C for 20 min and then
terminated by boiling for 5 min in SDS sample buffer (50 my Tris, pH
6.8, 10% glycerol, 2% SDS, 5% S-mercaptoethanol). Phosphorylation of
the substrate protein was visualized after SDS-polyacrylamide gel elec-
trophoresis (PAGE) (41) by autoradiography and quantified using a
Fujix BAS2000 Bio-Imaging Analyzer (Fuji Bio-Imsging).

Immunoprecipitation Kinase Assay of ERK-1/ERK-2-The assay
was similar to that for SAPKy except for the following changes. The
Iysis buffer consisted of 50 mu NaCl, 5 my EGTA, 10 mxu Tris, pH 7.6,
0.2% Nonidet-P40, 1 mu sodium orthovanadate, 10 mum sodium pyro-
phosphate, 20 mu NaF, 1 mu phenylmethylsulfonyl fluoride, 5 ug/ml
aprotinin, and 10 ug/ml leupeptin. The kinases were immunoprecipi-
tated with 5 ul each of anti-ERK-1 (C-16) (100 pg/ml) and anti-ERK-2
(C-14) (100 pg/ml) polyclonal antibodies. ERK kinase buffer consisted of
30 mum Hepes, pH 7.2, 10 mx MgCl,. and 1 mu dithiothreitol. Assays
were initiated by adding to the sedimented beads 20 xl of ERK kinase
buffer containing 10 ug of myelin basic protein and 50 pu [v~*PJATP

snisomyein, 10 pgiml, 10 h
NGF, 80 ng/ml, 10 h
THFa , 50 ng/ml, 10 h

S arsenite, .06 mM, 10 h

al, 30 M, 10 h

contro)
W O, 30 pM 10 h

~pNFH

(S arseite, .5 mM, 4 h
IS HeCl, 4 M, 4 n

NE2 =
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Fic. 1. NFH carboxyl-terminal tail domain phosphorylation in

PC12 cells. Western blot analysis of protein extracts from PC12 cells
treated with various agents and probed with anti-NFH antibodies N32.
SMI 31, and SMI 34. The agent and duration of treatment are indicated
above each lane. pNFH and dpNFH refer to hyper- and hypophospho-
ry:lteld NFH, respectively. Equai amounts of protein were loaded in
each lane.

(5 Ci/mmol). The ions were ter ted after 20 min at 30 ‘C by
boiling for 5 min in SDS sample buffer. The phosphorylation of myelin
basic protein was quantified by liquid scintillation counting of Coomas-
sie Blue R250-staining protein bands excised from SDS-PAGE gels.

Gel Electrophoresis and Western Blotting — For the separate analysis
of neurite and perikaryal fractions, dissociated DRGs were plated on a
small area at the center of & dish as described abave. This allowed for
the manual separation of a central zone rich in neuronal cell bodies
from the halo of neurites by using a circular punch with a diameter
slightly larger than that of the neuronal cell body mass. The DRG
fractions were solubilized in SDS sample buffer. PC12 cells were har-
vested in 2% SDS, 50 mu Tris, pH 6.8, and protein concentration was
determined using the bicinchoninic acid (BCA) assay (Pierce). Equal
amounts of protein were resolved on slab gels by SDS-PAGE 141
Proteins were electrophoretically transferred to Immobilon-P mem-
brane (Millipore Corp.) in buffer containing 48 my Tris, 39 mu glycine,
and 5% methanol. The membrane was then blocked with 1% skimmed
milk powder in Tris-buffered saline/Tween (20 ms Tris, pH 7.7, 137 mu
NaCl, and 0.1% Tween 20), incubated with primary antibodies. and
developed using the ECL Western blotting Detection Kit (Amersham
Corp.).

Immunofluorescence Microscopy - Dispersed DRG cultures were
grown on collagen-coated glass coverslips. The cells were fixed with
3.7% phosphate-buffered formaldehyde, then with methanol at -20 *C,
rinsed, blocked with 50% goat serum in TBS (10 ma Tris, pH 7.4. 150
my NaCl), 0.3% Triton X-100, and incubated for 30 min with SMI 34
monoclonal antibody (1710001 in TBS, 0.3% Triton X-100 containing
10% goat serum. After extensive washing, the cells were incubated with
Texas Red-conjugated donkey anti-mouse IgG (Jackson Immunore-
search Laboratories, West Grove, PA) in TBS, 0.3% Triton X-100 con-
taining 10% goat serum.

RESULTS

Effect of Different Agents on NFH Phosphorylation in PCI12
Cells - The effects on NFH phosphorylation of agents that are
known to activate members of the MAP kinase family were
assessed by Western blotting using three different monoclonal
antibodies. N52 is a NFH-specific, phosphorylation-independ-
ent antibody (42) that was used to assess increases in NFH
phosphorylation by detecting species with a reduced mobility
on SDS-PAGE (16). SMI 31 and SMI 34 antibodies bind t»
different phosphoepitopes involving KSP repeats in the tail
domains of NFH and sometimes NFM (43).

Treatment of PC12 cells with CI (30 um) for 10 h caused all
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of the NFH to shift to a more slowly migrating form (Fig. 1) and
resulted in the greatest increase in NFH immunoreactivity to
SMI 31 and SMI 34 among the various agents that were tested.
Treatment of PC12 cells with CII (30 um) for 10 h did not cause
any detectable change in NFH phosphorylation. NGF, an acti-
vator of ERKs in PC12 cells (44, 45), also had no noticeable
effect on NFH phosphorylation (Fig. 1). Neither did treatment
with anisomyecin or TNFa, two SAPK activators (46-48).

Arsenite and osmotic shock, which have been shown to acti-
vate stress response pathways in PC12 cells (36, 49), each
caused a partial shift in the mobility of NFH (Fig. 1). Increased
osmolarity rendered NFH immunoreactive with both SMI 31
and SMI 34, whereas arsenite treatment produced NFH that
was more immunoreactive with SMI 31. PC12 cells were
treated with 0.4 M NaCl or 0.5 mu arsenite for no longer than
4 h, as they began detaching from the substratum beyond this
time point. Treatment with 0.05 m arsenite for 10 h yielded
results similar to those with 0.5 my arsenite for 4 h. The band
slightly above NFH that was weakly reactive with SMI 31
antibody did not appear to be a slower migrating form of NFH,
since it was not detected by N52 antibody.

SAPKYy Activation Parallels the Increase in NFH Phospho-
rylation —Since only certain of the agents known to activate
SAPKs caused an increase in NFH phosphorylation, we deter-
mined whether the discrepancies were due to variation in the
extent of enzyme activation. Hyperosmolarity produced a rel-
atively strong activation of SAPKy in PC12 cells, and the high
level of activity was maintained for approximately 1 h (Fig. 24).
Arsenite produced approximately the same level of activation
as hyperosmolarity, although the activation was more pro-
longed (Fig. 2B). The increase in NFH phosphorylation was
nevertheless comparable in the two cases (Fig. 1), suggesting
that toxicity may have dampened the effect of more prolonged
activation by arsenite. Anisomycin produced a very modest
level of SAPKy activation which peaked at 0.5 h (Fig. 3A).
TNFa also caused only a modest and transient activation of
SAPKYy (Fig. 3B), similar to that reported in HeLa cells (48). CI
produced a very strong and prolonged activation of SAPKy
which lasted for at least 10 h (Fig. 3C). CII also caused a
prolonged activation of SAPKy but at a lower level than ob-
tained with CI (Fig. 3D).

Activation of ERK-1/2 by NGF, CI, and CII-Since ERK-2
has been implicated in the phosphorylation of NFH in vitro (18,
19), we compared the effects of CI and CII on ERK-1/2 activity
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F1G. 3. Activation of SAPKy in PC12 cells. Time course of SAPKy
activation in PC12 cells. Cells were treated with either 10 ug ml~}
anisomycin (A), 10 ng ml~* human, recombinant TNFa (8), 30 us1 Cl
(C), or 30 uMm CI1 (D). Otherdemlsm the same a5 in the legend to Fig.

A,

2. Similar results were obtained in two indep exper

with that of NGF, a known ERK activator. NGF caused a
prolonged activation of ERK-1/2 (Fig. 4) similar to what has
already been reported (44, 45). Prolonged ERK activation was
also seen following CI treatment, but at a lower level than was
obtained with NGF. The lowest level of ERK activation was
observed with CII treatment.

Increased Phosphorylation of Perikaryal NFH in DRG Neu-
rons—As shown in Fig. 5, CI treatment of DRG cultures pro-
duced a complete shift in the mobility of perikaryal NFH, to a
level normally seen only in axonal NFH. CII, which did not
cause an observable increase in NFH phosphorylation in PC12
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Fic. 4. Activation of ERK-1/2 in PC12 cells. Time course of ERK-
1/2 activity in PC12 cells treated with CI (30 us), CII (30 um), or 2.5 S
NGF (50 ng ml™"). Immunoprecipitation kinase assays with myelin
basic protein as substrate were performed as described under “Exper-
imental Procedures.” Similar results were obtained in three independ-
ent experiments.
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Fic. 5. Perikaryal NFH phosphorylation in DRG neurons.
Western blot analysis of NFH from neuronal perikarya of DRG cultures.
Localized DRG cultures were prepared as described under “Experimen-
tal Procedures.” The cultures were maintained for 19-20 days and then
treated as indicated above each lane. The neuronal cell bodies were
manually separated from the neurites as described under “Experimen-
tal Procedures” and subjected to Western blot analysis using the anti-
NFH monoclonal antibody, N52. pNFH and dpNFH refer to hyper- and
hypophosphorylated NFH, respectively.

cells, effected a partial decrease in the mobility of perikaryal
NFH in DRGs. Hyperosmotic shock caused a more extensive
shift in the mobility of perikaryal NFH. Arsenite treatment
caused a broadening of the NFH band, whereas anisomycin
treatment had no effect.

CI treatment and hyperosmotic shock promoted the staining
of neuronal perikarya with SMI 34 (Fig. 6, B and D, respec-
tively). Treatment with CII (Fig. 6C), anisomycin, or arsenite
(data not shown) did not enhance the staining of neuronal
perikarya with SMI 34.

Since hyperphosphorylation of perikaryal NFH and NFM
has been observed following axonal damage (50), we tested
whether this effect could be reproduced in vitro. The neurites of
DRG neurons in localized cultures were severed from their cell
bodies, and the latter were harvested at different times after
injury. The mobility of NFH on SDS-PAGE was unchanged at
2 and 5 h following neurite disruption (Fig. 7). A partial de-
crease in mobility was seen at 12 and 24 h, which was reversed
by 48 h. It is likely that the elevated phosphorylation state of
perikaryal NFH that occurs in both mechanically damaged
cultures and in cultures exposed to other stressing agents is
due to the activation of the same or related kinase(s).

Phosphorylation of NFH and Peptides by SAPKy—GST-NFH
is a recombinant fusion protein that contains the entire tail
domain of mouse NFH (amino acids 412-1087; Ref. 12) in a
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FiG. 6. Anti-SMI 34 immunoreactivity of DRG neuronal cell

bodies. Immunoflucrescence micrographs of control DRG cultures (A)
or cultures treated for 10 h with 30 N Cl(BJ 10 h with 30 ux CIL(C),
or 4 h with 0.4 % NaCl (D). The cultures were stained with SMI 34
antibody. Arrows point to neuronal perikarya.
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FIG. 7. Western blot anaiysis of perikaryal NFH in DRG cul-
tures after mechanical damage. The neurites were manually sev-
ered from the cell bodies using a punch with a diameter slightly larger
that the cell body mass, and the cell bodies were harvested at different
times indicated above each lane. The samples were subjected to West-

ern blot analysis using the anti-NFH monoclonal antibody, N52. pNFH
and dpNFH refer to hyper- and hypophosphorylated NFH, respectively.

completely unphosphorylated state.? GST-NFH was phospho-
rylated by SAPKy in an immunoprecipitation kinase assay
(Fig. 84), whereas GST alone was not phosphorylated under
the same conditions (data not shown). GST-NFH was not as
good a SAPKy substrate as GST-c-Jun; 30-35 times more *2P
was incorporated into GST-cJun than GST-NFH when the
immunoprecipitation kinase assays were done in parallel.

The KSP repeats in NFH contain different motifs. Three of
the most abundant motifs are KSPXE, KSPEK, and KSPXK,
where X is an uncharged amino acid residue, usually an Ala, 2
Gly, or a Val. Peptide-(601-615) (EAKSPAEAKSPAEAK) and
peptide-(854-867) (VKSPAKEKAKSPEK) correspond to the
amino acid sequence in murine NFH (12). Peptide-(601~615)
contains 2 KSPXE motifs, and peptide-(854 -867) contains both
KSPXK and KSPEK motifs. Immunoprecipitation kinase as-
says of SAPKydemonstrated that peptide-(601-615) was phos-
phorylated at a markedly higher level than peptide-(854-867)
(Fig. 88).

DISCUSSION

In this study we have shown that treatment of PCI2 cells
and DRG neurons with agents that activate stress response
pathways can promote the phosphorylation of KSP repeats in
the tail domain of NFH. The extent to which NFH phosphoryl-
ation in PC12 cells was increased correlated with the degree of
SAPKy activation by various agents. The strongest activator,
ClI, as well as hyperosmotic shock, also increased the phospho-
rylation of perikaryal NFH in DRG neurons. Although other
stress-activated kinases, in addition to SAPKy, may also par-
ticipate in this process, the ERKs did not appear to play a

2 M. G. Sacher, unpublished results.
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Fic. 8. Phosphorylation of NFH and substrate peptides by
SAPKYy. A, PC12 cells were either not treated (lane 1) or treated tlane
2) with 0.4 w NaCl for 30 min. Immunoprecipitation kinase assays of
SAPKy using GST-NFH as substrate were performed as described
under “Experimental Procedures.” B, PC12 cells were either not treated
(lanes I and 3) or treated with 0.4 % NaCl for 30 min. Immunoprecipi-
tation kinase assays of SAPKy were performed as described under
“Experimental Procedures.” Peptide-(601-615) (EAKSPAFAKSPA-
EAK) (lanes 1 and 2} and peptide-(854-867) (VKSPAKEKAKSPEK)
({anes 3 and 4) at a concentration of 0.4 mm were used as substrates in
the kinase assay.. The peptides were resolved on & 16.5% acrylamide,
6% bisacrylamide gel using Tricine-polyacrylamide gel electrophoresis
(77) and were visualized by autaradiography.

significant role in view of the failure of NGF treatment to cause
a detectable increase in the phosphorylation state of NFH
(Figs. 1 and 4). In addition, treatment of PC12 cells with
argenite, which activates SAPKy (Fig. 2), but not ERKs (36),
caused an increase in NFH phosphorylation.

The evidence linking SAPKy to the hyperphosphorylation of
NFH is compelling. There was a strong correlation between the
extant of KSP repeat phosphorylation and the degree of SAPKYy
activation in PC12 cells. Only when SAPKy was strongly acti-
vated, as in the case of treatment with 30 um CI, 0.4 M NaCl. or
0.5 mum arsenite, was there a detectable increase in phospho-
rylation of the tail domain of NFH. More modest increases in
SAPKy activity caused by TNFea, anisomycin, or 30 pst CII
were without apparent effect. However, lower levels of phos-
phorylation in the latter cases could have gone undetected
since multiple phosphorylation events are required to cause the
extensive shifts in gel electrophoretic mobility (16), and con-
current appearance of phosphoepitopes (14), that were moni-
tored in the present study.

In addition to these suggestive correlations, we have shown
that SAPKy phosphorylates recombinant NFH tail domain in
vitro, as well as a peptide with KSPXE sequence motifs that
occur in NFH. Recombinant NFH was not as good an in vitro
substrate for SAPKy as c<Jun. This could explain the need for
strong activation of SAPKy in PC12 cells to obtain detectable
shifts in NFH mobility and the concurrent appearance of phos-
phoepitopes. The SAPK phosphorylation sites in the amino-
terminal domain of ¢-Jun consist of a Ser followed by a Pro and
an acidic residue (SPD or SPE) (51). Similar although not
identical sequences (SPXE) in the tail domain of murine and
rat NFH are relatively frequent (12, 13), and SAPKy phospho-
rylated the Ser in these sequences in peptide-(601-615: (Fig.
8B). Peptide-(854-867) was a poorer SAPKy substrate: per-
haps the Lys residue that immediately follows Glu in the
KSPEK motif has a neutralizing effect that renders the site an
unsuitable substrate.

The widespread distribution of SAPKs and ERKs in the
nervous system (52) provides further support for our proposal
that the hyperphosphorylation of perikaryal NF's is due to the
activation of stress response pathways. Other members of the
MAP kinase family in addition to SAPKy may be similarly
involved. Differential responses to a given stressing agent
might occur in different types of neurons, depending on the

Aberrant Phosphorylation of Neurofilaments

prominence of appropriate sensing mechanisms and on relative
levels of the various MAP kinases. This may be why CII stim-
ulated NFH phosphorylation in DRG neurons but not in PC12
cells. CII also inhibits calpains and proteasomes, although the
[Cgo value is approximately 5-10-fold higher than for CI (28,
30). If MAP kinases other than SAPKYy are also involved in the
neuronal stress response, they would augment the action of
SAPKy, the end result being aberrant NF phosphorylation.

ERKs and SAPKs have also been implicated in the neuronal
differentiation of PC12 cells (44, 53). The activation by CI of
both ERK-1/2 and SAPKy (Figs. 3C and 4) could explain its
ability to induce neurite outgrowth in PC12 cells (54).

The finding that stress-activated kinases can phosphorylate
perikaryal NFs has obvious clinical implications. Abnormal
phosphorylation and accumulation of perikaryal NFs occur to-
gether in several neuropathologies, suggesting that the two are
somehow linked (25, 26). These two characteristics are seen in
neurodegenerative diseases such as Alzheimer’s (55), Parkin-
son’s (56), and amyotrophic lateral sclerosis (57-59). It is pos-
sible that a stress response activator, such as oxidative stress
(60), causes the premature phosphorylation of perikaryal NFs
leading to their accumulation. Other forms of stress could
produce similar effects, which would be consistent with the
multifactorial nature of amyotrophic lateral sclerosis (61). NF
accumulations in the perikaryon or proximal axon of motor
neurons have been shown to block axonal transport of NFs,
tubulin, actin, and mitochondria and could eventually cause
axonal degeneration (62).

NF subunits are synthesized in the perikaryon and move
down the axon in the slow axonal transport compartment (5)
until they reach the nerve terminal, where they are degraded
(63). Phosphorylation of the KSP repeat domains in NFM and
NFH normally commences in the initial axon segment and
continues during transport (64-66). The notion that aberrant
tail domain phosphorylation may cause NFs to accumulate in
the perikaryon (25, 26) is supported by axonal transport stud-
ies. There are several reports of an apparent correlation be-
tween extensive tail domain phosphorylation and a reduction
in the rate of NF transport (67-69). The premature phospho-
rylation of KSP repeats in the perikaryon might interfere with
the association between NFs and components involved in their
axonal transport. Since the latter may include microtubules,
the observation that NFH tail domain phosphorylation favors
the dissociation of NFH from microtubules (70) could explain
how aberrant NF phosphorylation might protote perikaryal
accumulation.

Several recent transgenic mouse studies indicate that per-
turbations in NF homeostasis brought about by mutation, or
overexpression of individual NF subunits, can cause patholog-
ical neurofilamentous accumulations in neuronal cell bodies
(71-74). Whether there is a similar causal relationship be-
tween hyperphosphorylation and accumulation of perikaryal
NFs remains to be determined. The finding that some sporadic
amyotrophic lateral sclerosis patients have NFH alleles with
deletions in the KSP repeat domain suggests that altered phos-
phorylation may indeed be a cause of neurofilamentous ac-
cumulations (75, 76). Our demonstration that mechanical
disruption of neurites in DRG cultures caused the hyperphos-
phorylation of perikaryal NF's reproduced the effects of axonal
injury seen in animal studies (50). Again this finding impli-
cates stress-activated pathways, this time in response to me-
chanical injury of axons.

The demonstration that a SAPKis) is involved in the phos-
phorylation of perikaryal NF's provides the basis for studies to
determine whether aberrant phosphorylation has deleterious
effects on neurcnal integrity. Our findings suggest that the
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presence of hyperphosphorylated NFs in the neuronal
perikaryon can serve as a marker for SAPK activation. This
type of basic information may lead to a better understanding of
the etiology of several neurological diseases.
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Chapter 6



Study of Proline-directed Protein Kinases Involved
in Phosphorylation of the Heavy Neurofilament
Subunit (NFH)

Abstract

The high molecular mass neurofilament subunit (NFH) is normally
hypophosphorylated in the neuronal perikaryon and undergoes extensive phosphorylation
upon entering the initial axon segment. Aberrant hyperphosphorylation of perikaryal NFH
is a common feature of many neurological diseases. In a previous study (Giasson and
Mushynski, 1996), we demonstrated a correlation between phosphorylation of perikaryal

NFH and induction of stress-activated protein kinase (SAPK)-y. In this report, we present

direct evidence showing that the in vivo activation of SAPKs by an upstream activator
(MEKK-1) causes extensive NFH phosphorylation. We also show that stress activated-p38
kinases are not involved in the phosphorylation of perikaryal NFH in cultured dorsal root

ganglion neurons and that this process is reversible. SAPKy is shown to be located both in

the cell body and neurites of the cultured neurons, suggesting thatit is likely to be involved
in the phosphorylation of cytoplasmic substrates. These could include neuritic NFH, which
is highly phosphorylated despite the demonstrated lack of cyclin-dependent kinase-5
activity in these neurons. Neuritic NFH is also highly phosphorylated in neuronal cultures
devoid of Schwann cells, indicating that this form of post-translational modification does
not require cues stemming from Schwann cell-axon contacts. Collectively, these findings
provide significant new’ insights into mechanisms involved in NFH phosphorylation in
normal neurons and in disease states characterized by aberrant phosphorylation of
neurofilaments.
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Introduction

Neurofilaments (NFs) are the principal intermediate filaments (IFs) found in many
types of mature neurons. They are the most abundant structure in large myelinated axons
(Hoffman et al., 1984), and are an important determipant of axonal caliber (Yamasaki et
al., 1991; Ohara et al., 1993; Eyer and Peterson, 1994). NFs are composed of three
proteins, the low- (NFL), mid-sized- (NFM), and heavy- (NFH) molecular mass subunits
(Hoffman and Lasek, 1975). In common with other IF proteins, each NF subunit contains

a highly conserved a-helical rod domain, involved in dimer formation, flanked by an

amino-terminal head domain and a carboxy-terminal tail domain (Fuchs and Weber, 1994).

NFH from myelinated axons is highly phosphorylated in vivo (Julien and
Mushynski, 1982), predominantly at Lys-Ser-Pro (KSP) repeatsin the tail domain (Julien
and Mushynski, 1983; Lee et al., 1988; Elhanany et al, 1994). The role of NFH tail
domain phosphorylation is not fully understood although it has been shown to inhibit
interaction between NFH and microtubules (Hisanaga et al., 1991, 1993a, b; Miyasaka et
al, 1993) and to protect NFH from proteolysis (Goldstein et al, 1987; Pant, 1988). It may
also regulate the distribution of NFs between stationary and mobile phases in the axon
(Lewis and Nixon, 1988).

The use of monoclonal antibodies that could distinguish between phosphorylated
and unphosphorylated epitopes in the tail domain of NFH has shown that axonal NFH is
normally more highly phosphorylated than that located in the cell body and dendrites
(Sternberger and Sternberger, 1983; Lee et al., 1987). Perikaryal NFH is maintained in a
hypophosphorylated state with an apparent molecular mass of 160 kDa on SDS-
polyacrylamide gel electrophoresis (PAGE), compared to a value of 200 kDa for axonal
NFH (Glicksman et al., 1987; Oblinger, 1987; Nixon et al., 1989). The gel electrophoretic
mobility of axonal NFH increases to that of perikaryal NFH following dephosphorylation
of the tail domain (Julien and Mushynski, 1982; Carden et al., 1985) and this shift is
reversed by phosphorylation at KSP repeats (Hisanaga etal 1991, 1993b ; Miyasaka et al.,
1993). Of the neuronal proline-directed protein kinases that can phosphorylate NFH only
tau protein kinase [I/cyclin-dependent kinase-5 (cdk-5) has been shown unequivocally to
cause a reduction in its mobility on SDS-PAGE to levels seen for axonal NFH (Hisanaga et
al., 1993b; Kobayashi et al., 1993; Miyasaka et al., 1993; Guidato 1996a; Sun et al.,
1996).

Perikaryal NFH is highly phosphorylated in many neurodegenerative diseases,
such as Alzheimer’s (Cork et al., 1986; Zhang et al., 1989), Parkinson’s (Forno et al.,
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1986; Pollanen etal., 1994), and amyotrophic lateral sclerosis (ALS) (Manetto et al., 1988;
Munoz et-al., 1988; Sobue et al., 1990). We previously presented correlative evidence

indicating that stress-activated protein kinase y (SAPKY) could be responsible for the

aberrant phosphorylation of perikaryal NFH (Giasson and Mushynski, 1996). SAPKs are
proline-directed kinases belonging to the mitogen-activated protein (MAP) kinase family,
which also includes extracellular signal-regulated kinases (ERKs), p38 kinases (Cano and
Mahadevan, 1995; Kyriakis and Avruch, 1996) and a novel member, SAPK-3 (Mertens et
al., 1996). The MAP kinases are related structurally and are activated by similar cascades in
response to diverse stimuli (Cano and Mahadevan, 1995; Kyriakis and Avruch, 1996).

In this report, we present direct evidence that the in vivo activation of SAPKs by
constitutively active MAP kinase/ ERK kinase kinase-l (MEKK-1) induces
phosphorylation of the NFH tail domain. We also show that p38 kinases are not involved
in the hyperphosphorylation of perikaryal NFH and that this process is completely
reversible. These findings provide basic information that enhances our understanding of
mechanisms causing aberrant NF phosphorylation in neurological diseases.

Materials and Methods
Materials

Nerve growth factor (NGF) (2.5S) was purchased from Prince Laboratories
(Toronto, ON). Anti-NF antibodies SMI 31 and SMI 34 were obtained from Sternberger

Monoclonals, Inc. (Baltimore, MD). Anti-SAPKY (C-17), anti-ERK-1 (C-16), anti-ERK-2

(C-14), anti-p38a (C-20), anti-cdk-5 (C-8) polyclonal antibodies, anti-cdk-5 (DC17)
monoclonal antibody and glutathione S-transferase (GST)-¢ Jun (amino acids 1-79) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Histone H1 was
obtained from Life Technologies, Inc. The pRC/CMYV eukaryotic expression vector was
purchased from Invitrogen (San Diego, CA). Anti-NFH (N52) and anti-NFL. (NR4)
monoclonal antibodies were from Sigma. Polyclonal anti-vimentin antibody and N-acetyl-
Leu-Leu-norleucinal (CI) were from ICN (Mississauga, ON). SB 203580 was generously
provided by SmithKline Beecham.

ell Culture
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Embryonic day 15-16 dorsal root ganglia (DRGs) were dissected, dissociated and
maintained in culture as previously described (Giasson and Mushynski, 1996). In order to
allow for the manual separation of cell bodies from neurites, the dissociated DRGs were
plated in a small area at the center of a 35 mm culture dish. Neurites extended radially to
form a halo surrounding the cell body mass. For cultures treated with anti-mitotic agents,

the cells were cycled between 10° M S5-fluoro-2’-deoxyuridine/ 10° M cytosine $-D-

arabino-furanoside and 5x10°°M 5-fluoro-2’-deoxyuridine/ Sx 10”7 M cytosine B-D-arabino-

furanoside every 4 days for 16 days, starting 24 h after plating.

NIH 3T3 cells were obtained from the American Type Culture Collection
(Rockyville, MD) and cultured in 85% Dulbecco’s modified Eagle’s medium (high glucose),
10% heat-inactivated horse serum, 5% fetal bovine serum (Life Technologies, Inc.) and
antibiotics. The cells were transfected using lipofectamine reagent (Life Technologies, Inc.)
according to the manufacturer’s instructions.

Immunoprecipitation Kinase Assays

SAPKYy activity was assayed as previously described (Giasson and Mushynski,

1996). Briefly, following cell lysis in the presence of Triton X-100, cell debris was
removed by centrifugation at 13,000xg, and the protein concentration of each supernatant
was determined to equalize the amount of protein used in each immunoprecipitation.

SAPKy was immunoprecipitated, the immunoprecipitates were washed extensively, and

activity was assayed using [y*°P]-ATP and GST-cJun as a substrate. Phosphorylation of

GST-cJun was visualized after SDS-PAGE (Laemmli, 1970) by autoradiography of dried
gels and quantified using a Fujix BAS2000 Bio-Imaging Analyzer (Fuji Bio-Imaging).
Cdk-5 activity was assayed by immunoprecipitation kinase assay, as previously
described (Tsai etal., 1993), using an anti-cdk-5 polyclonal antibody (C-8) and histone H1
as the substrate. Visualization of the phosphorylated substrate was achieved as described

for SAPKY.

Gel Electrophoresis and Western Blot Analysis
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Cells were harvested in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, 1.8 mM KH,PO,), lysed in 2% SDS, 62.5 mM Tris, pH 6.8, and
protein concentration was determined using the bicinchoninic acid (BCA) assay (Pierce).
Glycerol and f-mercaptoethanol were added to concentrations of 10% and 5%,
respectively. The cell extracts were diluted to the appropriate concentrations with SDS-
sample buffer (2% SDS, 62.5 mM Tris, pH 6.8, 10% glycerol and 5% fB-mercaptoethanol)

and the proteins were resolved on slab gels by SDS-PAGE (Laemmli, 1970). Proteins
were electrophoretically transferred to Immobilon-P membrane (Millipore Corp.) in buffer
containing 48 mM Tris, 39 mM glycine and 5% methanol. The membranes were blocked
with 1% skimmed milk powder in Tris-buffered saline/Tween (20 mM Tris, pH 7.7, 137
mM NaCl, and 0.1 % Tween 20), incubated with-primary antibodies and developed using
the ECL. Western Blotting Detection Kit (Amersham Corp.).

Results

Transfection of cells with MEKK-1A induces NFH tail domain phosphorylation.

MEKK-1A, a constitutively active form of MEKK-1 which serves as an activator of

the SAPK cascade (Mindenetal., 1994; Yanetal., 1994; Xu et al., 1995), was tested for
its ability to induce NFH phosphorylation in vivo. NIH 3T3 cells transfected with the
expression vector pPRC/CMYV alone did not express NFH (Fig. 1A, lanes 1). In extracts
from cells transfected with the expression vector containing the mouse NFH gene (Julien et
al., 1988) beginning 15 nucleotides upstream from the translational start site, NFH was
detected with N52 antibody as a predominantly hypophosphorylated isoform(s), judging
from its mobility on SDS-PAGE and from its failure to bind monoclonal antibodies SMI 31
or SMI 34 (Fig.1A, lanes 2). Monoclonal antibody N52 can detect both hypo- and
hyperphosphorylated forms of NFH (Shaw et al., 1986), although the relevant epitope can
be blocked by cdk-5 phosphorylation (Guidato et al., 1996b). SMI 31 and SMI 34 are both
phosphorylation-dependent monoclonal antibodies that react with different epitopes in the
tail domain of NFH (Sternberger and Stermberger, 1983; Lee et al., 1988; Shea and
Beermann, 1993). Co-transfection of NIH 3T3 cells with pRC/CMV vectors expressing

NFH and MEKK-1A yielded hyperphosphorylated NFH, as determined by its reduced
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mobility on SDS-PAGE and by its reactivity with both SMI 31 and SMI 34 (Fig.1A, lanes
3). The expression of MEKK-1A also resulted in the activation of SAPKYy (Fig. 1B).

P38 kinases are not involved in stress-induced NFH phosphorylation.
Proline-directed p38 kinases are often activated simultaneously with SAPKs (Cano

and Mahadevan, 1995; Raingeaud et al., 1995). To test whether p38 kinases are also
involved in the hyperphosphorylation of perikaryal NFH, we used a specific inhibitor, SB

203580 (IC,,=0.6 uM), which does not inhibit SAPKs (Cuenda et al., 1995). Cultured

DRG neurons were treated with 30 uM CI, a calpain (Saito and Nixon, 1993) and

proteasome inhibitor (Tsubuki et al., 1993; Rock et al., 1994), which has been shown to
activate SAPK and induce hyperphosphorylation of perikaryal NFH (Giasson and

Mushynski, 1996) (Fig. 2, lane 2). The addition of 20 uM SB 203580 had no effect on
the Cl-induced reduction in mobility, and hence phosphorylation, of NFH (Fig. 2, lane 3).

Distribution of MAP kinases in DRG neurons
The distribution of MAP kinases within DRG neurons was assessed by Western

blot analysis as shown in Fig. 3. DRG cultures maintained in medium containing anti-
mitotic agents were fractionated into neurite- (lanes 1) and cell body- (lanes 2) enriched
fractions as described in “Materialsand Methods”. The anti-mitotic agents eliminated all of
the Schwann cells normally found in DRG cultures and prevented the proliferation of
fibroblasts. However, the cultures still contained a population of quiescent fibroblasts
resistant to anti-mitotic treatment. To compensate for contamination by these fibroblasts,
we prepared DRG cultures treated with anti-mitotic agents and maintained without NGF to
eliminate neurons (Giasson and Mushynski, 1997). Lane 3 in Fig. 3 was loaded with an
amount of protein from fibroblast cultures equal to that for neurite- (lanes 1) and cell body-
(lanes 2) enriched fractions. Lanes 4, 5 and 6 were respectively loaded with two-, four-,
and eight- fold less fibroblast protein than lane 3. The inclusion of lanes 3-6 allowed us to
determine whether the proteins detected in lanes 1 and 2 were neuronal in origin or from
contaminating fibroblasts. Vimentin and NFL were used as specific markers for fibroblasts
and DRG neurons, respectively. There were equivalent amounts of NFL in the neuronal
cell body- and neurite-fractions, and NFL was not detected in cultures maintained without

NGF. Two other DRG neuronal markers, peripherin and a-intemnexin (Athlan et al.,
1997), were also not detected in the fibroblast cultures (data not shown). There were
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approximately equal levels of fibroblast contamination in the neuronal cell body and neurite
fractions as determined by their vimentin content, and these fractions contained less than

12% fibroblast protein. P38a was expressed at low levels in DRG neurons and only in the
cell body fraction. ERK-1/-2 and SAPKy were equally distributed between the cell body

and peurite fractions.

The hyperphosphorylation of perikaryal NFH is reversible
Cultured DRG neurons were treated with 30 uM CI to induce the

hyperphosphorylation of perikaryal NFH (Giasson and Mushynski, 1996), as reflected in
its reduced mobility on SDS-PAGE (Fig. 4, lane 2). Following removal of CI from the
culture medium, perikaryal NFH was seen to undergo progressive dephosphorylation.
Approximately half of the protein had returned to its normal mobilty on SDS-PAGE within
2 days (Fig. 4, lane 3); by 4 days almost all of the NFH had return to a normal
hypophosphorylated state (Fig. 4, lane 4).

Axonal NFH in DRG neuronsis h hosphorylated despite the ipactivity of cdk-5

The Western blots in Figure SA show that most of the NFH in the neuronal cell
body-enriched fraction was hypophosphorylated, while thatin the neurite-enriched fraction
was mostly hyperphosphorylated. The small amount of hypophosphorylated NFH in the
neurite-enriched fraction originates from neuronal cell bodies localized outside of the
circumference of the circular punch used to separate the two neuronal compartments. The
hyperphosphorylated NFH in cell body- enriched extracts derives from the initial segment
of neurites and from neurites criss-crossing the area occupied by the cell body mass. The
slowly migrating, highly phosphorylated isoforms of NFH reacted with both
phosphorylation depeadent antibodies, SMI 31 and SMI 34. Hence, NFH in cultured DRG
neurons demonstrated the normal phosphorylation pattern (Sternberger and Stemberger,
1983; Glicksman et al., 1987; Lee etal., 1987; Oblinger, 1987; Nixon et al., 1989), which
was also observed in DRG cultures treated with anti-mitoticagents and devoid of Schwann
cells (Fig. 5B).

The activity of cdk-5 in cultured DRG neurons was determined by
immunoprecipitation kinase assays using rat brain extract as a positive control (Fig. 6A,
lanes 1 to 6)(Tsai etal., 1993). Since the relative amounts of immunoprecipitable cdk-S in
brain extract as compared to extract from DRG cultures were unknown, different amounts
of rat brain extract were used in the immunoprecipitation kinase assays, and levels of
immunoprecipitated cdk-5 were determined by Western blot analysis (Fig. 6B). Despite the
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fact that comparable amounts of cdk-5 were immunoprecipitated from 200 pg of DRG

extract and 100 pg of brain extract (Fig. 6B, lanes 4 and 8), no histone Hl

phosphorylating activity was detected in DRG samples (Fig. 6A, lane 8). Western blot
analysis of total protein extracts from rat brain and DRG cultures revealed that on an equal
protein basis, rat brain contained approximately twice as much cdk-5 as did the DRG
cultures (data not shown).

Discussion

This study presents direct evidence that SAPKs can phosphorylate the tail domain
of NFH, as reflected both in the reduced mobility of NFH on SDS-PAGE and in its
immunoreactivity with the phosphorylation-dependent monoclonal antibodies, SMI 31 and
SMI 34 (Fig.1). SAPK activation was accomplished by transfection of a vector expressing

constitutively active MEKK-1A, which activates JNK kinase (JNKKMKK4/SEK4), the

upstream regulator of SAPKs (Yan et al., 1994; Dérijard et al., 1995; Lin et al., 1995).
Although MEKK can also activate the ERK pathway (Lange-Carter and Johnson, 1994;
Xu etal., 1995) itis a more efficient activator of the SAPK cascade (Minden et al., 1994;
Yan et al., 1994). Furthermore, we previously demonstrated that ERK activation did not
result in a detectable increase in the in vivo phosphorylation of NFH (Giasson and
Mushynski, 1996) and others have shown that the in vitro phosphorylation of NFH by
ERKSs did not cause a significant reduction in its mobility on SDS-PAGE (Roder and
Ingram, 1991; Roder etal., 1995). Use of a specific inhibitor of p38 kinases, SB 203580,
demonstrated that the latter enzymes are not involved in the hyperphosphorylation of
perikaryal NFH (Fig. 2). These results support our previously reported correlative study
(Giasson and Mushynski, 1996) and strongly suggest that SAPKs are involved in the
aberrant phosphorylation of perikaryal NFH.

The stress activated phosphorylation of perikaryal NFH is completely reversible
(Fig. 4), indicating that a protein phosphatase(s) in the neuronal perikaryon can maintain
the protein in a hypophosphorylated state. A protein phosphatase-2A-like activity has been
reported to dephosphorylate KSP repeats in NFH (Veeranna et al., 1995). However,
attempts to dephosphorylate NFH in vitro to an extent that would alter its electrophoretic
mobility using either of the major neuronal protein phosphatases, 1, 2A, 2B and 2C, were
unsuccessful (Hisanaga et al., 1993a). This discrepancy may be due to differences between
the in vivo and in vitro conformations of NFH, to differences in substrate specificity
conferred by regulatory subunits associated with the catalytic phosphatase subunit (Sola et
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al., 1991), or to the involvement of a different protein phosphatase such as PP-X (Brewis
et al.,, 1993). In any case, our results are consistent with the presence of an NFH tail
domain phosphatase in the neuronal perikaryon. This enzyme may be absent from or less
activein axons, where NFH is highly phosphorylated.

We have also demonstrated that ERKs and SAPKYy are equally distributed between

the cell body and neurite compartments of DRG neurons. The localization of ERKs in
neurites is consistent with a recent study demonstrating the axonal transport of these
enzymes (Johanson et al., 1995). Although SAPKs have been reported to phosphorylate
transcription factors primarily (Cano and Mahadevan, 1995; Kyriakis and Avruch, 1996),

the axomal localization of SAPKy suggests that it may also be involved in the

phosphorylation of cytoplasmic substrates, such as NFH.

Cdk-5 is the only neuronal kinase (Hisanaga, 1993b; Miyasakaet al., 1993), other
than SAPKSs, that has been shown to phosphorylate NFH to the point of reducing its
mobility on SDS-PAGE to that of axonal NFH. Cdk-5 has been reported to phosphorylate
NFH in vitro to the extent of 3-5 (Miyasaka et al., 1993) or 10 (Hisanaga et al., 1993b)
moles of phosphate per mole of NFH, preferentially at KSPXK repeats (where X is not an
acidic residue) (Beaudette et al., 1993). We have observed that neuritic NFH in cultured
DRG neurons is highly phosphorylated despite the demounstrated lack of cdk-5 activity
(Fig. 6), which is likely to be due to the fact that its activator ligand, p35/p25 (Tsai et al.,
1994; Lew et al., 1994) is not expressed in these neurons (Tsai et al., 1994). This may
explain the apparent sparing of DRG neurons in cdk-5 deficient mice whereas many types
of CNS neurons in these animals are adversely affected (Ohshima et al., 1996).
Consequently, it is possible that KSPXK muotifs are not phosphorylated in DRG neurons,
as is suggested by the finding that NFH is more highly phosphorylated in ventral root
motor neurons than in dorsal root neurons (Soussan et al., 1996). Cdk-5 is likely to be
active in and required for motor neuron survival since the latter show a number of
abnormalities in mice lacking the enzyme, including ballooned perikarya, dispersed Nissl
substance and cytoplasmic vacuoles (Ohshima et al., 1996).

NFH is reported to undergo high levels of phosphorylation in the initial axon
segment, at the site where myelinationbegins (Hsieh et al., 1994, Nixon et al., 1994a). We
have demonstrated that NFH follows the normal pattern of phosphorylated isoform
distribution in cultured DRG neurons despite the lack of myelination (Fig. S5A).
Furthermore, cultures devoid of Schwann cells also exhibited the normal NFH
phosphorylation profile (Fig. 5B). These experiments clearly demonstrate that
phosphorylation of neuritic NFH is not initiated solely by cues stemming from Schwaan
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cell-axon interactions. As mention above, there may be differences in phosphatase activity
levels between the cell body and neuritic compartments. However, it is also likely that
NFH-kinase(s) is (are) activated in the initial axon segment and these enzymes could
conceivably include SAPKs.

Phosphorylation of the NFH tail domain does not occur exclusively during the
entry of NFs into axons. Phosphate addition continues during NF transport (Lewis and
Nixon, 1988; Archer et al., 1994; Nixon et al, 1994b) and regional differences in tail
domain phosphorylation within myelinated axons have also been reported. There is a
reduced level of NF phosphorylation at the node of Ranvier (Mata et al., 1992) and a
decrease in axonal NFH phosphorylation in hypomyelinating transgenic or Trembler mice
(deWaegh et al., 1992; Cole et al., 1994). The latter observation indicates that axonal
properties, including NFH phosphorylation, are modulated by signals transmitted from
myelinating Schwann cells to axons. NFH phosphorylation in myelinated regions may thus
be augmented through the activation of proline-directed kinases such as ERKs and SAPKs.

There is evidence suggesting that aberrant NF metabolism may be involved in the
etiology of ALS (Coté etal., 1993; Xu etal., 1993). Motor neurons containing abnormally
hyperphosphorylated perikaryal NFH and proximal axonal enlargements filled with NFs
are characteristic of the disease (Carpenter, 1968; Hirano et al., 1984; Manetto et al., 1988;
Munozetal., 1988; Sobue etal., 1990). Furthermore, ALS is a neurodegenerative disease
that targets the large, NF-rich motor neurons predominantly and large sensory neuroas to a
lesser degree (Tsukagoshi et al., 1979; Kawamura et al., 1981). If NFs are involved in
ALS pathogenesis, it is more likely due to an impairment of axonal transport rather than
simple accumulation of NFs in the perikaryon (Collard et al., 1995; Marszalek et al.,
1996).

The mechanism underlying the axonal transport of NFs remains unsettled, although
experiments with the neurotoxin, f,B’-iminodipropionitrile (IDPN), suggest that

microtubules may be involved. IDPN causes NFs and microtubules to segregate (Griffin et
al., 1978; Papasozomenos et al., 1981) and at appropriate doses, blocks NF movement but
has only a modest effect on the transport of microtubules (Griffin etal., 1978). This causes
large masses of NFs to accumulate in the proximal axon (Chou and Hartman, 1965). It is
interesting to note in this regard that NFH interacts with microtubules only when its tail
domain is hypophosphorylated (Hisanaga et al., 1991; 1993a, b; Miyasaka, 1993),
suggesting that tail domain phosphorylation may be importantin regulating the transport of
NFs from the cell body to the axon. Aberrant hyperphosphorylation of perikaryal NFH in
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neurons subjected to some form of stress may thus be responsible for the formation of
neurofilamentous accumulations that characterize many neurological diseases.
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Figures

Figure 1. Transient transfection with constitutively active MEKK-1A

induces NFH tail domain phosphorylation. NIH 3T3 cells were transfected with
the pRC/CMYV eukaryotic expression vector (lanes 1), with the mouse NFH gene cloned

into the pRC/CMV vector (lanes 2) or both the mouse NFH gene and MEKK-1A cDNA,

each cloned into pRC/CMV (lanes 3). (A) NFH was detected by Western blot analysis
using monoclonal antibodies N52, SMI 31 or SMI 34. pNFH and dpNFH refer to hyper-
and hypophosphorylated NFH, respectively. Equal amounts of protein were loaded in each
lane. (B) The activity of SAPKy was determined by immunoprecipitation kinase assays as

described in “Materialsand Methods™. **P-phosphorylation of GST-cJun was visualized by
autoradiography and quantified by image analysis. The relative activity of the
immunoprecipitated kinase is indicate below each lane.
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Figure 2. P38 |kinases are not involved in perikaryal NFH
hyperphosphorylation. Localized DRG cultures were prepared as described under
“Materials and Methods”. The cultures were maintained for 20 days (lane 1, control) and

treated with 30 uM CI for 10 h (lane 2). A culture was pretreated with 20 uM SB 203580
for 2 h, prior to the addition of 30 uM CI for 10 k (lane 3). The neuronal cell bodies were

manually separated from the neurites and subjected to Western blot analysis using anti-
NFH monoclonal antibody, N52. pNFH and dpNFH refer to hyper- and
hypophosphorylated NFH, respectively.
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Figure 3. SAPKy and ERKs are located in both perikaryon and neurites of

DRG neurons. DRG neurons were maintained in culture in the presence of anti-mitotic
agents as described in “Material and Methods™. The cultures were separated into neurite-
(lanes 1) and cell body- (lanes 2) enriched fractions. Protein extracts from DRG cultures
maintained with anti-mitoticagents and without NGF were loaded in lanes 3 to 6. Lanes 1,

2 and 3 were loaded with 5 ug of protein, while lanes 4, 5 and 6 were loaded with 2.5 pg,
1.25 pg, and 0.62 pg of protein, respectively. The proteins were detected by Western blot
analysis. NFL., Vim, SAPKy, ERK 1,2 and p38 refer to the low molecular mass

neurofilament subunit, vimentin, SAPKy, ERK-1/-2. and p38a kinase, respectively.
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Figure 4. Aberrant phosphorylation of perikaryal NFH is reversible.
Localized DRG cultures were prepared as described under “Materials and Methods”. The

cultures were maintained for 20 days (lane 1) and treated with 30 uM CI for 10 h (lanes 2-

6). Following treatment with CI the cultures were maintained in CI-free medium for 2 days
(lane 3), 4 days (lane 4), 6 days (lane 5), and 8 days (lane 6). The neuronal cell bodies
were manually separated from the neurites and subjected to Western blot analysis using
anti- NFH monoclonal antibody, N52. pNFH and dpNFH refer to hyper- and
hypophosphorylated NFH, respectively.
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Figure 5. Distribution of phosphorylated NFH isoforms in DRG neurons.
Localized DRG cultures were prepared as described under “Materials and Methods™ and
separated into cell body- (C) and neurite-enriched (N) fractions. The two subcellular
fractions were subjected to Western blot analysis using anti-NFH monoclonal antibodies
N52, SMI 31 and SMI 34. pNFH and dpNFH refer to hyper- and hypophosphorylated
NFH, respectively. (A) DRG cultures were maintained for 20 days. Cell body- and
neurite-enriched fractions were harvested in equal volumes of SDS-sample buffer and the
same volume was loaded in_each lane. (B) DRG cultures were maintained in the presence
of anti-mitotic agents as described in “Material and Methods™. Cell body- and neurite-
enriched fractions were lysed in 2% SDS, 62.5 mM Tris, pH 6.8, protein concentrations
were determined and equal amounts of protein were loaded in each lane.
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Figure 6. Analysis of anti-cdk-S5-immunoprecipitable histone H1 kinase
activity from DRG cultures and adult rat brain. (A) Fifty (lanes 1 and 2), 100

(lanes 3 and 4) and 200 (lanes S and 6) ug of protein from brain and 200 pg of protein

from DRG cultures maintained for 20 days (lanes 7 and 8) were immunoprecipitated with
non-immune serum (lanes 1, 3, 5 and 7) and anti-cdk-5 (C-8) polyclonal antibody (lanes 2,

4, 6 and 8). The activity of cdk-5 was assayed with [y-**P}-ATP and histone H1. (B) The

cdk-5 immunoprecipated from (A) was detected by Western blot analysis using anti-cdk-5
monoclonal antibody (DC17).
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Chapter 7



General Discussion

The work presented in this thesis has significantly advanced our knowledge of
neuronal IF phosphorylation and dynamics. When these studies were initiated, there was
compelling evidence to support the notion that phosphorylation by p34°* kinase was
involved in the rearrangement and disassembly of types Il and V IFs during cell division
(see section 1.2.4). On the other hand, in vivo evidence that neuronal IF assembly could be
regulated by phosphorylation was limited to studies showing that inhibition of protein
phosphatases, by either okadaic acid or calyculin A, caused NF fragmentation in DRG
neurons (Sacher et al., 1992; 1994). The only other reported results linking
phosphorylation to the regulation of neuronal IF assembly were performed in vitro with

purified a-internexin and PKA (Tanaka et al., 1993), or with NFL and PKA or protein
kinase C (Gonda etal., 1990; Hisanaga et al., 1990; Nakamura et al., 1990). The in vitro
phosphorylation of a-internexin or NFL by these respective kinases blocked their

polymerization and caused homopolymeric filaments to disassemble.

The relevance of phosphorylation experiments performed with purified NFL
became somewhat questionable, when it was shown that NFs are obligate heteropolymers
in vivo (Ching and Liem, 1993; Leeet al., 1993). The in vivo assembly of NFs requires
NFL and a substoichiometric amount of either NFM or NFH. The vulnerability of
homopolymeric NFL filaments to phosphorylation by either PKA or protein kinase C may
thus be due to an inherent instability of these filaments which are assembled in vitro under
optimized conditions. This concern was further substantiated when it was shown that
native NFs or reassembled NFs are much more resistant to disassembly due to PKA
phosphorylation than NFL. homopolymers (Hisanaga etal., 1994).

The resuits presented in Chapters 2 and 3 of this thesis clearly demonstrate that the
assembly state of neuronal IFs can be modulated by phosphorylation in vivo. These results
also indicate that, at least in DRG neurons, PKA and PP-2A can regulate the assembly of
neuronal IFs. The phosphorylated amino acid residues involved in the latter regulation are
located in the head domain of NFL and/or peripherin, and perhaps of NFM as well. Due to
the large number of phosphorylation sites in peripherin and NFM, it is difficult to
determine which ones are responsible for the disassembly process. Site-directed
mutagenesis will no doubt help in this determination once a suitable neuronal system for
transfection studies become available.

The simultaneous inhibition of PP-2A was required for the activation of PKA to
produce a detectable change in the assembly state of neuronal IFs in cultured DRG neurons
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(see Chapters 2 and 3). This result suggests that the action of PP-2A predominates over
that of PKA. However, itis also possible that PKA activation alone may cause changes in
the assembly state of neuronal IFs that cannot be detected by the methods used.
Furthermore, even though extensive cytoskeletal rearrangements such as those reported in
Chapter 2 and 3 are unlikely to occur under normal circumstances, more moderate and
localized changes of a similar nature are likely taking place during the normal course of
neuronal IF metabolism.

The results in Chapter 3 demonstrate that phosphorylation of a-internexin is

insignificant when neuronal IF fragmentation is induced by the simultaneous activation of
PKA and inhibition of PP-2A in DRG neurons.The low level of phosphate incorporation

into a-internexin contrasts with the levels observed in peripherin and NF proteins. The lack
of any correlation between a-internexin phosphorylation and PKA-induced [F disassembly

sheds doubt on the physiological relevance of the in vitro results obtained with purified a-
intenexin and PKA (Tanaka et al., 1993). At the very least, it emphasizes the need for
caution in interpreting the results of in vitro experiments performed with purified IF
proteins and kinases.

Chapter 4 provides the first experimental evidence supporting the notion (Nixon
and Shea, 1992) that a-internexin is expressed earlier than other neuronal IF proteins to
provide a more flexible IF network during development. As mentioned earlier,
phosphorylation of a-intemexin is not involved in neuronal [F dynamics in DRG neurons,
although its presence as an integral constituent of this [F network (Athlanet al., 1997) may
render it more flexible and perhaps more susceptible to phosphorylation-induced
disassembly. The latter possibility may explain the difference in sensitivity of purified,
native NFs (Hisanaga et al., 1994) and the neuronal IFs in DRG neurons to
phosphorylation-induced disassembly. Experiments performed with native NFs prepared

from adult animals are likely to contain a much lower ratio of a-intemnexin to NF proteins

than the IF network in cultured neurons from E15-E16 DRGs since a-internexin is down-

regulated and NFs are upregulated with age (see section 1.3). However, the possibility that
peripherin, which is present in DRG neurons but not in spinal NF preparations, may also
contribute to the different properties of the two IF networks cannot be ruled out.
Furthermore, itis possible that the structure and/or properties of NFs may be altered by the
procedures used in their purification.
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The results presented in Chapters 5 and 6 demonstrate that activation of SAPKs
causes hyperphosphorylation of perikaryal NFH. These findings strongly support the
notion that aberrant phosphorylation of perikaryal NFH reported in many disease states is
due to the activation of SAPKs and not to a NF transport problem. It had been speculated
that, because NFH is normally hyperphosphorylated at the initial axonal segment,
impairment of NF transport may lead to the accumulation of hyperphosphorylated NFH in
the cell body.

Whether aberrant phosphorylation of NFH is directly involved in the etiology of
neurodegenerative diseases or is merely a secondary effect of the disease process remains
to be demonstrated. However, in the case of ALS there are good reasons to believe that
abnormal phosphorylation of NFs may be directly involved in the etiology of this disease.
ALS is a neurodegenerative disease that targets the large, NF-rich motor neurons
predominantly and large sensory neurons to a lesser degree (Tsukagoshi et al., 1979;
Kawamura et al., 1981). Motor neurons containing proximal axonal enlargements filled
with NFs (Carpenter, 1968; Hirano et al., 1984; Manetto et al., 1988; Munoz et al., 1988;
Sobue et al., 1990) and abnormal hyperphosphorylation of perikaryal NFH (Manetto et
al., 1988; Sobue et al., 1990) are two hallmarks of ALS.

A comparison of transgenic mice expressing murine or human NFH also supports
the notion that NFH phosphorylation is important in ALS. A four-and-one-half-fold
overexpression of murine NFH in transgenic mice did not cause an overt phenotype or
neuronal loss, although perikaryal accumulation of NFs and proximal axonal swelling do
occur in motor neurons (Marszalek et al., 1996). On the other hand, a two-fold
overexpression of human NFH resulted in motor neuron degeneration (Coté et al., 1993),
due to a reduction in NF transport and eventual interference with axonal transport of other
components such as actin, tubulin and mitochondria (Collard et al., 1995).

The main differences between murine and human NFH are seen in the KSP repeat
domain. Murine NFH has 52 KSP repeats while human NFH has 43 (Lees et al., 1988;
Julien etal., 1988). However, the majority of KSP repeats in murine NFH (42/ 52) are of
the KSPXE type, which is the preferred SAPK consensus sequence in NFH (see Chapter
5), while only 5 have the consensus sequence for cdk-5S ie. KSPXK, where X is not an
acidic residue (Beaudette et al., 1993). Human NFH contains 17 KSP repeats with the cdk-
5 consensus sequence and only 6 KSPXE sites.

The importance of the KSP repeat domain in the normal metabolisin of NFs is also
supported by the discovery of a small percentage of sporadic ALS cases with mutations
within this domain (Figlewicz et al., 1994). One of these patients had a 34 amino acid
deletion that included 5 KSP repeats. The other 4 patients identified in this study had a
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single amino acid deletion following a KSP repeat which altered the sequence context from
a KSPXK to a KSPXE motif. It is therefore possible that human NFH causes
neurodegeneration in mouse neurons due to inappropriate phosphorylation in the axonal
entry zone, which could impair NF transport. The mechanism underlying the axonal
transport of NFs remains unsettled, although it is likely that NFH tail domain
phosphorylation through its regulation of NFH/MT interactions is important in the transport
of NFs from the cell body to the axon (see section 1.3.6). Premature phosphorylation of
perikaryal NFH due to SAPK activation may cause an impairment in axonal transport of
NFs similar to that seen in transgepic mice overexpressing human NFH (Collard et al.,
1995). )
Since the phosphorylation of perikaryal NFH is reversible (see Chapter 6),
blockage of axonal transport resulting from aberrant phosphorylation of NFH might occur
through the exposure of neurons to mild chronic stress or to relatively prolonged, cyclical
periods of stress, perhaps coupled with a reduction in relevant phosphatase activity.
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